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Notice
The International Solar Energy Society, the International Energy Agency’s Solar Heating and Cooling
Programme nor any one of the hosts, supporters or sponsors of the ISES Solar World Congress 2017 /
IEA SHC Solar Heating and Cooling Conference for Buildings and Industry 2017, makes any warranty,
express or implied, or accepts legal liability or responsibility for the accuracy, completeness or
usefulness of any information, apparatus, product or process disclosed, or represents that
its use would not infringe privately on rights of others. The contents of articles express the
opinion of the authors and are not necessarily endorsed by the International Solar Energy
Society, the International Energy Agency’s Solar Heating and Cooling Programme or by any of the
hosts, supporters or sponsors of the joint conference. The International Solar Energy Society and the
International Energy Agency’s Solar Heating and Cooling Programme do not necessarily condone the
politics, political affiliation and opinions of the authors or their sponsors.
Disclaimer
We cannot assume any liability for the content of external pages. The operators of those
linked pages are solely responsible for their content. We make every reasonable effort to
ensure that the content of this web site is kept up to date, and that it is accurate and
complete. Nevertheless, the possibility of errors cannot be entirely ruled out. We do not
give any warranty regarding the timeliness, accuracy or completeness of material
published on this web site, and disclaim all liability for (material or non-material) loss or
damage incurred by third parties arising from the use of content obtained from the web
site.
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Closing Speech

Local Host
Masdar Institute of Science and Technology, part of the Khalifa
University of Science and Technology
The Masdar Institute of Science and Technology
(MI) is the local host of the joint International
Solar Energy Society (ISES) Solar World Congress

able energy and related technologies, launching
the Masdar Institute Solar Platform as part of
the broader Masdar Solar Hub that additionally

2017 and International Energy Agency (IEA) Solar
Heating and Cooling Programme’s 2017 Conference on Heating and Cooling for Buildings and

includes a Solar and Device Testing (SDT) Laboratory and a Solar Panel Testing Lab. This is just one
example among many of the research facilities

Energy. The Institute was established in 2007
in Abu Dhabi, in collaboration with the Massachusetts Institute of Technology (MIT), as an
independent non-profit graduate level research
university focused on advanced energy and sustainable technology. The Institute has served to
develop the intellectual and human capital of relevance to the UAE’s knowledge economy transformation through its high quality academics and
research of relevance to local, regional and global
needs.

developed at the Institute to research, develop
and test technologies, systems and prototypes
for renewable energy applications.
In February 2017 MI merged with the Khalifa
University of Science, Technology and Research
(KUSTAR), and the Petroleum Institute (PI) to
produce the new Khalifa University of Science
and Technology, which is designed to serve as a
world-class, research-intensive institution that
develops world leaders and critical thinkers in science and engineering.

Over the years MI has evolved an academic and
research platform that articulates its mission

The resulting university endeavors to be a catalyst

and vision according to critical energy and sustainability challenges. It integrates theory and
practice to incubate a culture of innovation and

to the growth of Abu Dhabi and the UAE’s rapidly
developing knowledge economy as an education
destination of choice and a global leader among

entrepreneurship to develop the critical thinkers
and leaders of tomorrow. In this way the Institute
has sought to be a leading renewable energy and

research intensive universities. Bringing three
excellent universities under a single umbrella
intends to provide enhanced efficiency, interdis-

clean technology player by providing a test bed
for the world to develop commercially viable and
sustainable energy solutions, engaging in research

ciplinary innovation, access to greater research
facilities, and strengthened support for faculty,
staff and students. It will also provide the UAE’s

and development collaboration with the four corporate arms of its allied Masdar group and the
UAE as a whole. It has maintained a particular fo-

youth with a single world-class university with
the capability to take them from undergraduate
to graduate education in advanced disciplines of

cus on the research and development of renew-

great value to the country and region.
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Today the Khalifa University of Science and Technology is home to the most advanced research
facilities in the country and some of the brightest

technologies (ICT) and security. They work collaboratively across the university’s many research
centers in pursuit of scientific and technical ad-

minds in the world. Its faculty include some the
region’s leading experts in clean and renewable
energy, hydrocarbon exploration and production,

vancement in sectors targeted for the UAE’s hightech knowledge economy. With its expansive
academic programs, research centers, faculty, and

water and environment, healthcare, aerospace,
supply chain and logistics, advanced materials
and manufacturing, robotics, artificial intelligence
and data science, information communication

interdisciplinary scope, the Khalifa University of
Science and Technology will be able to improve
the UAE’s ability to meet the needs for the future.

ix

International Solar Energy Society
I would like to welcome
all of you to the International Solar Energy

and social events, and technical tours have been
designed to enhance your career and business
development opportunities.

Society (ISES) Solar World Congress
(SWC) 2017 and the

ISES is committed to achieving the vision of 100%
renewable energy for all, used efficiently and

International Energy
Agency Solar Heating
and Cooling Programme’s

wisely. This vision is particularly critical as the
world addresses the challenges of mitigating climate change under the initiatives agreed to in the

2017 Conference on Heating and
Cooling for Buildings and Energy. The Masdar
Institute is serving as the local host of this joint
conference, taking place here in the dynamic
city of Abu Dhabi, United Arab Emirates on 29
October – 2 November 2017.

Paris Agreement signed in 2015.

As with previous ISES SWCs, this joint conference
will continue a long tradition of connecting the
renewable energy research and academic community with decision makers, financiers, and
practitioners. You will find a rich opportunity
to network with researchers, solar practitioners,
decision makers and financiers to learn more

Nevertheless, a transformation of our energy system is already occurring due to the strong public
demand and to the efforts of grassroot activists
as well as regional and national governments for
creating a carbon-free energy system. This joint
conference will address the key ingredients of this
transformation: technology innovation, financial
opportunities, policy developments, and, most
important, community and grass-roots actions
that are leading to case studies and best practices
that already are leading towards achieving a 100%
renewable energy system in cities and regions.

about best practices and the future opportunities for all solar technologies.. The joint conference program includes a variety of events, such

Nevertheless, many challenges remain, and the
joint conference will bring to the forefront a dialogue among diverse experts to discuss and for-

as parallel technical oral and poster sessions that
provide the latest renewable energy research
results, keynote speeches discussing specific

mulate actions to meet these challenges.

technologies, unique workshops and side events
addressing critical cross-cutting topics, and a
line-up of world-renowned experts at the plena-

ference experience.

I wish you all a very successful and inspiring con-

ry sessions. All of these events demonstrate how
we are heading towards 100% renewable energy
for meeting all of our end-use energy requirements, encompassing the power, heating, and
transportation sectors. In addition, networking

x

Dr. David Renné, President
International Solar Energy Society

IEA Solar Heating and Cooling Programme
On behalf of the IEA Solar
Heating & Cooling Programme, welcome to

SHC 2017 is sure to inspire you as you participate in the conference sessions and discussions
and learn firsthand about the developments in

the 5th International
Conference on Solar
Heating and Cool-

the Middle East. It is the goal of SHC 2017 to
have you leave ready to help deploy solar thermal
technologies to become an increasingly signifi-

ing for Buildings and
Industry (SHC 2017).
For this conference, we are

cant contributor to a sustainable and renewable
energy future.

fortunate to be holding it together with the ISES Solar World Congress 2017.
The joint conference is certain to reach a wider
network of participants interested in exploring
technical, industrial and policy synergies relevant to renewable energy deployment.

I am looking forward to meeting, discussing and
learning with you at this joint conference.

This year’s conference is taking place in the United Arab Emirates and recognizes the leadership
of the joint conference host, Masdar Institute, in
the journey from fossil fuels to renewables.

Ken Guthrie, Chair
IEA Solar Heating and Cooling Programme

Since 1977, the IEA Solar Heating & Cooling Programme has conducted international collaborative research to expand the use of solar energy
for buildings and industry. Our global network
of 21 countries and 6 international organizations has completed more than 45 research and
dissemination projects. The current 10 research
projects include approximately 600 participants,
of which more than 25% are from industry.
With ISES and Masdar Institute, the IEA SHC Programme has strong partners and SHC 2017 will
once again serve as a platform to build understanding, collaboration and strong cooperation
between research and industry.
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Khalifa University of Science and Technology
It is with great pleasure
that I welcome you
to the joint Interna-

and awarded between 2013 and 2016. In 2017,
a 1,170MW solar PV power plant was tendered
and awarded for development in Abu Dhabi

tional Solar Energy
Society (ISES) Solar
World Congress 2017

and a 700MW Concentrated Solar Power (CSP)
plant with storage was tendered and awarded
for development in Dubai. This CSP power plant,

and International Energy Agency (IEA) Solar
Heating and Cooling Pro-

which when operational will deliver electricity at
a record low price for this technology of 7.3 US
cents per kilowatt hour (kWh), will be part of the

gramme’s 2017 Conference on
Heating and Cooling for Buildings and Energy.
The theme of the joint event, “innovation for the
renewable energy transformation”, is perfectly
aligned with the research and educational ambitions of the Masdar Institute of Science and
Technology, which is this year’s conference host
and also now part of the new Khalifa University
of Science and Technology.

fourth phase of the MBR Solar Park.

The United Arab Emirates (UAE) is uniquely positioned to serve as the host country for this
key event. The UAE Energy Strategy 2050 was
launched in 2017 with the ambition to increase

Strategically located at the crossroads of the
world, Abu Dhabi is a perfect meeting place to
bring together global energy experts. As the host
of the annual Abu Dhabi Sustainability Week

the contribution of renewable energy in the
country’s energy mix to 44 percent by 2050
while simultaneously slashing the country’s

(ADSW) and the 2016 SolarPACES conference,
Abu Dhabi will undoubtedly support this joint
event in meeting with similar success and provide

carbon footprint from power generation by 70
percent in the same timeframe. Solar energy
will be the primary form of renewable energy

participants with the ideal setting to engage in
networking, partnership development and exchange of ideas. I wish you a successful and en-

within this strategy and the UAE’s commitment
to solar has been visible through action, starting
with establishment of the Masdar Initiative in

joyable conference.

In addition to these notable achievements, the
global headquarters of the International Renewable Energy Agency (IRENA) is hosted in Abu
Dhabi’s Masdar City. The hosting of IRENA in
Abu Dhabi is a reflection of the UAE’s commitment to expanding access to sustainable, clean
energy both domestically and internationally.

2006. More recently, the 100MW Shams 1 concentrated solar power plant in Abu Dhabi began
operations in 2013 and the first three phases of
the Mohammed bin Rashid Al Maktoum (MBR)
Solar Park, which will ultimately have 5,000MW
of solar energy capacity by 2030, were tendered
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ORQJWHUP %DUEDWRDQG&DSRQH DQGFDQUHGXFHERWKWKHHOHFWULFLW\SHDNSRZHUGHPDQG N: DQGWKH
HOHFWULFLW\FRQVXPSWLRQ N:K  :DUUHQ=KRXDQG<DQJ $PRQJ'60PHWKRGVWHFKQLTXHVORDG
VKLIWLQJ LV WKH PRVW HIIHFWLYH ORDG PDQDJHPHQW WHFKQLTXH (VWKHU DQG .XPDU   ZKLFK FDQ HQKDQFH WKH
GHPDQG IOH[LELOLW\ ZLWKRXW FRPSURPLVLQJ WKH VWDELOLW\ DQG FRQWLQXLW\ RI WKH SURFHVV DQG IXUWKHUPRUH D
KLJKOLJKWHG IHDWXUH RI '60 LV WKDW LW FDQ EH  HIILFLHQW VLQFH QR HQHUJ\ FRQYHUVLRQ WR DQG IURP DQ
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SRZHUJHQHUDWLRQVHFWRUWKHEXLOGLQJVHFWRUDQGWKHLQGXVWULDOVHFWRUEHFDXVHRIWKHLUKLJKSRWHQWLDORIFRROLQJ
ORDG VKLIWLQJ 2Uy HW DO   DQG GHFUHDVLQJ JUHHQKRXVH JDV HPLVVLRQV GH 6LVWHUQHV HW DO   )RU WKLV
UHDVRQ WKHUH LV JURZLQJ LQWHUHVW LQ XVLQJ '60 WHFKQLTXHV WRJHWKHU ZLWK 7(6 EDWWHU\ VWRUDJH DQG VRODU 39
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WRDGGUHVVWKHSRWHQWLDOSHDNORDGVKLIWLQJDQGHQHUJ\VDYLQJVFRQVLGHULQJWKHQHZWLPHRIXVHWDULIIVWUXFWXUH
DQGHOHYDWHGHOHFWULFLW\SULFHVKLJKVXUSOXVGHPDQGFKDUJHVDQGYDULDEOHVRODU39VKDUHDQGLWVXQFHUWDLQWLHVLQ
WKHHQHUJ\V\VWHP $UWHFRQLHWDO 
7KHREMHFWLYHRIWKHFXUUHQWVWXG\LVWRDGGUHVVWKHSRWHQWLDOIRUDSSO\LQJRSWLPL]DWLRQEDVHGWLPHRIXVH'60
LQWKHLQGXVWU\VHFWRUWRUHGXFHSHDNHOHFWULFLW\GHPDQGVDQGHYHQWXDOO\WRGHFUHDVHWKHDQQXDOHOHFWULFLW\ELOO
3DUWLFXODUO\RILQWHUHVWDUHRQRQHKDQGWRUHGXFHFRQWUDFWHGSRZHUGHPDQGVDQGWRVKLIWHOHFWULFDOFKLOOHUSHDN
ORDGVIURP KLJKSULFH WLPHV RQSHDNKRXUV  WR ORZSULFH WLPHV RIISHDN KRXUV E\ WDNLQJ DGYDQWDJHRI FROG
7(6 VHQVLEOHV\VWHPVLFHRUSKDVHFKDQJHPDWHULDOV DQGRIIJULGVRODU39DQGRQWKHRWKHUKDQGWRGHWHUPLQH
WKH RSWLPXP FRPELQDWLRQV RI FRQWUDFWHG SRZHU DW GLIIHUHQW WDULII SHULRGV E\ LQWHJUDWLQJ 7(6 DQG VRODU 39
WHFKQRORJLHV ZLWK GLIIHUHQW FDSDFLWLHV DQG FRQVLGHULQJ WKH VRODU 39 YDULDWLRQV DQG VXUSOXV FKDUJHV RI SRZHU
GHPDQG


0HWKRGRORJ\
2.1. Case study
7RJLYHDQHVWLPDWLRQRIWKHDQQXDOHQHUJ\ELOOIRUDQLQGXVWULDOFRQVXPHULWZDVDVVXPHGWKDWIRUUXQQLQJLWV
LQGXVWULDOSURFHVVHVDFRQYHQWLRQDOHQHUJ\V\VWHPZLWKQRGHPDQGPDQDJHPHQWIDFLOLWLHVQHLWKHUVRODU39QRU
7(6 V\VWHP LV XVHG 6R WKDW WKH LQGXVWULDO FRQVXPHU GLUHFWO\ XVHV WKH HOHFWULFLW\ IURP WKH JULG WR UXQ LWV
SURFHVVHV ZKHQHYHU LW LV UHTXLUHG DQG ZLWKRXW FRQVLGHULQJ WKH RQSHDN PLGSHDN DQG RIISHDN GHPDQG DQG
HQHUJ\ WDULII SHULRGV )LJXUH D  7KH LQGXVWULDO SURFHVVHV WDNH SODFH IURP  WR  DOO GD\V H[FHSW
6DWXUGD\VDQG6XQGD\VUHTXLULQJN:RIHOHFWULFGHPDQGIRUFRROLQJSURFHVVHV7RFDOFXODWHWKHHOHFWULFLW\
FRQVXPSWLRQWKH6SDQLVKHOHFWULFLW\WDULIIVWUXFWXUH $WLPHRIXVHWDULIIVWUXFWXUH  5HDO'HFUHWR
 KDVEHHQXVHG7KHWDULIIVWUXFWXUHLVGLYLGHGLQWRVL[GLIIHUHQWWDULIISHULRGVDQGFRQVXPHUVSD\WKURXJK
WKH ELOO WKH HQHUJ\ FRVW DQGWKH GHPDQG FRVW )XUWKHU H[SODQDWLRQV RI WKH DERYHPHQWLRQHG WDULII VWUXFWXUH DUH
SURYLGHG LQ 6HFWLRQ  $VVXPLQJ WKDW IRU DOO WDULII SHULRGV WKH UHIHUHQFH LQGXVWULDO XQLW FRQWUDFWV  N:
SRZHUGHPDQGZLWKRIORDGIDFWRUWKHDQQXDOHOHFWULFLW\ELOOIRURSHUDWLRQDOKRXUVFDQEHFDOFXODWHGXVLQJ
HT
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ZKHUH ୲୭୲  LV DQQXDDO HOHFWULFLW\ FRVW ୮  LV SRRZHUGHPDQG FRVWୣ  LV HQ
QHUJ\ FRQVXP
PSWLRQ9$7 VWDQGV IRU
YDOXHDGGGHGWD[HVܲௗௗ  VWDQGVIRUSRZHUFRQQWUDFWHGLQGLIIIHUHQWWDULIISHULRGVܲ௬ VWDQGVIRUFFRQVXPHG

HQHUJ\LQQGLIIHUHQWWDULLIISHULRGV&3
3DQG&(DUH FRVWRISRZHHULQNLORZDWW N: DQGFRVWWRIHQHUJ\LQ
QNLORZDWW
KRXU N:
:K UHVSHFWLYHHO\IRUSHULRG
G,DVH[SODLQHHGLQGHWDLOVLQ
Q6HFWLRQ
7KUHHGLIIIHUHQWRSWLPLL]DWLRQVFHQDUULRVZHUHFRQVVLGHUHGWRRSWWLPDOO\DQDO\]]HWKHSRVVLELOOLW\RIVKLIWLQJ
JRQSHDN
ORDGVIURPGD\WLPHWR QLJKWWLPHE\DGRSWLQJ'60
0V\VWHPRQWKHEDVLVRIWLPHRIXVHWDUULIIVDQGFRPS
SDUHWKHP
ZLWKWKHUUHIHUHQFHPRGGHO )LJXUHDD 
x

6FHQDULRWLP
PHRIXVHWDULII'60FRXSSOHGZLWKRQO\
\FROG7(6V\VVWHP )LJXUHE 

x

6FHQDULRWLP
PHRIXVHWDULII'60FRXSSOHGZLWKRQO\
\RIIJULGVRODUU39 )LJXUHF 

x

6FHQDULRWLLPHRIXVHWDUULII'60FRXSSOHGZLWKERWK
KFROG7(6DQ
QGRIIJULGVRRODU39V\VWHP
PV )LJXUH
G 

G 7(6 WDQN KKDV WR EH FKDDUJHG DW QLJKWWLPH GXULQJ RRIISHDN SHULR
RG DQG EH
,Q 6FHQDDULR  )LJXUHH E  WKH FROG
GLVFKDUJHHG GXULQJ GD\\ HVSHFLDOO\ DW
D RQSHDN SHHULRG RU WKH PRVW
P
H[SHQVLY
YH KRXUV RI WK
WKH HOHFWULFLW\
\ WDULII ,Q
6FHQDULR  )LJXUH FF  WKH IHDVLELLOLW\ RI UHGXF LQJ WKH HQHUJ
J\ FRVWV E\ DSSO\LQJ RIIJJULG VRODU 39 KDV EHHQ
DVVHVVHG,QWKHFXUUHQQWVWXG\WKHRIIIJULGVRODU3
39ZDVFRQVLG
GHUHGEHFDXVHHLQWKHVHOHFWH
WHGWDULIIVWUXFFWXUHWKHUH
LVLQVXIILLFLHQWLQFHQWLYYHIRUJULGFRQ
QQHFWHGVRODU 39V\VWHP(
(YHQWXDOO\LQ
Q6FHQDULR ))LJXUHG WKHHSRVVLEOH
HFRQRPLFF EHQHILWV E\ FRXSOLQJ ERWWK FROG 7(6 DQG RIIJULG VRODU 39 KDY
YH EHHQ LQYHVWWLJDWHG ,Q DG
GGLWLRQ LQ
VKRXOGEHHQRWHGWKDWLQQWKHSUHVHQWVVWXG\WKHFRVWVVRIHTXLSPHQ
QWDQGSD\EDFN
NSHULRGDVZH
ZHOODVLWVHQYLUURQPHQWDO
LPSDFWDUUHQRWWDNHQLLQWRDFFRXQWDDQGPLJKWEH FRYHUHGLQIX
XWXUHVWXGLHV )LJXUHLOOXVVWUDWHVDVFKHPHRIWKH
RSWLPL]DWWLRQVFHQDULRVV


)LJXUH6FKHHPDWLFYLHZRIWK
KHPHWKRGRORJ\


2.2. Sim
mulation of PV
P module
7KHHOHFWWULFLW\JHQHUDWWLRQE\VRODU 39ZDVVLPXXODWHGXVLQJ7
7516<6Y .OHLQ 7KLVVRIWZDDUHKDVDQ
H[WHQVLYHH OLEUDU\ RI FRPSRQHQWV
F
LQ
Q ZKLFK DSSUURSULDWH PRGHHOV FRXOG EH VHOHFWHG
V
IRU VVLPXODWLQJ WKHHUPDO DQG
HOHFWULFDOOHQHUJ\V\VWHHPV7KHSRWHHQWLDOHOHFWULFLLW\JHQHUDWLRQ
QIURP39PR
RGXOHVFDQEH
HFDOFXODWHGXVVLQJ7\SH
DZKLFFKPRGHOVWKHHOHFWULFDOSHUUIRUPDQFHRIDDSKRWRYROWDLFFDUUD\DQGFRXOGEHXVHGLQQVLPXODWLRQVLQYROYLQJ
HOHFWULFDOO VWRUDJH EDWWWHULHV GLUHFW ORDG FRXSOLQQJ DQG XWLOLW\
\ JULG FRQQHHFWLRQV ,W DSSSOLHV HTXDWLRQ
QV IRU DQ
HPSLULFDOOHTXLYDOHQWFFLUFXLWPRGHOWWRSUHGLFWWKH FXUUHQWYROWDDJHFKDUDFWHULVVWLFVRIDVLQJJOHPRGXOH7K
KLVFLUFXLW
FRQVLVWV RI D '& FXUUUHQW VRXUFH GLRGH DQG HLWKKHU RQH RU WZ
ZR UHVLVWRUV 7KH
7 VWUHQJWK RRI WKH FXUUHQW VRXUFH LV
GHSHQGHQQWRQVRODUUDGGLDWLRQDQGWK
KH,9FKDUDFWWHULVWLFVRIWKHHGLRGHDUHWHHPSHUDWXUHGHHSHQGHQW 751
16<6
 6XXQULVH650%VRODDU39 6XQULVVH WHFK
KQLFDOGDWDDVVKRZQLQ7DEEOHZDVLQWURGXFHGWR
7\SH DD DQG IRXU GLLIIHUHQW QRPLQ
QDO SRZHU RI
I  N:S  N:S  N:
:S DQG  N:S ZHUH FR
RQVLGHUHG
)XUWKHU RRQ DQ DUUD\ VORSH
V
RI  DQG
D D]LPXWK RRI  ZHUH WDNHQ
W
LQWR DFFFRXQW  6LPXOODWLRQV ZHUH SHUIRUPHG
S
XVLQJWLP
PHVWHSVRIPLQXWHVIRUIILIWHHQFRQVHFFXWLYH\HDUV 

XVVLQJKLVWRULFDOOVRODUUDGLDWLR
RQGDWDRI
'HQYHUGGHULYHGIURP1
1DWLRQDO5HQHHZDEOH(QHUJJ\/DERUDWRU\
\ 15(/ ZHDDWKHUGDWDEDVVH 1DWLRQDO5
5HQHZDEOH
(QHUJ\/
/DERUDWRU\ 'HQYHU&RORUDGRLV GRPLQDWHGE\
\%6NFOLPDWHHFODVVLILFDWLRQQDFFRUGLQJWR.|SSHQ
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*HLJHUFODVVLILFDWLRQDQGFRXOGEHUHSUHVHQWDWLYHRIFOLPDWHFRQGLWLRQRI/OHLGDSURYLQFH6SDLQ


2.3. Thermal energy storage model
$FROGWKHUPDOVWRUDJHZDVLQWHJUDWHGLQWRWKHV\VWHPZLWKWKHDLPRIVKLIWLQJWKHHOHFWULFGHPDQG N: DQGWKH
HQHUJ\FRQVXPSWLRQ N:K IURPRQSHDNDQGPLGSHDNWRRIISHDNKRXUV7KHVWRUDJHPRGHODQGFRUUHVSRQGLQJ
FKDUJLQJGLVFKDUJLQJ PRGHVDUH VLPLODU WR WKH PHWKRG SUHVHQWHGE\ ,KP HW DO ,KP HW DO   7KH VWRUDJH
FDSDFLW\FDQEHFKDUDFWHUL]HGE\DFKDUJHGLVFKDUJHUDWHDVVKRZQLQHT,QDGGLWLRQWRFRQYHUWWKHUPDOORDG
WRHOHFWULFDOORDGDQDYHUDJHFRHIILFLHQWRISHUIRUPDQFH &23 RIZDVFRQVLGHUHG7KHQWKHHOHFWULFDODFTXLUHG
HQHUJ\FRXOGEHFDOFXODWHGXVLQJHT
7DEOH6XQULVH650PRGXOHVSHFLILFDWLRQV 6XQULVH 
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ZKHUH ሶ ୱ୲୭୰ୟୣ  LV WKH 7(6 FKDUJH  GLVFKDUJH í  UDWH N:  6/ LV WKH FROG 7(6 FDSDFLW\ N:K  [ WKH
FKDUJHGLVFKDUJH UDWH IUDFWLRQ  ǻW WKH VLPXODWLRQ WLPH VWHS  PLQXWHV  ୟ୴ୣ  WKH DYHUDJH WKHUPDO WR
HOHFWULFDOORDGFRQYHUVLRQ&23 ୟୡ୯ WKHDFTXLUHGHOHFWULFHQHUJ\ N:K 
7KHGHVLJQLVEDVHGRQWKUHHRSHUDWLRQVFKHGXOHVRYHUWKHFRQWLQXLW\RIFKDUJHGLVFKDUJHUDWHV
x
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UDWHLVVHWWR]HURLQDVXEKRXUO\VFKHGXOHGHILQHGVSHFLILFDOO\IRUWKH7(6RSHUDWLRQ
x

&KDUJLQJPRGHWKHGHGLFDWHG7(6FKLOOHULQWHJUDWHGLQWKH7(6PRGXOHSURGXFHVFROGDWWKHFKDUJLQJ
UDWHxGXULQJRIISHDNKRXUV WKHFKHDSHVWSHULRG ZLWKWKHPD[LPXPFKDUJLQJUDWHRIN:

x

'LVFKDUJLQJ PRGH LQ WKLV VWDJH WKH 7(6 V\VWHP VXSSOLHV FRROLQJ DW GLIIHUHQW FDSDFLWLHV WR PHHW WKH
FRROLQJGHPDQGGXULQJRQSHDNDQGPLGSHDNKRXUV DYRLGLQJRUUHGXFLQJFRPSUHVVRURSHUDWLRQ ,Q
WKHSUHVHQWVWXG\WKHHFRQRPLFLPSDFWGXHWRWKHXVHRIYDULRXV7(6FDSDFLWLHV N:K RQWKH
ILQDOHOHFWULFLW\ELOOZLOOEHDQDO\]HG

7KH VWHDG\VWDWH VWRUDJH PRGHO GRHV QRW WDNH LQWR DFFRXQW WKH H[WHUQDO ZHDWKHU FRQGLWLRQV VXFK DV GU\ EXOE
WHPSHUDWXUHKXPLGLW\HWF0RUHRYHUFKDUJLQJDQGGLVFKDUJLQJHIILFLHQFLHVZHUHNHSWDFRQVWDQWYDOXHRI
WKURXJKRXWWLPHVWHSV

2.4. Time-of-use tariff structure
2.4.1. The electricity bill
,Q PDQ\ FRXQWULHV WKH HOHFWULFLW\ ELOO FRQVLVWV RI DQ HQHUJ\ FKDUJH SHDN GHPDQG FKDUJH DQG WD[HV ,Q 6SDLQ
WD[HVDUHVLJQLILFDQWDQGLQFOXGHDQHOHFWULFLW\WD[RIDQGDYDOXHDGGHGWD[ 9$7 RI'HSHQGLQJRQ
ZKLFK GHPDQG FDWHJRU\ WKH FRQVXPHU ILWV LQ LW GHWHUPLQHV KRZ PDQ\ FKDUJH FDWHJRULHV DUH DSSOLHG WR WKH
FRQWUDFW7KHLQGXVWU\VHFWRUKDV$GHPDQGFDWHJRU\ZKLFKLVFODVVLILHGLQSHULRGV3WR3,QHDFKFKDUJH
FDWHJRU\ D SHDN DQG HQHUJ\ FKDUJH LV DSSOLHG )XUWKHU RQ IRU WKLV GHPDQG FDWHJRU\ LQFHQWLYHV DUH DSSOLHG
)LJXUHVKRZVWKHKRXUO\DQGPRQWKO\SHULRGVGXULQJZKLFKHDFKWDULIIVWUXFWXUHLVDSSOLHG3;UHIHUVWRWKH
WDULIISULFHSURILOHFRQVLVWLQJRIDQRQSHDNPLGSHDNDQGRIISHDNSULFHDQG3UHIHUVWRDOOSULFHVDWRIISHDN
UDWHV7KHWDULIIFRQVLVWVRIERWKDQHQHUJ\SULFHDQGDGHPDQGSULFHSHUSHULRGDVVKRZQLQ7DEOH
0RQWK+RXU
-DQXDU\
)HEUXDU\
0DUFK
$SULO
0D\
-XQH
-XQH
-XO\
$XJXVW
6HSWHPEHU
2FWREHU
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'HFHPEHU
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)LJXUH,QFHQWLYHWLPHRIXVHHOHFWULFLW\WDULIIVWUXFWXUH
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5HJXODWHGSULFH
6WDQGDUGIUHH
SULFH
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¼N:
\HDU
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¼N:K



2.4.2. Charges due to power excess (surplus charges)
,QFDVHWKDWDQLQGXVWULDOFRQVXPHUUHTXLUHVPRUHGHPDQGWKDWLWKDVFRQWUDFWHGLQHDFKGHWHUPLQHGWLPHLQWHUYDO
IRUVRPHPLQXWHVRUHYHQKRXUV DSHQDOL]DWLRQGXHWRSRZHUH[FHVVLVFKDUJHGWRWKHELOO7KLVSHQDOL]DWLRQLV
FDOFXODWHG DFFRUGLQJ WR WKH SRZHU FRQWUDFWHG LQ HDFK WDULII SHULRG DQG LI DSSOLHG GHSHQGLQJ RQ HDFK WDULII
SHULRG WKH DFWXDO GHPDQGHG SRZHU UDWHV DUH PHWHUHG XVLQJ HOHFWULFLW\ PHWHULQJ HTXLSPHQW 7KH ELOOLQJ RI WKH
H[FHVVHV RI SRZHU IRU WKH  WDULIIV LV FDOFXODWHG DFFRUGLQJ WR WKH IRUPXOD HVWDEOLVKHG LQ 5R\DO 'HFUHH
 5HDO'HFUHWR  HTDQGHT DQGLWLVPHDVXUHGHYHU\PLQXWHV
)HS σୀ
ୀଵ ܭ ൈ ͳǤͶͲͶ ൈ ܣ 









HT 

ZKHUH)HSVWDQGVIRUFKDUJHVLQ¼DQGAeiLVDIDFWRUWKDWZHLJKWVH[FHVVRIGHPDQGGHSHQGLQJRQWKHSHULRGKiLV
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WKH FRHIILFLHQW WKDW WDNHV WKH YDOXHV GHSHQGLQJ RQ WKH WDULII SHULRG i DV VKRZQ LQ 7DEOH  Aei LV FDOFXODWHG
DFFRUGLQJWRWKHIROORZLQJFRQGLWLRQDOHTXDWLRQ
Ͳǡୢ୨ ൏ൌ  ୡ୧

ܣ ൌ ቐ ୀ
ଶ
ටσୀଵሺୢ୨ െ ୡ୧ ሻ ǡ ୢ୨    ୡ୧







HT 

ZKHUH 3GM LV GHPDQGHG SRZHU LQ HDFK TXDUWHU RI KRXU ZKLFK LV H[FHVVHG KLJKHU WKDQ 3FL 
3FLLVFRQWUDFWHGSRZHULQHDFKSHULRGDQGLQWKHFRQVLGHUHGSHULRG
7DEOH.LFRHIILFLHQWVDFFRUGLQJWRWKHWDULIISHULRGV

3HULRG 











L
.L

     

7KHVHSRZHUVDUHH[SUHVVHGLQN:DQGWKHH[FHVVHVRISRZHUDUHELOOHGPRQWKO\)RUWDULIIVDWHYHU\EUHDFK
LV FKDUJHG DSHQDOW\ LH HYHU\  PLQXWH EUHDFK 7KXV LW PHDQV WKDW LIWKH XVHUGHPDQGV RYHU WKH FRQWUDFWHG
SRZHUGXULQJRQH KRXU WKHSHQDOW\ LV FKDUJHG IRXU WLPHV +RZHYHU WKHUH LV DQRSWLPXP FRQWUDFWLQJ GHPDQG
WKDWUHGXFHVWKHHQHUJ\FRVWWDNLQJLQWRDFFRXQWWKHSHQDOWLHV7KHDSSOLFDWLRQRIRSWLPL]HG'60WRJHWKHUZLWK
7(6 DQG 39 FDQ RSWLPDOO\ ILQG WKH FRQWUDFWLQJ GHPDQGV LQ HDFK SHULRG DQG FDQ LPSURYH WKH RYHUDOO
SHUIRUPDQFHRIWKHHQHUJ\V\VWHP


2.5. Optimization
,W FRXOG EH XQGHUVWRRG WKDW IRU JLYHQ HOHFWULFLW\ FRQVXPSWLRQ UHTXLUHPHQWV DQ RSWLPL]DWLRQ SUREOHP FDQ EH
GHULYHGEDVHGRQWKHSRZHUFRQWUDFWLQJSODQLHKRZPXFKSRZHULVFRQWUDFWHGIRUHDFKRQHRIWKHSHULRG
WDULIIV 7KH RSWLPL]DWLRQ SUREOHP UHVXOWV GHWHUPLQLVWLF ZKHQ QR 39 SURGXFWLRQ LV FRQVLGHUHG 2WKHUZLVH 39
XQFHUWDLQW\ZLOOOHDGWRVWRFKDVWLFRSWLPL]DWLRQ,QERWKFDVHVFRQVWUDLQWLQWHJHUSURJUDPPLQJ &,3 ZDVXVHGDV
DQRYHOSDUDGLJPWKDWLQWHJUDWHVFRQVWUDLQWSURJUDPPLQJPL[HGLQWHJHUSURJUDPPLQJ 0,3 DQGVDWLVILDELOLW\
PRGHOLQJ DQG VROYLQJ WHFKQLTXHV LQ RUGHU WR PRGHO DQG VROYH WKLV SUREOHP $FKWHUEHUJ  ³6&,3
2SWLPL]DWLRQ 6XLWH´   :LWKRXW 39 JHQHUDWLRQ WKH V\VWHP PD\ EH GHVFULEHG DV VHWV SDUDPHWHUV DQG
IXQFWLRQVDVIROORZV
ܲ ൌ ሼܲଵ Ǥ Ǥ ܲ ሽǡLV WKH VHW RI WDULII SHULRGV ܧܥ ǡ ݅  אሼͳǤ ǤሽLV WKH FRVW RI HQHUJ\ FRQVXPSWLRQ GXULQJ SHULRG
ܲ DFFRUGLQJ WR 7DEOH  LQ ¼N:K ܭ ǡ ݅  אሼͳǤ Ǥሽ LV WKH FRHIILFLHQW DV GHILQHG LQ 7DEOH  SL LV WKH FROG 7(6
VWRUDJHFDSDFLW\LQN:KH, D DQG M DUH WKHVHWRIKRXUVGD\VDQGPRQWKVUHVSHFWLYHO\T=H*D*MLVWKHVHWRI
KRXU SHULRGV LQ D \HDUܲ݁݀݅ݎǣ ܶ ՜ ܲ LV D IXQFWLRQ WKDW PDSV DQ KRXU SHULRG WR LWV FRUUHVSRQGLQJ WDULII DV
FRUUHVSRQGLQJWR)LJXUHܥ ǡ ݅ ܪ אǡLVWKHUHTXLUHGHQHUJ\GXULQJDQKRXUDVVKRZQLQHT
ͶͷͲܹ݇  ݄ǡ ݅  אͺǤ Ǥͳ
ܥ ൌ ൜

Ͳǡ
݁ݏ݅ݓݎ݄݁ݐ











HT 

7KHUHIRUHWKHFRVWRIFRQWUDFWLQJSRZHU CP DQGWKHFRVWRIFRQVXPHGHQHUJ\FDQEHH[SUHVVHGDVHTDQG
HTUHVSHFWLYHO\
 ܲܥൌ σୀଵǤǤ ܲܥ  ܲܥ 













HT 

6XEMHFWHGWRWKHVHFRQVWUDLQWV ܲܥ ܲܥହ  ܲܥସ  ܲܥଷ  ܲܥଶ  ܲܥଵ 
 ܧܥൌ σ௧ܵ ்א௧  ܧܥௗሺ௧ሻ  ܭௗሺ௧ሻ  ͳǤͶͲͶ  ݂൫ܵ௧ െ ܲܥௗሺ௧ሻ ൯

HT 

6XEMHFWHGWRWKHVXUSOXVFKDUJHFRQVWUDLQWRI݂ሺݔሻWKDWLVDSSOLFDEOHZKHQVXSSOLHGHQHUJ\IURPJULGDWWLPHtLV
KLJKHUWKDQWKHFRQWUDFWHGSRZHULQSHULRGi ܲܥ DVVKRZQLQHT
ݔǡ  ݔ Ͳ
݂ሺݔሻ ൌ ቄ
 
Ͳǡ  ݔ Ͳ













HT  



ZKHUHܲܥ ܴ אǡ ݅ ͳ אǤ ǤǡLVWKHFRQWUDFWHGSRZHUIRUWDULIIܲ ܵ௧ ܴ אǡ ܶ א ݐǡLVWKHVXSSOLHGHQHUJ\IURPWKHJULG
LQWLPH t. :KHQVXLWDEOHRQHFDQDOVRGHQRWHܵ௧ DVܵǡௗǡ 
)LQDOO\WKHIROORZLQJDVVXPSWLRQVKDYHEHHQPDGH7KH7(6RSHUDWLRQKRXUVLVEHWZHHQWR7KLV
LVDQREYLRXVRSWLPDODVVXPSWLRQVLQFHLWLVWKHRIISHDNSHULRGDQGQRGHPDQGH[LVWV7KHVWRUHGHQHUJ\FDQ
RQO\ EH FRQVXPHG GXULQJ WKH VDPH GD\ 7KH REMHFWLYH LV WR ILQG DQ RSWLPXP DVVLJQPHQW RI ܲܥ ܴ אǡ ݅ א
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ͳǤ ǤǡWKDWWPLQLPL]HV&3&(ZKLFKFRXOGEHZULWWWHQDVHTVXEMHFWWRFRQ
QVWUDLQWVKRZQQLQHT
݉݅݊ሺ ܲܥ ܧܥሻ 





ܵ ܮ σୀ ܵǡௗǡ  σଵ
ୀ଼ ܥ െ ܵǡௗǡ ǡ ሺ݀ǡ ݉ሻ ܯ כ ܦ א



HT 



HT 

)RUH[DP
PSOHIRUHDFKKGD\WKHVWRUUHGHQHUJ\PXXVWQRWVXUSDVVVWKHVWRUDJHHOLPLWDQGPXXVWVXSSO\WKHHHYHQWXDO
ODFN RI REWDLQHG HQHUUJ\ IURP WKHH JULG ,Q RUGGHU WR UHGXFHH WKH QXPEHUU RI YDULDEOHVV V\PPHWULHVV PD\ EH
QWV DUH LQYDULLDQW IURP GD\
\ WR GD\ ܥ  WKH QXPEHHU RI YDULDEOHHV FDQ EH
FRQVLGHUHHG $V HQHUJJ\ UHTXLUHPHQ
GUDVWLFDOOO\UHGXFHG0
0RUHVSHFLILFDOO\ܵ FDQEH LQGH[HGLQ H*MLQVWHDGRI
H
IT:HHQFRRGHGDQGVROY
YHGHT
DQGHTZLWK6&,3 YHUVLRQ>@LQD*+]SURFHVVVRU7KHSUREOOHPUHVXOWVLQQYDULDEOHVDQG
FRQVWUDLQQWVEHLQJVROYYHGLQOHVVWKDQ
QVHFRQGV
+RZHYHUU ZKHQ VRODUU 39 SURGXFWLLRQ LV FRQVLGGHUHG LW FDQ EH
E WDNHQ LQWR
R DFFRXQW DV D PXOWLYDULDWWH UDQGRP
YDULDEOHܲ
ܸܲ௬ ൌ ൫ݒଵǡ௬ Ǥ Ǥ ݒȁ்ȁǡ௬ ൯ǡEHLQJݒǡ௬ WKH3
39SURGXFWLRQ
QDWKRXU݅ ܶ אLQ\HDUy7K
ܶ
KHQIRUDJLYHQ\HDUy
WKHHTFRXOGEHZULWWHQDV

ܵ ܮ σୀ ܵǡௗǡ  σଵ
௬ ǡ ሺ݀ǡ ݉ሻ ܯ כ ܦ א
ୀ଼ ܥ െ ܵǡௗǡ െ ݒǡௗǡǡ௬

HT 

:KHQ39
9SURGXFWLRQ LV DYDLODEOH RYHU
R
D VHW Y RRI \HDUVZH FRPSXWH
F
WKHHH[SHFWHGRSWLP
PL]DWLRQ XVLQJ
J WKH FRVW
IXQFWLRQSUHVHQWHGLQHHT
ଵ

 ܧ݉݅݊ሺܥ
 ܲܥ ܧܥሻ൨ ൌ ȁȁ σ ݉݅݊ ሺܲܥ
ܲ  ܧܥሻ






HT 

VXEMHFW WRR FRQVWUDLQW DV
D VWDWHG LQ HT
H  8QGHU
U WKLV VFHQDULR
R V\PPHWU\ UHGXFWLRQ
U
DV SSUHYLRXVO\ VWDDWHG LV QR
ORQJHU IHHDVLEOH DQG HDDFK \HDU RSWLP
PL]DWLRQ SUREEOHP UHVXOWV LQ  YDULDEOHV DQG  FRQVWUDLQ
QWV ZLWK D
UHVROXWLRQQWLPHIURPWRPLQXWHVGHSHQGLQJRRQ6/YDOXH


5HV
VXOWV
3.1. Eco
onomic ben
nefits of optiimized DSM
M with cold TES (Scena
ario 1)
,Q WKLV VVHFWLRQ WKH HFFRQRPLF EHQHHILWV GXH WR WWKH XVH RI RS
SWLPL]DWLRQEDDVHG '60 ZLLWK RQO\ FROG
G 7(6 DUH
SUHVHQWHGG )LJXUH  VKKRZV WKDW WKHH DPRXQWV RI HFRQRPLF VDY
YLQJV LQFUHDVHH OLQHDUO\ ZLWWK WKH LQFUHDVVH RI 7(6
FDSDFLW\ )URP )LJXUHH LW LV DSSDUUHQW WKDW ZLWK WKH LQFUHDVH RIVWRUDJHFDDSDFLW\ WKH DQQ
QQXDO HFRQRPLLF VDYLQJV
LQFUHDVH FRUUHVSRQGLQJJO\IURP ¼ EHORZ
 SHU\HDULQ FDVHRIN:
:KFDSDFLW\RRI7(6WR¼SHU
\HDU DERRXW LQFFDVHRIN
N:K7(6)RRUH[DPSOHDG
GGLQJN:
:KRI7(6FDDQOHDGWRDER
RXW¼
SHU \HDU FRVW VDYLQJV DQG ZKHQ WK
KH VWRUDJH FDSSDFLW\ LQFUHDVHHV WR  N:
:K WKHVH VDYLLQJV ULVH WR  ¼ SHU
\HDU


)LJXUH(FRQRPLFE
EHQHILWVE\XVLQJ
J'60DQGFROG 7(6
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3.2. Eco
onomic ben
nefits of optiimized DSM
M with solarr PV (Scena
ario 2)
,QWKLVVHHFWLRQWKHHFRRQRPLFEHQHILLWVGXHWRWKH XVHRIRSWLPLL]DWLRQEDVHG'60ZLWKRIIIJULGVRODU3
39V\VWHP
DUHSUHVHHQWHGDQGWKH UHVXOWVDUHVK
KRZQLQ)LJXUUH2IIJULG
GVRODU39\LHHOGVHFRQRPLFFEHQHILWVUDQJ
JLQJIURP
¼WRR¼LQ'
'HQYHU
,WFDQEHHVHHQWKDWDGGGLQJN:R
RIRIIJULGVROODU39FRXOGDDFKLHYHDQQXDDOFRVWVDYLQJJVRI¼LQ
Q'HQYHU
&RPSDUHHG WR 7(6 ORRZHU VDYLQJV FRXOG EH DFKKLHYHG XVLQJ RIIJULG VRODUU 39 $FWXDOOO\ GXH WR YDULDEOH 39
JHQHUDWLRRQ WKH HOHFWULLF SRZHU GHP
PDQG FRQWUDFW FDQQRW EH GHHFUHDVHG FRQVLLGHUDEO\ VLQFFH LQ RFFDVLRQ
QV RI SRRU
HOHFWULFLW\\JHQHUDWLRQIIURP39VXUSOOXVSHQDOWLHVP
PD\DSSO\WRWWKHHOHFWULFLW\ ELOO+RZHYHHUVRODU39FDDQ\LHOGWR
VXEVWDQWLDOVDYLQJVZKKHQWKHUHLVHQ
QRXJKVRODUUDDGLDWLRQWRSUURGXFHHOHFWULFFLW\DQGUHGXFFHWKHUHDOWLP
PHHQHUJ\
QHHGV


)LJXUH(FRQRPLFEHQHHILWVE\XVLQJ'6
60DQGRIIJULGVRODU39

3.3. Eco
onomic ben
nefits of optiimized DSM
M coupled with
w cold TE
ES and solarr PV (Scena
ario 3)
,QWKLVVHHFWLRQWKHHFRRQRPLFEHQHIILWVGXHWRWKHHXVHRIRSWLP
PL]DWLRQEDVHG
G'60ZLWKFFROG7(6FRX
XSOHGZLWK
RIIJULGVVRODU39V\VWHHPIRUDQLQG
GXVWULDOFRQVXP
PHUKDYHEHHHQSUHVHQWHG )LJXUH ,Q JHQHUDOLWFDDQEHVHHQ
WKDWWKHDDQQXDOFRVWVDYYLQJVKDYHDOOLQHDUFRUUHODWWLRQZLWK7(6 FDSDFLW\DQGVRODU39QRP
PLQDOFDSDFLW\:LWKWKH
LQFUHDVHRI7(6DQG39
9FDSDFLWLHVWWKHDQQXDOHFRRQRPLFVDYLQJ
JVLQFUHDVHFRUUUHVSRQGLQJO\\


)LJX
XUH(FRQRPLFEHQHILWVE\XVLQJJ'60FRXSOHGZLWKFROG7(6D
DQGVRODU39'HHQYHU

G IURP WKH UHVXOWV SUHVHQWHGG LQ WKLV VHFWLLRQ LV WKDW
$Q LQWHUHHVWLQJ DQG YHU\ LPSRUWDQW LVVXH WKDW FDQQ EH REWDLQHG
ZKHQ 7(
(6 DQG 39 WHFKQRORJLHV
W
FRXSOHG
F
WRJHWWKHU KLJKHU UHGXFWLRQV
U
LQ SRZHU FRQWUDDFW GHPDQGV FRXOG EH
DFKLHYHGG $FFRUGLQJO\\ FRXSOLQJ 39
3 DQG FROG 7(6 WRJHWKHUU ZLWK DQ RSWLPL]HG '60
0 OHG WR KLJK
KHU DQQXDO
GHPDQGDQGHHQHUJ\WHUPV)
)XUWKHURQWK
KHDXWKRUVZRXXOGOLNHWRPHHQWLRQWKDW
HOHFWULFLW\\FRVWUHGXFWLRQVERWKIRUG
LPSRUWDQQWDQQXDOGHPDDQGFRVWVDYLQ
QJVZHUHDFKLLHYHGWKDQNVWWRWKHDSSOLFDWWLRQRI7(6QQHYHUWKHOHVVLWZDVQRW
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OLPLWHGWRRRQO\WKHGHP
PDQGWHUPEX
XWDOVRFRQVLGGHUDEOHFRVWVDDYLQJVFDQEH REVHUYHGIRU
UWKHHQHUJ\WHHUPZKLFK
PDLQO\FRRPHVIURPUHQQHZDEOHVRODUU39JHQHUDWLRRQ


3.4. Imp
provementss by couplin
ng cold TES
S and solar PV
P technolo
ogies
$QLPSRUWDQWLVVXHWKDDWVKRXOGEHG
GLVFXVVHGKHUH LQLVKRZWKHFRPELQDWLRQRIVRODU39DQQGVKRUWWLPHFROG7(6
WHFKQRORJJLHV FRXSOHG WR DQ DSSURSULDWH WLPHRIXVH '60
0 FDQ VKLIW SHDN
S
GHPDQGGV DQG UHGXFFH HQHUJ\
FRQVXPSSWLRQ DQG HYYHQWXDOO\ LPS
SURYH WKH Z
ZKROH HQHUJ\ V\VWHP 7R
R ILQG HFRQRRPLF EHQHILWVV GXH WR
LQWHUFRQQQHFWLRQRIWKHVVHWZRWHFKQR
RORJLHVDQQXDDOFRVWVDYLQJVVGXHWRLQWHJUUDWLRQRIRQO\
\FROG7(6 6FFHQDULR 
DQGRQO\RIIJULGVRODUU39 6FHQDULR
R VKRXOGEHHVXPPHGDQGWKHQVXEWUDDFWHGIURPDQQQXDOFRVWVDYLQ
QJVGXHWR
6
$
$FWXDOO\WKHVHFRVWVDYLQJVG
GHPRQVWUDWHKKRZWKHLQWHUFRQQHFWLRQ
FRXSOLQJFROG7(6ZLWWKVRODU39 6FHQDULR
H
FLDO FRPSDUHG
G WR ZKHQ
RI WZR UHHQHZDEOH WHFKKQRORJLHV WRJHHWKHU ZLWK DQ RSWLPL]HG '60 FDQ EH HQHUJ\EHQHILF
WKH\DUHXXVHGLQGLYLGXDDOO\
7KHUHVXOWVSUHVHQWHG LQ)LJXUHVK
KRZWKHDQQXDDOFRVWVDYLQJ
JLPSURYHPHQ
QWUDWLRVLQ'HHQYHU,QIDFWZKHQWKH
VRODU 39
9 VKDUH RI WKKH V\VWHP LV VPDOOHU ORZHHU VWRUDJH FDDSDFLW\ LV QHHHGHG WR SURYLLGH WKH FRQWLQXLW\ DQG
VPRRWKQHHVV RI VXSSO\\ LQ WKH V\VVWHP 7KH ZDDUP FRORU DUUHD LQ WKH FR
RORU PDS KLJJKOLJKWV WKH PD[LPXP
P
LPSURYHP
PHQWWKDWFRXXOGEHDFKLHYHHGE\FRXSOLQJJFROG7(6DQ
QGVRODU39WWHFKQRORJLHVWWRJHWKHU,QJHHQHUDOE\
WKHLQFUHDVHRIVRODU3
39VKDUHKLJKHUVKRUWWHUP 7(6LVUHTXLUUHG,QRWKHUZ
ZRUGVWKHKLJJKHUWKHGHSHQ
QGHQF\RI
KLJKHUWKHVWRRUDJHLVQHHGHG
GWRHQVXUHWKHVHFXULW\RIHHOHFWULFLW\VXS
SSO\RIWKH
HQHUJ\V\\VWHPRQWKHVVRODU39WKHK
V\VWHPZ
ZLWKRXWLQWHUP
PLWWHQF\DQGKHHQFHDYRLGSR VVLEOHSHQDOWLHHV
)RU LQVWDDQFH LQ FDVH RI
R XVLQJ 
 N:K RI 7( 6 D WRWDO DQQX
XDO VDYLQJV RII  ¼ FRXOOG EH DFKLHYHHG 2Q WKH
RWKHUKDQQGZKHQRQO\\RIIJULGVRODDU39RIN:
:LVFRQVLGHUUHGVDYLQJVRIIFRXOGEEHDFKLHYHGLQ'HQYHU
2QWKHRWWKHUKDQGZKKHQ7(6DQGVRODU39WHFKQQRORJLHVDUHFR
RXSOHGWRJHWKHUWKHVHVDYLQQJVLQFUHDVHWR
R¼
ZKLFKLVDERXWKLJJKHUWKDQWKHVXPRIEHQHILWWVDFKLHYHGE\
\XVLQJWKHPVHSDUDWHO\ )LJJXUH 


)LJXUH$QQ
QXDOHOHFWULFLW\VVDYLQJLPSURYHP
PHQWE\FRXSOLQJ
JFROG7(6DQGVVRODU39WHFKQROORJLHV'HQYHU


&RQ
QFOXVLRQV
,QWKHSUHVHQWVWXG\DDQRSWLPL]DWLR
RQEDVHGWLPHRIXVH'60 FRPELQHGZLLWKVKRUWWHUP
PFROG7(6DQ
QGRIIJULG
9 WHFKQRORJLHVV LV XVHG WR VK
KLIW RQSHDN HHOHFWULFLW\ GHP
PDQG RI DQ LQ
QGXVWULDO FRQVXXPHU 8VLQJ QXPHULFDO
VRODU 39
RSWLPL]DWWLRQDQGVLPXXODWLRQLWZDVIRXQGWKDWERRWKFROG7(6DDQGRIIJULGVRODU39FRXSOOHGZLWKDQDS
SSURSULDWH
WDULIIVWUXXFWXUHFDQOHDGWRDQQXDOHOOHFWULFLW\FRVW VDYLQJV+RZ
ZHYHUVDYLQJVVDWWULEXWHGWRRWKHLQWHJUDWLR
RQRIFROG
7(6DUH JHQHUDOO\KLJJKHUWKDQWKRVHDFKLHYHGE\\RQO\RIIJULGVRODU39,Q
QDGGLWLRQVRRODU39ZLWKRX
XWVWRUDJH
FDQ UHGXXFH WKH HQHUJ\\ WHUP EXW QR
RW VLJQLILFDQWOO\ WKH SRZHU WHUP RI WKH HQHUJ\ ELOO +
+RZHYHU LW VKRXOG EH
KLJKOLJKWWHGWKDWZKHQFROG7(6DQG
GVRODU39DUHHFRXSOHGWRJHHWKHUIXUWKHUHHFRQRPLFEHQQHILWVFRXOGEHHDFKLHYHG
LQFRPSDDULVRQZLWKXVLLQJWKHVHWZRWHFKQRORJLHV LQGHSHQGHQWO\
\
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$FNQRZOHGJPHQWV
7KH ZRUN SDUWLDOO\ IXQGHG E\ WKH 6SDQLVK JRYHUQPHQW (1(&5 0,1(&2)('(5 
(1(&5 0,1(&2)('(5  DQG 7,1&3  7KH DXWKRUV ZRXOG OLNH WR WKDQN
WKH&DWDODQ*RYHUQPHQWIRUWKHTXDOLW\DFFUHGLWDWLRQJLYHQWRWKHLUUHVHDUFKJURXS 6*5 7KLVSURMHFW
KDVUHFHLYHGIXQGLQJIURPWKH(XURSHDQ8QLRQ¶V+RUL]RQUHVHDUFKDQGLQQRYDWLRQSURJUDPPHXQGHUJUDQW
DJUHHPHQW 1R  ,13$7+7(6  $OYDUR GH *UDFLD ZRXOG OLNH WR WKDQN 0LQLVWHULR GH (FRQRPLD \
&RPSHWLWLYLGDGGH(VSDxDIRU*UDQW-XDQGHOD&LHUYD)-&,

5HIHUHQFHV
$FKWHUEHUJ73K'WKHVLV&RQVWUDLQW,QWHJHU3URJUDPPLQJ8QLYHUVLWlW%HUOLQ
$OYD*/LX/+XDQJ;)DQJ*7KHUPDOHQHUJ\VWRUDJHPDWHULDOVDQGV\VWHPVIRUVRODUHQHUJ\
DSSOLFDWLRQV5HQHZ6XVWDLQ(QHUJ\5HY±
$UWHFRQL$&LDUURFFKL(3DQ4&DUGXFFL)&RPRGL*3RORQDUD):DQJ57KHUPDOHQHUJ\
VWRUDJHFRXSOHGZLWK39SDQHOVIRUGHPDQGVLGHPDQDJHPHQWRILQGXVWULDOEXLOGLQJFRROLQJORDGV$SSO
(QHUJ\±
$UWHFRQL$+HZLWW1-3RORQDUD)6WDWHRIWKHDUWRIWKHUPDOVWRUDJHIRUGHPDQGVLGHPDQDJHPHQW
$SSO(QHUJ\±
%DUEDWR$&DSRQH$2SWLPL]DWLRQ0RGHOVDQG0HWKRGVIRU'HPDQG6LGH0DQDJHPHQWRI5HVLGHQWLDO
8VHUV$6XUYH\(QHUJLHV±
GH6LVWHUQHV)--HQNLQV-'%RWWHUXG$7KHYDOXHRIHQHUJ\VWRUDJHLQGHFDUERQL]LQJWKHHOHFWULFLW\
VHFWRU$SSO(QHUJ\±
(VWKHU%3.XPDU.6$VXUYH\RQUHVLGHQWLDO'HPDQG6LGH0DQDJHPHQWDUFKLWHFWXUHDSSURDFKHV
RSWLPL]DWLRQPRGHOVDQGPHWKRGV5HQHZ6XVWDLQ(QHUJ\5HY±
)DUXTXL$+DUULV'+OHGLN58QORFNLQJWKH¼ELOOLRQVDYLQJVIURPVPDUWPHWHUVLQWKH(8+RZ
LQFUHDVLQJWKHDGRSWLRQRIG\QDPLFWDULIIVFRXOGPDNHRUEUHDNWKH(8¶VVPDUWJULGLQYHVWPHQW(QHUJ\
3ROLF\±
)DUXTXL$+OHGLN51HZHOO63IHLIHQEHUJHU+7KH3RZHURI3HUFHQW(OHFWU-±
+DPHHU6YDQ1LHNHUN-/$UHYLHZRIODUJHVFDOHHOHFWULFDOHQHUJ\VWRUDJH,QW-(QHUJ\5HV
±
,($:RUOG(QHUJ\2XWORRN,DH
,KP3.UDUWL0+HQ]H*3'HYHORSPHQWRIDWKHUPDOHQHUJ\VWRUDJHPRGHOIRU(QHUJ\3OXV(QHUJ\
%XLOG±
.LP-</HH0+%HUJ13HDNORDGSULFLQJLQGXRSRO\(FRQ0RGHO±
.OHLQ6$7516<6$7UDQVLHQW6\VWHP6LPXODWLRQ3URJUDP6RODU(QHUJ\/DERUDWRU\8QLYHUVLW\
RI:LVFRQVLQ0DGLVRQ86$
/L*=KHQJ;7KHUPDOHQHUJ\VWRUDJHV\VWHPLQWHJUDWLRQIRUPVIRUDVXVWDLQDEOHIXWXUH5HQHZ
6XVWDLQ(QHUJ\5HY±
/XQG3'/LQGJUHQ-0LNNROD-6DOSDNDUL-5HYLHZRIHQHUJ\V\VWHPIOH[LELOLW\PHDVXUHVWR
HQDEOHKLJKOHYHOVRIYDULDEOHUHQHZDEOHHOHFWULFLW\5HQHZ6XVWDLQ(QHUJ\5HY±
1DWLRQDO5HQHZDEOH(QHUJ\/DERUDWRU\1DWLRQDO6RODU5DGLDWLRQ'DWDEDVH±8SGDWHௗ8VHU¶V
0DQXDO7DVN1R39$
2Uy(GH*UDFLD$&DVWHOO$)DULG00&DEH]D/)5HYLHZRQSKDVHFKDQJHPDWHULDOV 3&0V 
IRUFROGWKHUPDOHQHUJ\VWRUDJHDSSOLFDWLRQV$SSO(QHUJ\
5HDO'HFUHWR5HDO'HFUHWRGHGHRFWXEUHSRUHOTXHVHHVWDEOHFHQWDULIDVGH
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DFFHVRDODVUHGHVGHWUDQVSRUWH\GLVWULEXFLyQGHHQHUJtDHOpFWULFD 5R\DO'HFUHH5R\DO
'HFUHHRIRI2FWREHUE\WKDWWKHUHDUHHVWDEOLVKHGWDULIIVRIDFFHVVWRWKHQHWZRUNVRI
WUDQVSRUWDQGGLVWULEXWLRQRIHOHFWULFSRZHU >:::'RFXPHQW@85/
KWWSVZZZERHHVGLDULRBERHW[WSKS"LG %2($ DFFHVVHG 
6&,32SWLPL]DWLRQ6XLWH>:::'RFXPHQW@85/KWWSVFLS]LEGH DFFHVVHG 
6WUHQJHUV<3HDNHOHFWULFLW\GHPDQGDQGVRFLDOSUDFWLFHWKHRULHV5HIUDPLQJWKHUROHRIFKDQJHDJHQWVLQ
WKHHQHUJ\VHFWRU(QHUJ\3ROLF\±
6XQULVH0RQRFU\VWDOOLQH0RGXOHV6XQULVH62/$57(&+ 6RODU3DQHO6RODU0RGXOH >:::
'RFXPHQW@85/KWWSZZZVUVRODUWHFKFQKWPO0RQRFU\VWDOOLQHB0RGXOHVKWPO DFFHVVHG 
7516<67516<6±6WDQGDUG&RPSRQHQW/LEUDU\2YHUYLHZ9ROXPH>:::'RFXPHQW@85/
ZZZWUQV\VFRPDVVHWVGRFV&RPSRQHQW/LEUDU\2YHUYLHZSGI DFFHVVHG 
:DUUHQ3$UHYLHZRIGHPDQGVLGHPDQDJHPHQWSROLF\LQWKH8.5HQHZ6XVWDLQ(QHUJ\5HY
±
=KRX.<DQJ6'HPDQGVLGHPDQDJHPHQWLQ&KLQD7KHFRQWH[WRI&KLQD¶VSRZHULQGXVWU\UHIRUP
5HQHZ6XVWDLQ(QHUJ\5HY±
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Abstract
The rapid deployment of grid-connected roof-top photovoltaic systems in Dubai, as part of "Shams Dubai"
initiatives and the anticipated high penetration of distributed PV generation have both raised several challenges
and urged the need to study the technical solutions to address higher PV penetration levels. The intermittent
nature of PV distributed generation could adversely impact the voltage profile and stability of distribution
feeders throughout the daily load cycle resulting in voltage fluctuations and flicker that violate the established
utility guidelines for voltage regulations. Moreover, the existing distribution networks were not designed to
operate with intermittent sources of generation at medium or low voltage levels.
This paper discusses several smart grid strategies for Distributed Energy Resources (DER) integration including
advanced control of smart inverters, automated demand response, and technical and regulation enhancement for
DER integration to improve the PV hosting capacity of distribution feeders and enable wider deployments of
roof-top PV systems, thus achieving successful renewable transformation of the existing power systems. A
survey was conducted to investigate the existing solar PV projects in Dubai and identify the key challenges of
the existing interconnection standards. The initial survey results and recommendations for PV integration
strategy and grid interconnection regulations enhancement are presented.
Keywords: Grid-connected PV integration, DER integration, smart grid strategy, Shams Dubai, advance
inverter management, DER interconnection regulations.

1. Introduction
In the UAE, the use of clean energy sources and low-carbon electrification are receiving increasing attention
with the clean energy target set to increase to 24% by 2021 compared to about 1% toady. As part of the UAE‘s
commitment to the Paris Climate Agreement, the clean energy strategy 2050 emphasised on diversifying the
energy mix with more focus on clean energy shares. 25% of Dubai’s total energy by 2030 and 75% by 2050 is
predicted to come from renewable energy sources in order to transform Dubai into a global centre of clean
energy with the smallest carbon footprint in the world (Dubai Carbon, 2017).
Shams Dubai programme was launched in 2015 to encourage household and building owners to install PV
panels to generate electricity to feed their own loads and export the surplus to the utility grid. In two years, Four
hundred and thirty five buildings have already installed photovoltaic panels on their roofs and generated a total
capacity of 15.6 Megawatts (Gulf News, 2017).
The existing energy policy and grid standard of renewable distributed energy resources (DER) interconnection
in Shams Dubai regulations imposed some restrictions to limit the capacity of distributed PV connections
compared to the total connected loads of the customer in order to avoid the well-known concerns of integrating
high PV penetration into distribution feeders (DWEA Shams Dubai, 2015 & 2016). However, those restrictions
could limit larger PV deployments and hinder the achievement of the strategic targets of Shams Dubai initiatives
to increase Dubai’s share from clean energy sources to 75% by 2050. Smart grid technologies provide a more
viable solution to address DER integration challenges at high PV penetration levels without limiting PV gridconnected capacity.
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2. Integration Strategies for PV distributed generation
Electric utilities around the world are seeking to develop strategies to increase resilient integration of DER
integration while maintaining the grid performance. The IRENA study on PV integration emphasised on the
importance on developing integrated strategy that covers technical, regulatory and economic aspects in order to
tackle PV integration challenges successfully. The common theme of all implemented measures was to
introduce additional flexibility into the existing power systems to accomdate renwable distibution genersation at
different voltage levels (IRENA, 2017).
A study by the IEA’s photovoltaic power systems programme on urban photovoltaic electricity policies
concluded that GC-PV can be the solution to growing demand in the dense urban environment. In the
perspective of a large photovoltaic deployment, it is quite important to have upfront good integration policies to
assure that GC-PV is deployed with the maximum benefit to the community while reducing actual installation
barriers associated with grid codes and permits. (IEA PVPS, 2009 & 2016). Sweco et al. investigated DER
integration strategy in order to provide flexibility to the distribution power system and highlighted that the
technologies needed for DER integration are available; the key challenge is to adjust to the regulatory
framework and DER interconnection policy to make the market ready (Sweco et al., 2015). A survey was
conducted by the authoers to investigate the strategies that provide flexibility measures for DER integration in
which smart grid experts were asked about the following smart grid stregies as shown in Figure 1.

Strategies for DER Integration

T&D
Network

Supply Side

Capital
investment
for more
flexibility in
T&D
desgin

Resilient
control of
centralized
generation

Demand Side

- Automated
demand
response.
- Smart
Controllable
loads

System
Opertation
Active DER
Management
& Advanced
functions of
Smart
Inverters

Storage

Energy
storage
Improves
T&D
flexibility

Policy &
Regulation
Enhance
Power
market
flexibility
and
efficiency

The focus of the present study

Figure 1: Smart Grid Strategies to improve the flexibility of the grid systems and DER Integration

Supply side and T&D networks integration strategies often require large capital investments are not considered
for low and meduim DER penetration levels. This paper focuses on DER integration strategy based on advanced
control of smart inverters, and policy/regulations enhacement to cope with the technology advancement. The
majority of respondents (72%) viewed that advanced inverter functions offer a cost-effective solution to address
the challenges of DER integration. Fifty eight perecent (58%) of the respondents considered that energy storage
are not currently economical for grid-connected PV systems specially in Dubai and the gulf region.

2.1

PV Hosting Capacity of Distribution Feeders:

The concept of PV hosting capacity is well established in the literature and can be defined as the maximum limit
on the amount of photovoltaic generation that can be integrated into a distribution feeder with no violation of
grid operational conditions. (Whitaker et al. 2008; Reno et al. 2013; Dubey, Santoso, and Maitra 2015 ; Obi &
Bass 2016; Palmintier et al. 2016a; Pecenak, Kleissl and Disfani, 2017)
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The term photovoltaic penetration (PVpen) could be defined as the ratio of the installed PV power to the peak
load of a feeder (Pecenak, Kleissl and Disfani, 2017). Instantaneous PV pen at a given time (t) can be obtained
as:


ሺ௧ሻ

ೞ
ܸܲ ሺݐሻ ൌ  ௗሺ௧ሻ
(Eq 1)

Where PV is the photovoltaic installed power. Percentage penetration level % PVpen for a given feeder
configuration can be approximated as given in Eq2 below.

Ψܸܲ  ൌ 

ೇሺುೌೖሻ
ௗሺೌೖሻ

ͳͲͲ(Eq 2)

Many simulation studies and demonstration projects concluded that the integration strategy of PV distributed
generation is dependent on the PV penetration level and location of PV system. EPRI research projects for
several GC-PV case studies prove that PV penetration levels below 15% did not demonstrate integration issue.
The voltage regulation issues due to distributed PV generation and the impact of PV location on the voltage
profile of distribution feeders are illustrated in Figure 2 below.

(a)

(b)

Figure 2 Voltage profile due to distributed PV generation. Figure 2.4a for GC-PV system at feeder’s head while figure 2.4b
shows CG-PV system at the end of the feeder (EPRI, 2013).

The analysis of many simulation studies of PV penetration on distribution feeders with EPRI’s PV hosting
capacity model concluded strong correlation with voltage regulators and feeder characteristics. Other significant
factors include the location of point of connection (POC) of PV generators. On the other hand, EPRI’s analysis
concluded no significant correlation between hosting capacity and the peak load of the distribution feeder
(EPRI, 2013). Figure 3 shows the hosting capacity in terms of voltage violations with the increasing penetration
level of grid connected photovoltaic (GC-PV).
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Figure 3: The voltage limit violation with the increasing penetration of GC-PV (EPRI, 2013)

The feeder's voltage profile issue due to PV DER integration can be explained in the view of the highly
simplistic two bus feeder model shown in Figure 4. The voltage at substation bus is assumed to be constant as
the nominal voltage with a magnitude of 1 per unit (p.u).

OLTC

Vs (1 pu)

VG

ZF= R+JX

SG
Distribution Feeder Impedance
Distribution Substation

QL
PL
Load

Qv
Pv

˷
=
PV

Figure 4 Simplified model of radial distribution feeder with GC-PV system

The voltage difference between substation bus (S) and distributed generation bus (G) is defined as:
οܸ ൌ ܸ ݏെ ܸீ = ܫxܼ = .(ܴ+݆ܺ)
(Eq. 3)
Where is the current flowing from the DG-PV source ( ) Ignoring the wiring power losses can be found using: 

ൌ

ௌಸ
ಸ

ሺǤͶሻ

    ܵ           ܵ          
ሺሻ ሺሻǣ

ܵ =(ܲ −ܲ)ܮ+݆(ܳ−ܳܲ=)ܮ+݆ܳ
(Eq. 5)

(Eq. 6)
ȁܵ ȁൌඥܲଶ  ܳଶ
Where ܲ and ܳ represent the active and reactive powers generated by the PV inverter respectively; and ܲܮ
and ܳ ܮrepresent the active and reactive power consumed by the load respectively.


 ሺ ሻ  ǣ
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The current (I) flowing from the GC-PV to the DER bus. Ignoring the wiring loss through the can be found using: 

ାொ
ൌ
ಸ

(Eq. 8)

Combining (2. 3) and (2.8),  ǣ߂؆

Ǥୖା୕ଡ଼

(Eq. 9)

The overvoltage caused due to distributed generation depends on the variables in equation (9). Vn is the nominal
grid voltage as set by the distribution utility and could not be controlled. Different methods have been
developed to increase the PV hosting capacity focus on controlling one or more variables of the equation 2.9
numerator. For instance, Inverter volt/var controls reactive & power power (P, Q); while feeder reinforcement
aims to control X/R values.

2.2

Advanced Inverter Functions for improving PV hosting capacity:

Current grid-connected PV systems use advanced inverters that become smart enough to operate autonomously
according to pre-established software settings and with the addition of communications capabilities, DER
systems can be directly monitored and controlled by utilities to modify or override their autonomous operations.
DER systems can receive remote emergency commands, demand response pricing signals or schedules of
modes/ commands to cause the inverters to change their electrical characteristics such as voltage levels, energy
production rate, and active or reactive power outputs according to daily, weekly, or seasonal timeframes so long
as they operate within the standard requirements of the interconnection regulations of the grid (see Table1) .
Smith et al. investigated inverter volt/var control through simulation study and concluded that the effectiveness
of inverter based control for PV integration into the distribution system. Similarly, several simulation studies
concluded that volt/var management is an effective strategy for distribution voltage regulations however, feeder
characteristics shall be taken in conciderations (smith et al. 2011; Rizy et al 2011; Schauder and Mather 2014;
Kim et al., 2016; Leite et al 2016).Alobeidli and Moursi compared different coordinated volt/var control
strategies using conventional methods like OLTC and inverter-based control. They reported that inverter-based
strategy is proven to be an efficient strategy for DER integration to improve feeder voltage profile and maximize
reactive power reserve up to 80% (Alobeidli & Moursi, 2014).Rylander et al. and others analysed the potential
performance benefits of advanced inverter control on different distribution feeders. The advanced volt/var
function of the inverters improved PV hosting capacity between 43% and 133% (Rylander et al. 2016; Seuss et
al. 2015)

Table 1: Advanced inverter functions to support DER integration (EPRI 2012; Rylander et al. 2016; Casey et
al. 2010; Bower et al. 2012)
Classification
Autonomous

Inverter Functions
Functions:

x Behavior controlled by inverter's
pre-configured
operating
parameters
(defined
during
system commissioning).
x Parameters can be re-configured,
activated or deactivated at later
date through on-site changes or
remotely.
x No communication capability is
required.
Non-Autonomous Functions:
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Low- / High-voltage ride-through
Low- / High-frequency ride-through
Volt-var control
(dynamic reactive power injection)
soft-reconnect
Ramp-rate controls
Fixed power factor
Remote connect/disconnect command to DER

Associated
Standards
IEEE 1547a-2014
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x Direct control of inverter
behavior from remote operator
commands or feedback, based on
conditions at the point of
connection (POC)
x Communication architecture and
remote control infrastructure are
required.

system
Set /Limit real power
Respond to real power pricing signals

IEEE smart inverter
working
group
(SIWG) proposed
Functionalities

Update/overwrite autonomous functions (voltvar curves, fixed power factor, voltage ridethrough, frequency ride-through, ramp rate)
Provide black-start capability
Provide spinning reserves
Event/history logging
Status reporting

Palmintier et al. investigated several active and reactive (volt/var) power management strategies of PV
integration at different penetration levels. This could be achieved typically through controlling on-load tap
changers of transformers, capacitor banks and line regulators. A techno-economic assessment of different
volt/var strategies to enhance PV hosting capacity concluded that on-load tap changers of distribution
transformer could be effective can prove only when PV penetration level exceeds beyond 75% (Palmintier et al.
2016a). For lower penetration levels (typically between 15% to 75%), PV inverter’s reactive power support and
active power control have been demonstrated in several studies to mitigate voltage regulation and power quality
issues that could occur due to large PV deployment in the distribution grid (Palmintier et al. 2016b ; Wang et al.
2014).
Further, Hashemi, Ostergaard, and Yang suggested that advanced inverter control is a cost-effective solution to
control active/ reactive power through the output curtailment functionality of advanced PV inverters and could
therefore decrease the required storage capacity for grid balancing (Hashemi, Ostergaard, and Yang 2013)

3. Data Collection
3.1 DER Integration Survey:
A survey was conducted to investigate the existing solar PV projects in Dubai and identify the key challenges of
the existing interconnection regulation of distributed energy resources (DER) related to advanced inverter
management. The survey was circulated to participants represent Shams Dubai’s experts from utility industry,
PV inverter manufacturers; enrolled consultants and contractors in Shams Dubai programme as provided on
DEWA website (DEWA Shams Dubai, 2017). The initial results of the survey revealed that advance remote
management of DER system of smart PV inverter could be achieved through below list of advanced inverter
functions ranked based on the feedback of the participants as shown in Figure 5. Remote configuration of
inverter's power factor and real time volt/var management of smart inverter are among the most important
capabilities to improve PV hosting capacity of distribution feeders.
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Provide black-start capability
Respond to real power pricing signals
Status reporting/ Request inverter status.
Event/history logging
Sets the voltage parameters for Voltage ride-through…
Sets the frequency parameters for Frequency ride-…
Adjust reactive power output (Volt-VAR mode)
Adjust power factor
Set/ Adjust maximum generation level
Remote Connect/ disconnect

0

1

2

3

4

5

6

7

8

9

10

Priority rank for PV inverter functions in terms of grid support
Fig 5: The key inverter's functions that could be remotely controlled/ re-configured for smooth DER integration.

The survey results also revealed that that some integration and interconnection regulation challenges shall be
addressed to enable wider deployment of roof-top solar PV as shown in Figure6. The following challenges were
identified:
x

The interconnection standard is lagging behind the technological advances of smart inverters. The grid
codes in Dubai did not cover some inverter’s supporting functions like dynamic reactive power support
during low voltage ride through (LVRT), hybrid inverter, inverter’s volt/var and volt/watt modes.

x

PV storage is not covered by the regulations.

x

Dubai grid codes imposed restrictions to limit the maximum capacity of PV connections based on total
connected Loads.

x

Unclear guidelines about technical/ communications Architecture for of PV inverters remote
monitoring & control by the utility through IEC61850.

x

Lack of compensation mechanisms for DER aggressors (energy retailers) or ancillary service providers.
The current grid codes did not support feed-in tariff or compensation scheme for energy service
provides.

Lack of compensation mechanisms for aggressors or
ancillary service providers
Unclear guidelines about technical/ communications
Architecture for of PV inverters remote monitoring &…
Restrictions to limit the maximum capacity of PV
connections based on total connected Loads
PV storage is not covered by the regulations.
The interconnection standard is lagging behind the
technological advances of smart inverters.

0%

5%

10%

15%

20%

25%

30%

Percentage of Respondents

Fig 6: The key challenges you are facing with the existing PV interconnection Regulations and Standards.
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3.2 Model Development:
The test system includes PV plant connected to 11KV (9 bus) distribution Feeder, Capacitor bank and OLTC
substation transformer (see figure 7) include the flowing sub-systems:
Distribution Feeder Impedances (Zn)

Z1

Grid
Thevenin
Equivalent

B3

B2

B1

OLTC

Z2

B4

B5
Z4

Z3

B7

B6
Z5

B8

Z8

Z9

B9
11/0.4KV

∆

Y

132/11KV

=

˷

Capacitor Bank

=

Utility Substation
Residential/Commercial Loads

PV
Figure 7: Test system for grid-tied PV system connected to a radial distribution Feeder

In order to examine the impact of inverter's volt/var control and other advance functions for remote monitor/
control, transient analysis for PV power fluctuation during irradiance dip or sundden PV system's failure at
different penetration levels. The voltage source converter (VSC) in modern inverters can be controlled using
digital signal processing (DSP) and microcontroller to compute the slope (dP/dV or dP/dI) of the PV power
curve and feed it back to VSC control to drive it to zero (Sumathi, Ashok, & Surekha, 2015). Block diagram of
smart inverter mamangemt through remote terminl unit (RTU) and demand response commands from
Distributed Energy Resources management system (DERMS) as shown in figure 8.

Utility Grid

MPPT
=

=
PV
Duty
Cycle

Vdc
Idc

POC

Output
Filter

͠

=

<->
Wh Smart

DSP

Vp, IP
VSC Controller
Advanced Inverter Management

DERMS

Meter

Loads
V, I sensing
DER control signal

RTU

Figure 8 Smart Grid Approach for DER integration through advanced Inverter management and DERMS.

MATLAB/SIMULINK model reflecting grid-tied PV system is developed using Simscape power system
components. A screenshot of the preliminary model is given in figure 9. The main components of gridconnected PV system connected to the model are:
(1) PV arrays comprises of SunPower SPR-315E modules. A photovoltaic module is commonly
represented by an electrical equivalent one-diode four parameter model (Rekioua & Matagne, 2012). .
(2) DC/DC boost converter connected to each PV array controlled by a Maximum Power Point Tracker
(MPPT) using P&O "Perturb and observe" algorithm to control PV array voltage in order reach the
maximum power output.
(3) , (4 ) DC/AC Voltage Source Converter (VSC) control and a coupling 3-ph transformer to connect the
converter to the distribution feeder.
(5) , (6) The grid model consists of typical 11kV distribution feeders and 132kV equivalent transmission
system (DEWA Design guidelines, 2015).

19

M. Shahin / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

1
4
6
2
3
5

Figure 9: MATLAB/SIMULINK Model for GC-PV system connected to 11KV distribution feeder

4. Conclusion
In conclusion, it has been proven in the literature that advanced smart inverter functions and dynamic volt/var
control are cost-effective strategies to improve PV hosting capacity of distribution feeders and help to mitigate
adverse voltage impact compared to the conventional voltage regulation methods through OLTC which are
more costly and have a slower response compared to smart inverters. However several simulation studies
concluded that specific methods based on distribution network design and feeder's characteristics (mainly X/R
ratio) should be developed to define the optimal inverter settings and functions for DER
integration.Interconnection regulations need to be developed to cope with technolgoy advancesof the modern
DER system rather than imposing limitation on the maximum PV power generation and the annual connection
capacity to avoid the challenges of intermittent uncontrolled distributed generation. Based on the initial results
of DER integrationsurvey, the following are key recommendations for further enhancement of DER
interconnection regulations:
x The interconnection standard is lagging behind the technological advances of smart inverters. Advanced
solar inverter features like advanced inverter’s volt/var management need to be investigated and supported
by the regulations.
x Hybrid inverters with PV storage shall be supported for feed-in tariff.
x Clear guidelines about communications protocols and technical architecture to be developed for utility’s
remote management of PV inverters.
x The proposed volt/var control settings (as recommend by IEEE P1547 working group) to be used as default
inverter settings with most distribution feeders.
x Multiple volt/var profiles of smart inverters should be scheduled based on seasonal load profile to optimize
the voltage profile of distribution feeders.
x Compensation mechanisms for ancillary service include volt/var control through smart inverters.
For future work, the dynamic volt-var control capability will be incorporated into inverter model and applied to
an actual distribution feeder model in Dubai to investigate the impact on the chosen performance objective of
the distribution network. Other DER management capabilities will be explored, such as scheduling multiple
volt/var profiles for a residential PV systems based on seasonal load profiles for typical residential buildings.
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Abstract
Air pollution caused by exhaust gas, increasing carbon dioxide by burning fossil fuels, and the risk of drain on
fossil fuels are the major problems of fossil fuels. In addition, low self-sufficiency rate of fossil fuels is also a
large problem in Japan. 84.6% of electricity is generated by fossil fuels in Japan, so electrification such as
electric vehicle does not mean breakaway from fossil fuels. Electricity should be generated by clean energy
such as renewable energy in order to settle the problems of fossil fuels. A light rail system which runs on 100%
renewable energy named the “Solar Light Rail” is proposed by authors. Experiments using a prototype model
are carried out to demonstrate availability of the rechargeable power supply method using electric double layer
capacitors. Two types of experiments are reported in this paper. From the experiment combination of PV and
biomass, it was confirmed that clean stable energy is effective for this system under the bad condition for PV.
In the experiments using PV, experimental condition is changed from passed experiments and energy
consumption per run is decreased. Low energy consumption brings about running for longer time after sunset.
The handmade equipment can be more efficient, and better result is expected by improvement.
Keywords: transportation, renewable energy, biomass, electric double layer capacitor

1. Introduction
In Japan, hybrid vehicles (HV) and electric vehicles (EV) are spreading. Fig. 1 shows the number and the rate
of HV and EV, reported by the statistics of Automobile Inspection & Registration Information Association in
Japan. The rate of HV and EV is only 7% for all automobiles in March 2016. However, the number and the rate
of those vehicles are increasing every year.
The consumption of fossil fuels is one of the biggest causes of the environmental problem such as increasing in
carbon dioxide and air pollution by the exhaust gas. The drain on fossil fuel is also a major issue. Furthermore,
the self-sufficiency ratio of fossil fuels in Japan is extremely low. The self-sufficiency rate in 2015 of oil was
0.3%, that of natural gas was 2.5%, and that of coal was less than 0.1%. The excessive dependence on fossil
fuels is undesirable for stable energy supply.
If all automobiles are replaced to EV, will the environmental problem by fossil fuels in the field of
transportation be settled? Fig. 2 shows the power energy source of Japan in 2015. 84.6% of electricity is made
from fossil fuels. It is reported that using electricity means consuming fossil fuels. The problem of fossil fuels
will not be solved by only electrification. In order to settle the problem, all electricity must be made without
fossil fuels, and should be generated by renewable energy.
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Fig. 1: The number and the rate of hybrid vehicle (HV) and electric vehicle (EV) in Japan
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Fig. 2: Power energy source of Japan in 2015

1.1 The Solar Light Rail
A light rail is also known as a tram and a streetcar. A light rail which runs on 100% renewable energy such as
solar, wind and micro hydro power generation is proposed by authors, and this light rail system is named the
“Solar Light Rail”.
The HIT solar panel produced by Panasonic is known as high efficiency silicon PV module. The energy
conversion efficiency of this module is 19.7%, and the efficiency of thermal power generation with natural gas
is 40%. Since the rolling resistance of iron wheels is lower than that of rubber tires, rail transport system is
suitable for renewable energy.
A light rail is suitable transport system for the movement in the town. It is easy to ride without stairs like
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subways and easy to across the rail without railroad crossing. Moreover, it is easy to know the name of street
since rail trucks are installed on the road. For shifts from car-based town planning to people-based town
planning, a light rail is reviewed in Europe and the United States.
It is easy to think of spreading solar panels all over the roof of the railcar to supply electricity like a solar car.
However, the railcar cannot run in rainy days and during the night. In addition, it is hard to use wind turbines
and water wheels in this method.
In conventional light rail system, most of electricity is supplied from thermal power plants to the railcar through
the electric wire. Replacing thermal power plants to renewable energy power plants is also dreamed up. Even in
this method, the railcar cannot run when the renewable energy power plants do not work such as a night without
wind. Moreover, the power transmission loss cannot be neglected. The rate of transmission loss in Japan is
5.6%. Assuming 5.6% of loss is not a wise policy for renewable energy.
The first tram in Japan opened in 1895 in Kyoto. The railcars ran on electricity by hydro power generation at
Lake Biwa. A light rail in Calgary, Canada runs on wind power generation. Several light rail systems already
run on renewable energy. However, location requirements are limited to come true.
The power supply method, which is feasible in almost any location, to have a light rail run on renewable energy
is shown in Fig. 3.

Fig. 3: Power supply method of the Solar Light Rail

1) Solar panels are mounted on the roof of the platform and around the station. Wind turbines are built around
the station. Straight blade vertical axis wind turbines are suitable for this system, since their wind turbine noise
is less than that of horizontal axis wind turbines. If there is a river or a water channel, micro hydro, not
requiring a dam, should be used. An energy storage device is installed at the station, and this device is always
charged from solar panels, wind turbines and water wheels. There is a short contact wire for rapid charge at the
station.
2) Another energy storage device is also mounted on the railcar. When the railcar stops at the station, the
energy storage device mounted on the railcar is charged rapidly from the energy storage device installed at the
station through the short contact wire and a pantograph on the railcar.
3) The railcar runs to the next station by charged electricity.
4) There are same power generation system and an energy storage device at the next station, and rapid charge is
carried out when the railcar stops at the next station. The railcar is operated by continuing this cycle.
Electric double layer capacitors (EDLCs) are suitable for the energy storage device of this system. In this
system, energy storage devices repeat charge and discharge. The lifetime of EDLC is longer than that of
batteries. High electric current is able to be put into and out from EDLC, and it makes rapid charge during
railcar stopping. It becomes an advantage for this system that heavy metals are not included in EDLC. The
capacitance of EDLC is lower than that of batteries. However, usually distance between stations of a light rail is
shorter than that of railways, and charged electricity for an energy storage device mounted on the railcar should
have quantity necessary to arrive at the next station. Therefore, low capacitance will not be a disadvantage in
this system. In this system, an EDLC unit installed at the station is called the “primary EDLC”, and an EDLC
unit mounted on the railcar is called the “secondary EDLC”.
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According to the test outcome by the Railway Technical Research Institute of Japan, their hybrid light rail
vehicle named “Hi-tram” consumes 8.9 MJ of electricity per kilometers at the maximum air conditioning load.
If the interval between stations is 500 m for the assuming Solar Light Rail line, 4.5 MJ of electricity is required
to reach the next station. When the voltage of secondary EDLC is 1500 V, the required capacitance of 4 F is
calculated with eq. 1. The required time for rapid charge is calculated with eq. 2. It takes 6 seconds when this
EDLC unit is charged at 1000 A.

ଵ
ଶ
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(eq. 1)

ܳ ൌ  ܸܥൌ ݐܫሾሿ

(eq. 2)

If railcars arrive and depart every 10 minutes in this assumed line, 15 kWh of electricity is required for every
hour at a station. If this line works from 6:00 to 24:00 every day, the required electric power at a station is 270
kWh for one day, and 98,550 kWh for one year. If 98,550 kWh of electricity is supplied by renewable energy,
the Solar Light Rail is feasible in the calculation.

1.2 Experiments using a prototype model
Demonstration experiments using solar panels and a handmade small scale prototype model were already
carried out. From conventional experiments carried out under disadvantage condition for photovoltaic such as
in winter or in cloudy day, it was confirmed that the proposed power supply system functions effectively in the
daytime. The maximum voltage of the conventional primary EDLC was lower than the open circuit voltage of
solar panel. Electricity had to be consumed to keep lower voltage, and electricity was not stored for after sunset.
So the railcar could continue running for only one hour after sunset in passed experiments.
The experimental equipment was renewed this time. The gauge of rail is widened to 15 inches (381 mm) from 5
inches (127 mm). The voltage of the solar panel and the breakdown voltage of EDLCs rose.
Biomass is also a clean energy. Electricity is generated without an influence of climatic condition by biomass.
In this paper, two types of experiments are reported. One is an experiment with combination of PV and biomass,
and the other is an experiment with new equipment and new experimental condition.

2. Experimental equipment
Fig. 4 shows the schematic diagram of the experimental equipment.

Fig. 4: The schematic diagram of experimental equipment

2.1 Solar panels
Two solar panels are used in the experiments. One is a mono-crystalline silicon panel made by ARCO Solar,
Inc. 11 circular cells are wired in series, and three sets of wired cells are connected in parallel. Although this
solar panel has been used more than 20 years, open circuit voltage of 19 V and short circuit current of 3A are
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still measured in preliminary experiments. This solar panel is called as “solar panel 1” in this paper.
The other is a handmade solar panel using 56 poly-crystalline silicon solar cells made by Suntech Power Co.
Measured open circuit voltage for one cell is 1.75 V, and short circuit current is 1 A. 14 rectangular cells are
wired in series, and four sets of wired cells are connected in parallel. Open circuit voltage of 24.5 V and short
circuit current of 4 A is expected this panel. This solar panel is called as “Solar Panel 2” in this paper.
These two solar panels are connected to the primary EDLC through the maximum power point trackers.

2.2 EDLC units
An EDLC unit model BMOD0165-E048 manufactured by Maxwell Technologies, Inc. is used for the primary
EDLC. The capacitance is 165 F and maximum voltage is 48 V.
The secondary EDLC is fabricated with cylindrical EDLC cells. The capacitance for one cell is 600 F and
maximum voltage is 2.5 V. 9 cells are wired in series, and two sets of wired cells are connected in parallel. The
secondary EDLC becomes the capacitance of 133.3 F and the maximum voltage of 22.5 V. A resistor of 3.3 kΩ
is wired in parallel for each EDLC cell as a voltage balancing resistor.

2.3 A limited current circuit
An excessive electric current flows when the primary EDLC is connected to the secondary EDLC directly. A
limited current circuit is installed between the primary EDLC and the secondary EDLC during the rapid charge
for safety. A small limited current circuit of 1.25 A is made with a three terminal regulator of LM317T, and the
12.5 A of limited current circuit for this system is made with connecting 10 small circuits in parallel.

2.4 A railcar and rail trucks
A 15 inches (381 mm) gauge four-wheel car is fabricated with four independent wheels. Driving force from the
100 W DC motor is decelerated at 22.25:1 and is transferred to the left rear wheel through the chain. The
structure of a power controller is simple enough. The base current of the transistor is controlled by the variable
resistor. The speed of the railcar depends on voltage of the secondary EDLC and the base current of the
transistor.
Rail trucks are not made with rails for railways. A 1.8 m of iron angle bar is used for rail trucks. Total extension
of the straight rail truck becomes 14.4 m.

2.5 Stirling engine generation system
Fig. 5 shows the schematic diagram of a biomass fired Stirling engine generation system. Biomass pellets are
stored in the pellet hopper, and fed into the furnace automatically by pellet feeder. The Stirling engine works
with combustion heat of biomass pellet and cold water. 1 kW of AC generator is connected to the Stirling
engine, and electric power is supplied to load. Rated voltage of this system is DC 60 V, and five car batteries
are installed for load balancing. Two of these batteries are used for charging to the primary EDLC.

Fig. 5: The schematic diagram of biomass fired Stirling engine generation system

3. Experiment 1: Combination of PV and biomass
The experiment using a biomass Stirling engine generator was carried out during the science workshop for
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children held on 10th October 2016 at Tokyo Tower (Tokyo, Japan). The event started at 10:00 and closed at
18:00. Many children visited our booth and enjoyed to riding the railcar one round trip on the 14.4 m of straight
rail truck.
Fig. 6 shows the voltage transition of the solar panel 2, the primary EDLC and the secondary EDLC recorded
with a data acquisition system IOtech Personnel Daq/55. The voltage of the solar panel 2 and the primary
EDLC was recorded continuously since the solar panel 2 and the primary EDLC was always connected to the
data acquisition system. However, the voltage of the secondary EDLC was recorded with break since the
secondary EDLC was connected to the data acquisition system only during the rapid charges.

Fig. 6: Voltage transition of solar panel 2, primary EDLC and secondary EDLC under the experiment held on 10th October 2016

It was overcast from early morning. The voltage of the primary EDLC barely reached to 17 V at the beginning
of the event. The railcar continued running without rest and the voltage of the primary EDLC dropped every
time rapid charge was carried out. The railcar hardly moved around 15:00 since the voltage of the secondary
EDLC also dropped, so a charging from the battery which was charged by the biomass fired Stirling engine
generation system was carried out at 15:10. The voltage of primary EDLC rose to 22.8 V from 9.6 V. After that
charging from battery was carried out at 16:30 and 17:18, and the railcar could continue running until the end of
the event. The voltage was not recorded from 16:33 to 17:17 because of trouble of the laptop for data recording.
In this experiment, the railcar ran without the rest during overcast day. Even in harsh condition for photovoltaic,
the railcar could continue running by charging from battery which is charged by the biomass fired Stirling
engine generation system. It was confirmed that combination of clean energy such as biomass is effective to
supply electricity stably for the Solar Light Rail. For practical use, the clean and stable generation system
should be installed at main stations and stations which are located at a disadvantage to photovoltaic.

4. Experiment 2: Change of experimental condition
The experiment using new equipment without biomass stirling engine generation system was carried out on 1st
November 2016 at Hachioji Campus of Tama Art University (Tokyo, Japan). The voltage of the solar panel 2
rose to 24.5 V from 17.5 V. The maximum voltage of the primary EDLC rose to 48 V from 17.5 V, and that of
the secondary EDLC rose to 22.5 V from 15.0 V. Since the voltage of the primary EDLC became higher than
the voltage of solar panels, it was not necessary to worry about overcharge of the primary EDLC.
The experimental condition is also changed. In conventional experiment, the railcar went forward and back 3 to
5 times on the 9 m of straight rail after rapid charge. In this experiment, the railcar went forward and back 1
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time on the 14.4 m of straight rail. Running distance was decreased from 90 m to 28.8 m for each run. The time
for rapid charge was fixed to 2 minutes.
The rail truck was laid on the corridor of the building and solar panels were put on the balcony facing south
west. The sunrise was 6:03 and sunset was 16:46. It was rainy in the morning and became overcast in the
afternoon. Fig. 7 shows the voltage transition of the solar panel 2, the primary EDLC and the secondary EDLC
under the experiment. The voltage of the primary EDLC reached to 16 V at 10:55, and the first rapid charge
was carried out at 11:00. The second rapid charge was carried out at 11:30, and interval of rapid charge was
fixed to 15 minutes from the third rapid charge. The voltage of the solar panel 2 became lower than that of the
primary EDLC at 15:38 since the sun disappeared behind a building.

Fig. 7: Voltage transition of solar panel 2, primary EDLC and secondary EDLC under the experiment held on 1st November 2016

Finally, the railcar stopped at 22:56 and the final rapid charge was carried out at 22:50. The railcar continued
running for 6 hours after sunset. Interval of rapid charge was shortened from 15 minutes to 10 minutes after
19:00. The final rapid charge would be carried out at 24:45 if the interval was not changed.
In the conventional experiments, the voltage of the secondary EDLC fell about 2.8 V in average after run. The
capacitance of the secondary EDLC was 100 F, so the railcar consumed 280 C of electric charge per run. In this
experiment, the voltage of the secondary EDLC fell about 1.0 V in average. The capacitance of the secondary
EDLC was 133.3 F, so the railcar consumed 133.3 C of electric charge per run. 68% of shortening of distance
per run caused 47.6% of decrease in energy consumption. Lower energy consumption brought about running
longer time after sunset. This handmade equipment, such as rail trucks, a power controller, a power
transmission system and electric circuits, can be more efficient. Better result is expected from improvement of
equipment.

5. Conclusion
In this paper, a power supply method for a light rail which runs on 100% renewable energy is proposed. Two
types of experiments using a prototype model were reported. In the experiment combination of PV and biomass,
the railcar continued running by electricity which was brought from biomass under poor surroundings for PV. It
was cleared that combination of clean stable energy is effective for the proposed system. The clean energy
generation system should be installed at main stations to support power generation by unstable renewable
energy.
In the experiment using only PV, railcar could continue running for 6 hours after sunset by 47.6% of reducing
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energy consumption per run. It was confirmed that low energy consumption brings about running for long time
after sunset. The handmade equipment could be more efficient, so better result is expected by improvement of
equipment.
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Abstract
Renewable Energy Systems (RES) using resources found in loco might be an attractive solution to address the
needs for electrification in many communities that are unlikely to be supplied by the interconnected grid. Though
the design of isolated systems using intermittent renewable sources is discussed extensively, little attention has
been given to the integration of autonomous RES for joint operation. The integration allows increased flexibility
and modularity, which are important characteristics to improve the overall robustness of the system and tackle
unpredicted adversities. This paper presents evaluations and conclusions about Autonomous Renewable Energy
Generation Systems (AREGS) integration. The methodology is based on tests on a set of four AREGS operating
integrated in a cluster in the Laboratório de Sistemas Fotovoltaicos (LSF) of the Universidade de São Paulo,
Brazil, which allows the evaluation of several topologies and different operational scenarios; and also computer
simulations for the extension and extrapolation of the evaluated scenarios.
Keywords: Autonomous Renewable Energy Generation Systems, energy management, distributed generation,
control strategies.

1. Introduction
Renewable Energy Systems (RES) using local resources might be an attractive solution to address the needs for
electrification with fewer environmental impacts, cost and maintenance, especially in the case of remote areas
where the grid is not available. These kinds of systems are particularly interesting for countries like Brazil, with
many communities that are unlikely to be supplied by the interconnected grid, and for which the only option is
the use of isolated generation systems.
RES can use a large amount of primary resources available on site, presenting an advantage when compared to
the use of generators operating with fossil fuels. However, the availability of these primary resources is not assured
at any given moment, due to their flow-nature rather than stock-nature, which may directly influence the reliability
of the system. Moreover, the design of the generation system faces many uncertainties not restricted to the supply
side. On many occasions, the demand and the consumption pass through an adjustment phase, since these
communities have a considerable amount of pent-up demand and even new consumers with the arrival of new
settlers, especially in the early stages of electrification.
This requires the search for solutions to fit the problem in the beginning, while allowing flexibility and modularity
to tackle the problem in the face of uncertainty and adversities. Modularity plays an important role for it allows a
quick response to changes in the demand that would otherwise represent major modifications to the pre-existing
generation system. In this sense, the integration of Autonomous Renewable Energy Generation Systems (AREGS)
into a cluster may present a suitable manner to address the risks involved, and even to obtain higher levels of
reliability and efficiency than those obtained by a single generation system.

34

 
       
  !"  # $  "%  % &''
( ))*!$  + #  "(!!"    

A.R. Arrifano Manito / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Alex Renan Arrifano Manito
The integration of AREGS is desirable, not only due to the increased flexibility, but also from the point of view
of the match between demand and primary resources. In some moments, a single AREGS may underuse its
primary resource(s) for there is not enough demand and/or storage capacity left, and in other moments the
available energy is not enough to meet the demand. Moreover, in order for a single AREGS to meet the demand
at all times, it needs a generation/storage capacity to supply load peaks that seldom occur, increasing the already
high initial investments of this kind of system. The integration of generation and storage units into a cluster allows
dispatch flexibility between the systems, increases the value of the produced energy, contributes to power quality,
and results in an overall more robust power system.
However, the application of such topologies has yet to overcome difficulties and barriers, so that all benefits can
be appreciated. It is important to mention that the control of such topologies is more complicated, even if
distributed control strategies and multi-agent strategies are applied. The grid forming inverters need a way to
coordinate their operation to manage the energy exchange between AREGSs and the operation of all components
in a seamless manner. Furthermore, the coordination between the agents involved needs to go beyond the technical
level. Economic and even regulatory barriers also need to be overcome, since they may influence several
stakeholders from the different integrated areas.
This new operating philosophy for AREGS lacks proof of its efficiency, effectiveness and reliability, both under
normal and anomalous conditions, what increases the risks associated with operation and, consequently, decreases
the interest in investing in such solutions. There are still questions to be answered on how to deal with the
specificities and the operational aspects involved with these kinds of systems, which are critical to the long-term
sustainability of the system’s operation. In the literature, the design of isolated systems using intermittent
renewable sources is discussed extensively, using a variety of techniques and optimization algorithms and works
such as Lidula and Rajapakse (2011), Ustun et al. (2011), and Soshinskaya et al. (2014) present several examples
of micro-grids installed around the world. However, only recently attention has been given to the integration of
AREGS into a cluster for joint operation. For instance, Azaza and Wallin (2017) present and approach for
optimizing a multi-micro-grid system using particle swarm. Koraz and Gabbar (2017) present a risk analysis for
interconnected micro energy grids. Irfan et al. (2017) present a work on the opportunities and challenges
concerning the micro-grid concept. Vasiljevska et al. (2013) present a work on the functionalities under a microgrid concept.
This paper presents evaluations and conclusions about AREGS integration. The methodology is based on tests on
a set of four AREGS operating integrated in a cluster in the Laboratório de Sistemas Fotovoltaicos (LSF) of the
Universidade de São Paulo, Brazil, which allows the evaluation of several topologies and different operational
scenarios; and also computer simulations for the extension and extrapolation of the evaluated scenarios. The
conclusions drawn from the methodology may be used as guidelines for integrated AREGS operation, and even
help in the development of proper regulation for this kind of operation.

2. Sizing of AREGS
The sizing of AREGS, as commented earlier, is extensively addressed in the literature and must often meet
conflicting criteria such as reliability and cost to name a few, making an optimized solution a non-trivial problem.
Usually the generation system needs to meet some quality criteria while minimizing costs, though other
optimization variables are sometimes used as well. For instance, Fig. 1 exemplifies part of the solution space as a
function of the Loss of Load probability (LLP) for a simulation considering a photovoltaic system with storage.
The LLP (eq. 1) expresses the proportion of the energy not supplied in relation to the total energy needed by the
system during a time period and it is often used as a measure of the reliability of the system.
మ
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35

A.R. Arrifano Manito / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Alex Renan Arrifano Manito
Cost [R$]

Capacity of the battery bank [Wh]

Capacity of the PV system [Wp]

Fig. 1: LLP and cost as a function of the photovoltaic generator and storage capacity.

Fig. 1 shows that the same value for the reliability criteria (in this case the LLP) can be achieved by different
configurations of the generator-storage pair with different costs. From the figure, it can also be inferred that the
LLP does not present a linear characteristic of decrease, but rather one of saturation, with incremental increases
of the capacity of the intermittent source or storage. In the case of the example given in Fig. 1, increasing the rated
power of the photovoltaic generator becomes irrelevant past a certain value for a given capacity of the battery
bank. The same behavior arises when increasing the capacity of the battery bank while keeping the rated power
of the PV generator constant.
Consequently, the amount of generation and storage capacity are not decoupled and need to be proper matched to
each other and to the load, otherwise the benefit of an additional investment in the capacity of one component
may tend to zero. This is especially true when considering high penetration of non-dispatchable sources, which
leads to the question of how to proper tune the generation-storage-load set in rural electrification projects and how
to predict the evolution of the communities´ needs over the period of the project.
Optimization in the sizing of AREGS is important to maximize benefits of this approach while avoiding the waste
of resources. However, optimization, though desirable, requires a reasonable amount of information for making
suitable assumptions and decisions for the case at hand. Such information, on many occasions, are not available
in rural electrification projects and some of it, such as the evolution of the demand curve over time, are hard to
estimate.
Due to the nature of primary resources like solar or wind and to the limited capacity of energy storage, isolated
system relying on them, on many occasions, need to underuse their capacity on certain periods and overuse it on
others. This occurs due to the variation of the primary resource availability throughout a year and also to its match
with the demand to be supplied. This may lead to situations in which the system generates considerably more
energy than needed in a time period and yet the Loss of Load Probability (LLP) of the system is not zero.
This scenario of uncertainty leads to the conclusion that being able to respond to unforeseen situations is just as
import as a proper sizing in the beginning. This implies that the generation and distribution system should be
designed with a level of flexibility in order to avoid the impossibility of an eventual expansion. In a scenario of
integrated AREGS, the energy which is not used or stored could be dispatched to nearby systems and increase the
robustness and the reliability of all the systems involved due to the increased flexibility in the operation. Moreover,
it can add modularity to the systems, since increases in the load peak can be met gradually without having to
exchange the grid forming inverters to supply for peak demands that seldom occur. This decreases some of the
risks involved with sizing of the system for rural electrification projects by giving more flexibility for the solution
to be tailored to fit new scenarios during the operation phase. Clusters of AREGS would be more robust and would
have a way to share infrastructure. Moreover, the expansion could be more suited to address new emerging
situations.

3. Simulation of a stand-alone AREGS
In order to illustrate and evaluate how an AREGS composed of a photovoltaic generator with storage could benefit

36

A.R. Arrifano Manito / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Alex Renan Arrifano Manito
from integration with other systems, a scenario was simulated by numerically calculating the energy flow at each
time step. The scenario considered a real consumer’s load curve (CLC1) of an isolated community. Fig. 2 presents
two different forms of observing the load curve. From these figures it is possible to observe that CLC1 presents a
high load factor, with a demand close to the peak during most of the day. CLC1 spends 16 % of the time above
90 % loading and 54 % percent of the time with a loading above 75 %. However, when considering rural
electrification, due to the relatively small number of households in isolated communities, the characteristic of the
load may vary greatly and the demand curve is more sensible to demand increases that are hard to account for and
would render the generation system unsuitable to meet the demand.

(a)

(b)

Fig. 2: Isolated community load curve. (a) Average load curve over day time. (b) Percentage load versus percentage time.

The photovoltaic system was sized considering a location in the state of São Paulo, Brazil. Fig. 3 presents the
monthly average irradiation and temperature. Since the system is isolated, a value of three peak sun-hours was
considered, even though the annual average is 3.95. This was done to guaranty the supply in the month of least
primary resource availability.

Fig. 3: Irradiation and temperature for the considered location.

The autonomy of the system was set as 2.4 days, which is higher than the minimum of two days recommended by
the normative resolution RN 493/2012 (Aneel, 2012). This was done to oversize the battery bank to have a safe
margin to unexpected situations. The depth of discharge for the sizing of the batteries was 60 %, which is a typical
value for deep-cycle batteries. The round trip efficiency of the battery was considered as 95 %. Tab. 1 presents
the values considered for the generator and storage to supply CLC1.
Tab. 1: Generation and storage capacity for CLC1.

Component

CLC1

Generator [kWp]

108.5

Storage [kWh]

1,302

Numerical simulations of the interactions between load, demand, and storage to supply the CLC1 are depicted in
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Fig. 4, Fig. 5, and Fig.6. Throughout the year the state of charge profile of the battery varies greatly due to the
variability in the primary resource and the amount of generation installed capacity. The system is underused during
most of the year, what can be seen by the excess profile (green line), and during the month of June the system is
constantly overusing the capacity of the storage. This behavior can be observed in Fig. 5 and Fig.6, which are
zoomed in areas (respectively A and B) from the annual profile depicted in Fig. 4.

Fig. 4: Interactions between generation and storage to supply CLC1.

Fig. 5: Interactions between generation and storage to supply CLC1 (from hour 800 to hour 1,100).

Fig. 6: Interactions between generation and storage to supply CLC1 (from hour 3,500 to hour 4,500).

In the beginning of the year part of the generated energy is not used and is thus wasted. Though the generation
system would be able to supply an increasing demand in such months, during the months of low availability, the
system would not be able to supply the demand. In this simulation, the LLP of the system was estimated as 1 %,
which is an acceptable value. However, the system has little robustness to deal with demand increases.
In order to tackle this problem some alternatives can be used, namely over-dimensioning the system from the start,
the use of solar home systems (SHS) to address variations in the predicted demand, the use a dispatchable source,
such as a diesel generator or the integration of AREGS.
Over-dimensioning the generation system has the problem of increasing the initial investment, which is already
an issue for AREGS, for an infrastructure that may or may not be used. This approach has also the drawback of
assuming how the demand will increase over time, which may turn out not to be true and renders the additional
investment not suitable or misused.
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The use of SHS to account for the additional load may be an option to tackle small loads or when due to some
impossibility the AREGS cannot be extended to the new consumer. However, the new system stays isolated from
the rest and it is usually less robust since it does not share infrastructure.
A dispatchable source, such as a diesel generator, is desirable in AREGs to supply for periods of low availability
of primary resources and reduce the risks associated with intermittent sources like photovoltaics, for instance.
However, the option with diesel to tackle demand increases would increase the operational costs of the system
and its sensibility to fuel transportation logistics and price. Fig. 7 presents the increase in the hours of operation
of the diesel, due to increases in the demand of CLC1. In the simulation, the diesel would supply the power that
could not be met by the renewable generation and/or the battery.

Fig. 7: Interactions between generation and storage to supply CLC1 (from hour 3,500 to hour 4,500).

Though the additional use of the diesel generator could be an option for a short term period, in the long run the
operational costs would increase considerably and, as mentioned before, the service would be much more
dependable on the fuel supply.
In the case of integrated systems, the additional AREGS could share infrastructure with the existing AREGS. The
generation system of the additional AREGS could be smaller than the one that would be needed, if the new
AREGS were isolated, due to the capacity of sharing the resources. It is important to mention that the use of one
approach does not necessarily exclude the other. An optimized solution can be found by mixing the approaches,
depending on the case.

4. Experimental setup and tests
The infrastructure of LSF is composed of four AREGS, each with its respective loads, storage, distributed
generation, and grid forming inverters. The whole facility can operate in two main ways. Either the four AREGS
are connected to a point of common coupling (PCC), where a diesel generator and the main grid can also be
connected, or it can operate as a two levels hierarchy, where AREGS 2, 3, and 4 are connected to the load side of
AREGS 1. Moreover, two standby circuits were introduced to allow the connection of temporary components like
loads or distributed generation.
AREGS 1 is composed of three SMA Sunny Island inverters of 5 kVA each, forming a three-phase system, a 23.5
kWh battery bank and PV generators connected in the AC as well as in the DC bus with overall installed capacity
of 6.71 kWp. AREGS 2 is composed of three Studer Xtender inverters of 6 kVA each, forming a three-phase
system, a 19.2 kWh battery bank, and a 2.8 kWp PV generator. AREGS 3 is a single-phase system composed of
a 5 kVA SMA Sunny Island inverter, a 9.6 kWh battery bank, and a 1.28 kWp PV generator. AREGS 4 is a singlephase system composed of a 4 kVA Schneider inverter, a 4.8 kWh battery bank, and a 0.4 Wp PV generator. Aside
from the AREGSs there is also a 40 kVA diesel generator, which may be connected to all systems. Fig. 8 presents
a schematic of the facility implemented at LSF and Fig. 9 presents some of the equipment installed in the
laboratory.
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Fig.8: Infrastructure implemented at LSF.

(a)

(c)

(b)

(d)

(e)

Fig. 9: AREGS installed in the LSF of the University of São Paulo, Brazil. (a) SMA three-phase system. (b) Studer three-phase
system. (c) Schneider single-phase system. (d) SMA single-phase system. (e) Micro-grid Central Controller.

The facility was designed to enable a high level of flexibility and scalability, which permits to reproduce many
real cases in the operation of the whole system, and considers the benefits and drawbacks of many topologies,
including different levels of non-dispatchable renewable energy penetration and storage capacity.
Two conditions of multi-micro-grid operation with the interconnection of AREGS were tested. Fig. 10 presents
the two conditions tested in the facility. In the condition presented in Fig. 10a (non-cascaded topology), all
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AREGS are connected to a dispatchable source (in this case the diesel generator). In this situation, energy
exchange between AREGS, though theoretically possible, needs a fine tuning, to avoid the attempt to inject energy
in the diesel generator, which could damage it. This topology is more suitable when the dispatchable source is the
grid for the parametrization of the AREGS is independent from one to the other. However, this is not the case for
most rural electrification projects. This case is more suitable for micro-grids in the urban environment, where each
could just feed the excess into the grid.
For rural electrification projects, the situation depicted in Fig. 10b (cascaded topology) is more suitable. In this
situation there are two levels of AREGS. The first level (in this case formed by AREGS 1) creates a situation for
the other systems that would resemble connecting them to the conventional grid. AREGS 2, 3 and 4 are connected
to the load side of AREGS 1 and are able to inject the excess of energy in the battery of AREGS 1 or this excess
could be used to support the loads in AREGS 1, which include the other AREGS.
The diesel would be explicitly controlled by AREGS 1. However, the other AREGS would also have an implicit
control over the diesel generator, since for AREGS 1 they are loads which can cause AREGS 1 to trigger the
diesel generator. In this situation, attention has to be given to the parametrization of all the AREGS as a whole to
avoid undesirable disconnections between systems or the waste of potential to dispatch the excess energy.

(a)

(b)

Fig.10: Tested topologies. (a) AREGS connected to a PCC. (b) Two-level AREGS set.

4.1 Experimental setup
In order to compare the two evaluated topologies (non-cascaded topology and cascaded topology), test were
carried out. The tests sought to evaluate three scenarios (Case 1, Case 2 and Case 3). For Case 1, the AREGS were
assembled in a non-cascaded topology. For Case 2 and Case 3, the AREGS were connected to operate as a
cascaded system.
In Case 2 a 2.1 kW distributed generation was connected to the output side of AREGS 3 and the AREGS were
parametrized to connect to one another. In Case 3, a 1 kW distributed generation was connected to the output side
of AREGS 3. Although the system’s topology remained the same as presented for Case 2, the AREGS were not
properly parametrized to allow the injection of power from one AREGS to the other. This was done to emphasize
the need for the proper parametrization of all the AREGS, considering the cascaded system as a whole.
Further details from the setup used in the tests for Case 2 and Case 3 are presented in Fig 11. For the purpose of
the tests, the distributed generation of AREGS 3 was emulated by the output of a grid-tie inverter connected to a
PV emulator at the load side of AREGS 3. This would provide a somewhat controlled environment for the
experiments. AREGS 3 was then connected to the load side of AREGS 1.
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Fig. 11: Experimental setup for Case 2 and Case 3.

4.2 Experimental results
All the results are shown in per unit values and the bases of the system are presented in Tab. 2.
Tab. 2 Bases of the test systems.

Active Power (Pac)

Reactive Power

State of charge (SoC)

Voltage

Frequency

Irradiation

5 kW

5 kvar

100

220 V

60 Hz

1000 W/m2

When all the AREGS are connected in a non-cascaded topology, the injection of power back to the external source
is undesirable, in the case of standalone systems, since it could damage the source (usually a Diesel generator). In
such situations the reverse power is usually blocked by the grid forming inverter, which should disconnect from
the external source if a small amount of reverse power is measured. Fig. 12 presents the operation of AREGS 1
when all the AREGS have the same external source (a Diesel generator). The distributed generation (PV generator)
from AREGS 1 injects power into its battery (consider negative values as power being fed to the battery) until the
battery is full. Though there is still primary resource for the PV generator, the frequency is used as a way to limit
the injection of power by the distributed generation since the power surplus cannot be used. In this situation, the
only benefit is that all the AREGS can share the same external source, but the energy exchange from one to the
other would not be possible due to safety reasons, which in turn, diminishes the benefits of interconnection.
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Fig. 12 – AREGS 1 operation when all the AREGS connect to the same source.

In the Case 2, the distributed generation from AREGS 3 charges the battery of AREGS 1, as shown in Fig. 13.
Some of the power, however, is still injected into the battery of AREGS 3 until the battery is completely charged.

42

A.R. Arrifano Manito / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Alex Renan Arrifano Manito
A drop in the injection of active power occurred due to the supply of reactive power into the PCC as shown in
Fig. 14. The reactive power was being injected due to the use of a transformer to connect AREGS 1 to the PCC,
causing the grid-tie inverter to change its operation point to supply also reactive power.
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Fig. 13: Power exchange between AREGS (Case 2).
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Fig. 14: Frequency, voltage and reactive power profile for Case 2.

During this period, there was no noticeable frequency deviation, however, there was a voltage rise at the PCC of
6%. This points to the fact that though some of the power may be injected into the other AREGS, there could be
a deterioration in power quality at the PCC due to excess generation, similar to what happens in a conventional
distribution grid with high distributed generation penetration if proper measures, such as power limitation, are not
implemented to account for the moments when power quality deterioration occurs.
As stated before, the battery from AREGS 1 provides a security layer that would prevent any of the other AREGS
from injecting into the diesel generator. Had the AREGS been assembled having a common coupling point with
the Diesel generator (non-cascaded topology) and no measures were taken to block reverse power, such operation
wound represent a risk in the case of an isolated power system, since the AREGS could perceive the Diesel
generator as a load, especially when the Diesel generator powers off. During the period in which the rotor is
decelerating the control of the AREGS could perceive a frequency drop try to inject power into the diesel
generator.
In Fig. 15 it is shown that the proper parametrization of all AREGS connected to the cascaded micro-grid should
be considered as a whole, otherwise the benefits of such topology can be hampered. In the situation depicted in
Fig 15 (Case 3) though there is an excess in power in AREGS 3, it does not inject power into AREGS 1. Instead
it limits the power injected into its own battery by causing a frequency rise at the point where the grid-tie inverter
is connected. The limitation in the injected power and the frequency rise can be observed in Fig. 15 and Fig. 16
respectively. In this situation there is no noticeable voltage rise at the coupling point with the grid-tie inverter
since the voltage at the output of the bi-directional inverter from AREGS 3 is the reference of the system, the
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same does not occur in the Case 1. Fig. 17 presents qualitatively how the voltage behave in Case 2 and Case 3.
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Fig. 15 – Power limitation due to AREGS 2 not connecting to AREGS 1 (Case 3).
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5. Conclusions
Recently, attention is being given to the interconnection of micro-grids in multi-micro-grid topology. This is
attributed to the new features that are being introduced in grid-forming inverters and that allow new topologies
for the operation of micro-grids.
The ability to interconnect micro-grids and even stack them in a hierarchy improves the sustainability and
robustness of the system as a whole, especially in rural electrification projects, where due to all the uncertainties
regarding the demand and the evolution of the demand over the years of the project need to be robust and flexible
to respond to changes. Consequently, the generation and distribution system should be designed with a level of
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flexibility in order to avoid the impossibility of an eventual expansion.
During the tests, the use of a two-level set of AREGS was found to be a suitable topology to attribute modularity
and scalability to the rural electrification solution. However, attention has to be given to the proper parametrization
of the cascaded system as a whole and to the effects that the connection would produce at the PCC. It is emphasized
that usually, standalone systems like the ones evaluated in this paper constitute relatively weak grids, and,
therefore, more susceptible to power quality issues like voltage rise. In the case presented in the tests, voltage at
the PCC could be a control signal for power limitation from the distributed generation if the voltage falls out of
acceptable values.
The integrated AREGS can improve the management of energy and add modularity to deal with unpredicted
situation. In order to study these problems the Laboratory of Photovoltaic Systems of the University of São Paulo
implemented a test facility using the four available AREGS to form a smart micro-grid, which is being used both
for research and capacity building.
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Concentrating Solar Power Technologies

ISES Solar World Congress 2017

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

&RPSDUDWLYHDQDO\VLVRIHQHUJ\GHPDQGDQG&2HPLVVLRQVRIUHVLGHQWLDO
EXLOGLQJV
-XOLj&RPD-RVp0LJXHO0DOGRQDGR$OYDURGH*UDFLD7RQL*LPEHUQDW7HUHVD%RWDUJXHV
/XLVD)&DEH]D 


'HSDUWDPHQWGH7HFQRORJLDGHO¶$UTXLWHFWXUD8QLYHUVLWDW3ROLWqFQLFDGH&DWDOXQ\D$Y'U0DUDxyQ
%DUFHORQD 6SDLQ 



*5(L$5HVHDUFK*URXS,163,5(65HVHDUFK&HQWUH8QLYHUVLWDWGH/OHLGD3HUHGH&DEUHUDVQ
/OHLGD 6SDLQ 


'HSDUWDPHQWG¶(QJLQ\HULD0HFjQLFD8QLYHUVLWDW5RYLUDL9LUJLOL$Y3DLVRV&DWDODQV
7DUUDJRQD 6SDLQ 


6,1$*52(1*,1<(5,$6/3$Y(VWXGL*HQHUDO$OWHOO/OHLGD 6SDLQ 



86(5)(('%$&.352*5$06/6DQW-DXPH$SzVWRO$OPHQDU 6SDLQ 

$EVWUDFW

5DSLG H[SDQVLRQ RI VRODU WKHUPDO HQHUJ\ IRU LQFUHDVLQJ HQHUJ\ HIILFLHQF\ RI EXLOGLQJV KDV EHHQ DGRSWHG LQ
VKRUWPHGLXPDQGORQJWHUPHQHUJ\VWUDWHJLHVRI(8FRXQWULHV:LWKLQWKLVFRQWH[WWKHRYHUDOOREMHFWLYHRIWKLV
ZRUNLVWRGHYHORSDQLQQRYDWLYHKLJKSHUIRUPDQFHDQGFRVWHIIHFWLYHK\EULGVRODUKHDWDQGSRZHUV\VWHP7KH
LQLWLDODSSOLFDWLRQLVWREHLPSOHPHQWHGLQLQGLYLGXDOGZHOOLQJVDQGVPDOOEXVLQHVVUHVLGHQWLDOEXLOGLQJVIRURQ
VLWHHOHFWULFLW\DQGKHDWJHQHUDWLRQXVLQJVRODUWKHUPDOHQHUJ\,WLVHVWLPDWHGWKDWWKHSURSRVHGWHFKQRORJ\ZLOO
GHOLYHURIGRPHVWLFHQHUJ\UHTXLUHPHQWVDQGSURYLGHUHGXFWLRQLQHQHUJ\FRVWVDQGJUHHQKRXVHJDV
HPLVVLRQV FRPSDUHG WR WKH EHVW H[LVWLQJ ORZ FDUERQ HQHUJ\ WHFKQRORJLHV 7KH DLP RI WKLV VWXG\ FRQVLVWV LQ
SHUIRUPLQJDFRPSDUDWLYHDQDO\VLVRIWKHGLIIHUHQWEXLOGLQJW\SRORJLHVZKLFKFDQKRVWWKLVWHFKQRORJ\DQGWKHLU
HQHUJ\GHPDQGVIRUKHDWLQJDQGGRPHVWLFKRWZDWHUDVZHOODVWKHLU&2HPLVVLRQV
Keywords: Solar thermal energy, Micro-organic Rankine cycle, Phase change materials, Energy savings,
Building energy demand, Residential building typology.


,QWURGXFWLRQ
,Q (XURSH WKHEXLOGLQJ VHFWRU UHSUHVHQWV RI WKHILQDOHQHUJ\FRQVXPSWLRQDQGWKHRIWKHWRWDO*+*
HPLVVLRQV RI HQGXVH VHFWRUV 'LUHFWLYH (8  7KH 5HQHZDEOH +HDW ,QFHQWLYH DQG VLPLODU VFKHPHV
ZKLFK DUH GHSOR\HG DFURVV D QXPEHU RI (8 FRXQWULHV HJ 8. *HUPDQ\ )UDQFH ,WDO\ 6SDLQ  HQFRXUDJH
XSWDNH RI UHQHZDEOH KHDW WHFKQRORJLHV WR VXSSRUW WKH DPELWLRQ RI  RI KHDWLQJ FRPLQJ IURP UHQHZDEOH
VRXUFHVE\
7KHSUHVHQWZRUNLVSDUWRIWKH,QQRYD0LFUR6RODUSURMHFWZKLFKLVIXQGHGZLWKLQWKHIUDPHZRUNUHVHDUFKDQG
LQQRYDWLRQ SURJUDPPH +RUL]RQ  7KH RYHUDOO REMHFWLYH RI WKLV SURMHFW LV WR GHYHORS DQ LQQRYDWLYH KLJK
SHUIRUPDQFHFRVWHIIHFWLYHDQGVRODUKLJKGXUDELOLW\N:HON:WKKHDWDQGSRZHUV\VWHPIRURQVLWHKHDWDQG
SRZHUVXSSO\WRLQGLYLGXDOGZHOOLQJVDQGVPDOOEXVLQHVVUHVLGHQWLDOEXLOGLQJVXVLQJVRODUWKHUPDOHQHUJ\7KH
SURSRVHG WHFKQRORJ\ ZLOO EH EXLOW DURXQG D VPDOO VFDOH VRODU FRQFHQWUDWLQJ FROOHFWRUV ZKLFK VXSSO\ WKHUPDO
HQHUJ\ WR SRZHU WKH VPDOO KLJK SHUIRUPDQFH RUJDQLF 5DQNLQH F\FOH 25&  WXUELQH ZLWK N:HO RXWSXW 7R
FRQWUROWKHHQHUJ\LQSXWDQGRXWSXWDWKHUPDOHQHUJ\VWRUDJHXQLWZLWKSKDVHFKDQJHPDWHULDOV 3&0 ZLOOEH
GHVLJQHG7KHV\VWHPZLOOSURYLGHRIWKHUHTXLUHGEXLOGLQJHQHUJ\DQGUHGXFHWKHHQHUJ\FRVWVDQG
JUHHQKRXVHJDV *+* HPLVVLRQVFRPSDUHGWRWKHEHVWH[LVWLQJORZFDUERQHQHUJ\WHFKQRORJLHV
)LJXUHVKRZVWKHSUHOLPLQDU\VFKHPHGHVLJQRIWKHV\VWHPWKDWPDLQO\FRQVLVWVRIWKHIROORZLQJSDUWV
x

&RQFHQWUDWLQJ VRODU FROOHFWRUV &63  7KH &63 V\VWHP LV EDVHG RQ OLQHDU )UHVQHO PLUURUV ZKLFK DUH
FRQVLGHUDEO\HDVLHUDQGFKHDSHUWRPDQXIDFWXUHWKDQWKHLUSDUDEROLFHTXDOV7KHV\VWHPLQFRUSRUDWHVD
VXQWUDFNLQJPHFKDQLVPDQGFDQVXSSO\KHDWWUDQVIHUIOXLG +7) IORZDW&

 
       
  !"  # $  "%  % &''
( ))*!$  + #  "(!!"    
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3&0WKHUPDOOHQHUJ\VWRUDJHWKHVWRUDJJHEORFNKDVWZ
ZRGLIIHUHQWP
PDLQFRPSRQHHQWVWKH3&0
0WDQNDQG
WKH HQKDQFHGG KHDW VLQN ZKLFK
Z
DUH FRQQQHFWHG E\ KHDDW SLSHV 7KH QRYHOWLHV RI WKLV XQLW DUH WKH 3&0
FRPSRXQGZLLWKWKHWXQHGP
PHOWLQJWHPSHHUDWXUHIRUKHDDWVWRUDJHDQG
GWKHUHYHUVLEOOHKHDWSLSHVFFDSDEOHRI
WUDQVIHUULQJKKHDWDWWKHUHTX
XLUHGKLJKKHDDWLQJUDWHLQER
RWKGLUHFWLRQV

x

0LFURRUJDQLF5DQNLQHF\
\FOHSODQWPLFFUR25&WHFK
KQRORJ\LVHTX
XLSSHGZLWKD
DKLJKVSHHGS
SHUPDQHQW
PDJQHW$&DOOWHUQDWRUDEOHWRVXSSO\ N:HO


)LJ,QQRYYD0LFUR6RODUV\
\VWHPGLDJUDP

S
LQIRRUPDWLRQ RQ W\SHV
W
RI GRPHHVWLF UHVLGHQWLLDO EXLOGLQJV IRU
I 6SDLQ
7KH DLP RI WKLV VWXG\\ FRQVLVWV LQ SURYLGLQJ
. )UDQFH DQG *HUPDQ\ 7KLV
7
LQIRUPDWWLRQ ZLOO LQFOX
XGH VSHFLILFDWWLRQ RI GHWDLOVV RQ WKHLU DUFFKLWHFWXUH
,WDO\ 8.
EXLOGLQJ HQYHORSHUDQQJHRIGLPHQVLRQVRIOLYLQJ
JVSDFHWKHLULLQVXODWLRQSURS
SHUWLHVK\GURRQLFGRPHVWLFKRWZDWHU
'+:  DQG VSDFH KHHDWLQJ V\VWHPVV VHDVRQDO DQQG DQQXDO HQHHUJ\ GHPDQGVV IRU '+: KKHDWLQJ DQG HOHFWULFLW\
H
SXWGDWDWRGHIILQHDQGDGDSWWWKHILQDOGHVLLJQRIWKHV\VWWHPZKLFKZLLOOLQFOXGH
7KLVLQIRRUPDWLRQZLOOEEHXVHGDVLQS
GLIIHUHQWEXLOGLQJW\SRRORJLHVFOLPDWWHFRQGLWLRQV DQGHQHUJ\GHHPDQGDPRQJ
JRWKHUWHFKQLFFDOUHTXLUHPHQ
QWV


&RP
PSDUDWLYHHYDOXDWLRQRIEXLOGLQJW\SROR
RJ\HQHUJ
J\GHPDQG
GDQG&2
HPLV
VVLRQV
)URPWKHHOLWHUDWXUHUHYYLHZSURMHFWVIXQGHGE\WKHH,((DJHQF\VXFKDV'$7$0,1(7$%
%8/$DQG(3
3,6&23(
HSLVFRSHHHXLHHSURMHFFW KDYHSUHYLLRXVO\VWXGLHGGWKHHQHUJ\SHUIRUPDQFHRIWKH(8EXLOGGLQJVWRFNE\
\XVLQJWKH
HQHUJ\ SSHUIRUPDQFH FHUWLILFDWHV
F
DQ
QG WKH GLIIHUHHQW EXLOGLQJ W\SRORJ\
W
DSSUURDFKHV EDVHGG RQ WKH '$
$7$0,1(
VWUXFWXUH DQGSUHYLRXVVH[SHULHQFHVR
RIW\SRORJLFDOOFODVVLILFDWLRQ
QVXVHGLQ(XUURSHDQFRXQWUULHV7KHPDLQ
QRXWFRPH
PHG7$%8/$
$:HE7RROFUUHDWHGWRVKDUUHYDOXDEOHLQ
QIRUPDWLRQ
RIWKHVHSSURMHFWVZDV DQLQWHUDFWLYHHGDWDEDVHQDP
ZLWKWKHVVFLHQWLILFFRP
PPXQLW\DQGE
EXLOGLQJH[SHUUWVIURP(XURS
SHDQFRXQWULHVV
$IWHU SHHUIRUPLQJ D FRPSUHKHQVLYH
F
H DQDO\VLV RII WKHVH FRQVHHFXWLYH (8 SURMHFWV   D VWDDQGDUGL]HG
EXLOGLQJ FODVVLILFDWLRQZDVLGHQWLILHG,QDGGLWLRQQWKHHQHUJ\G
GHPDQGIRUKHHDWLQJDQG'+
+:DQGWKHUHHODWHG&2
HPLVVLRQQV VRUWHG E\ EXLOGLQJ
E
W\SROR
RJ\ DJH FODVVVHV DQG GLIIHHUHQW FOLPDWLF FRQGLWLRQV Z
ZHUH FRPSDUHG
G 7DEOH 
XLOGLQJ VWRFN LQWR
L
IRXU JHQHHUDO W\SRORJLHHV VLQJOH IDP
PLO\ KRXVH
VKRZV WKKH FODVVLILFDWLRRQ WKDW GLYLGHHV WKH (8 EXL
6)+  WHHUUDFHG KRXVHH 7+  PXOWLLIDPLO\ KRXVHH 0)+  DQG DSDUWPHQW EORFN $%  66LQFH GDWDEDVHHV SUHVHQW
GLIIHUHQW DJHFODVVHVE\FRXQWU\ VL[
[LQ6SDLQLQ*HUPDQ\WHQLQ)UDQFHHHLJKWLQ,WDO\\DQGHLJKWLQ
Q8. DQ
RYHUDOOEEXLOGLQJFODVVLLILFDWLRQJURXS
SHGLQWRWKUHHHGLIIHUHQWDJHHFODVVHVIURP
PWRIURP
WR
DQGIURP
PWRZDVXVHGWR
RXQLI\DQGFFRPSDUHDOOWK
KHFRXQWULHVZ
ZLWKLQWKHVDP
PHDJHEDQGV $OVRWKH
FOLPDWLF FRQGLWLRQV LQQVLGH D FRXQ
QWU\ ZHUH GLYYLGHG LQWR WKUUHH GLIIHUHQW FODVVHV KRW WHPSHUDWH DQG FROG
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UHSUHVHQWWLQJWKHKRWWHVVWWKHDYHUDJHHDQGWKHFROGGHVWFOLPDWLFFRQGLWLRQVRIDDFRXQWU\UHVSSHFWLYHO\
7DE([DPSOHRIVWDQ
QGDUGL]HGEXLOGLLQJFODVVLILFDWLRQ
QIRU*HUPDQ\IUURPWRGLYLGHGLQIRXUUW\SRORJLHVE\7
7$%8/$

6LQJJOHIDPLO\KRXVHH 6)+ 



7HUUDFHGKRXVHH 7+ 

0XOWLIDPLO\KRX
0
VH 0)+ 

$
$SDUWPHQWEORFN
N $% 




5HV
VXOWV
8SWRGLIIHUHQWFOLP
PDWLFFRQGLWLRQ
QVKDYHEHHQDDQDO\VHGDQGWUHDWHGIRUWKHHGLIIHUHQWDQDDO\VHGFRXQWULLHV 6SDLQ
)UDQFH ,,WDO\ 8. *HHUPDQ\ DQG 6ZHGHQ
6
 +RZ
ZHYHU GXH WR WKH KXJH YDUULDWLRQ RQ FOLP
PDWLF FRQGLWLR
RQV DFURVV
(XURSH WKH VFRSH RI
I WKLV VWXG\ LVV IRFXVHG RQOO\ RQ WKH UHS
SUHVHQWDWLYH WHHPSHUDWH FOLP
PDWLF FRQGLWLR
RQV RI WKH
FRXQWULHVV LQ 7DEOH  7KH UHVXOWV DUH RUJDQL]HGG DFFRUGLQJ WR WKH PDLQ RXWFRPHV IURRP WKH DIRUHP
PHQWLRQHG
ILQGLQJVGLYLGHGLQHQHHUJ\GHPDQGIIRUKHDWLQJDQQG'+:DQGWWKHGHULYHG&2
2HPLVVLRQV
7D
DE7HPSHUDWHHFOLPDWHVRIWKHDQDO\VHGFRXQWU
ULHV

&RXQWWU\

6SDLQ

,WDO\

)UDQFH

*HUPDQ\

8.

66ZHGHQ

&OLPDDWH

$WODQWLF

0LGGOH

+

.DVVHO

(QJODQG

=
=RQH


3.1. Ann
nual energyy demand fo
or heating a
and DHW
)LJXUHVKRZVWKHHQHHUJ\FRQVXPS
SWLRQIRUKHDWLQQJDQG'+: LQWHPSHUDWHFOLPDWLFFRQGGLWLRQVE\FRXQ
QWU\$VLW
ZDV H[SHHFWHG WKH HQHHUJ\ GHPDQG LV ORZHU LQ DDSDUWPHQW EOR
RFNV LQ FRPS
SDULVRQ WR VLQQJOH IDPLO\ KR
RXVHV DQG
WHUUDFHGKKRXVHVIRUDOOOWKH(8FRXQWWULHVDQDO\VHGG7KHVHUHVXOWWVHPSKDVL]HWWKHLPSRUWDQFFHRIWKHEXLOG
GLQJVKDSH
WKDW SUHVVHQWV KLJKHU FRPSDFWQHVV
F
ORZHU IRUP IIDFWRU EHWZHHQ WKH EXLOGLQJ VXUIDFHV LQ FRQWDFW ZLWK
K WKH QRQ
KHDWHGDUUHDVDQGWRWDO DLUYROXPHRIIWKHEXLOGLQJ LQDSDUWPHQWEORFNVDQGP
PXOWLIDPLO\KRRXVHVVRUHTX
XLULQJOHVV
HQHUJ\ IR
IRU KHDWLQJ $GGLWLRQDOO\
$
PDQ\
P
YDULDWLRRQV LQ WHUPV RI HQHUJ\ GHPDQGV IRU KHHDWLQJ DQG '+
+: ZHUH
REVHUYHGGIRUWKHVDPHHEXLOGLQJW\SRORJ\ZKHQFFRXQWULHVDQG EXLOGLQJFRQVVWUXFWLRQSHULRRGVZHUHFRP
PSDUHGIRU
WHPSHUDWHHUHJLRQV
)LJXUH DOVRKLJKOLJKKWVWKHUHGXFWLLRQRIWKHHQHHUJ\GHPDQGR
RIEXLOGLQJVR
RYHUWLPHIRU
UHDFKW\SHRIIEXLOGLQJ
6LQFHSRRRUFRQVWUXFWLRRQV\VWHPVDQG
GORZLQVXODWLRRQOHYHOVZHUHHFRPPRQLQR
ROGEXLOGLQJW\\SRORJLHV 
 
(XURSHDQQHQHUJ\SROLFFLHVWRZDUGVP
PRUHHIILFLHQWWEXLOGLQJVKDDGDGLUHFWLPS
SDFWRQUHGXFFLQJWKHHQHUJ\GHPDQG
RIEXLOGLQQJV)RULQVWDQQFHQRZDGD\
\VQHZHVWW\SHHVRIEXLOGLQJVVLQ6SDLQ  FRQQVXPHDURXQGOHVV
HQHUJ\ IR
IRU KHDWLQJ DQQG '+: FRP
PSDUHG WR ROG EXLOGLQJ W\SR
RORJLHV 
  6LPLOODU HQHUJ\ WUHHQGV ZHUH
REVHUYHGG LQ ,WDO\ 8.
8
)UDQFH DQG
D
*HUPDQ\\ EXW QRW LQ
Q 6ZHGHQ ZK
KHUH KLJKHU LLQVXODWLRQ OHY
YHOV ZHUH
LPSOHPHQQWHGEHIRUHWKKHFRQVLGHUHGSHULRGLQWKLV VWXG\
5HJDUGLQQJ WR H[DPSOHHV RI GLIIHUHQ
QW WKHUPDO WUDQ
DQVPLWWDQFH FR
RHIILFLHQW RI EXLOGLQJV
E
HQYYHORSHV WKH ZDOOV
Z
RI D
VLQJOHIDP
PLO\KRXVHLQQ*HUPDQ\ 
 KDVV:Pā.
.ZKLOHLQ6SDLQWKHVDPHEEXLOGLQJFKDUDFWHULVWLFV
DQG SHULRRG VKRZV WKHH GRXEOH 
 :Pā.  +
+RZHYHU DV VKRZQ LQ )LJ
JXUH  IRU WKH
KH VSHFLILF FRQVWUXFWLRQ
SHULRG RII  WKH *HUPDQ VLQJOH
V
IDPLO\ KRXVH FRQVX
XPHV  N:KPā\HDU IRUU KHDWLQJ DQG '+: LQ
WHPSHUDWHH FOLPDWLF FRQQGLWLRQV ZKLOH LQ 6SDLQ WKKH VDPH EXLOG
GLQJ W\SRORJ\ UHTXLUHV RQO\\  N:KPā\HDU $V
H[SHFWHGG QRUWKHUQ FRRXQWULHV VXFK DV 6ZHGHQ 8
8. DQG *HUUPDQ\ VKRZ KLJKHU
K
HQHUJ\\ GHPDQGV IR
RU KHDWLQJ
SXUSRVHVWKDQVRXWKHUQQFRXQWULHVVX
XFKDV6SDLQDDQG,WDO\HYHQ
QXVLQJKLJKHUULQVXODWLRQOHHYHOVRQEXLOG
GLQJVNLQV
7KDWIDFWWKLJKOLJKWVWKHHUHOHYDQWLPS
SDFWRIWKHFOLP
PDWLFFRQGLWLR
RQVLQWKHILQDDOHQHUJ\FRQVX
VXPSWLRQRIDEXLOGLQJ
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)LJ(QHUJ\FRQVXPSWLRQIRUKHDWLQJDQGGRPHVWLFKRWZDWHULQWHPSHUDWHFOLPDWLFFRQGLWLRQVE\FRXQWU\


,QVRXWKHUQFRXQWULHVVXFK6SDLQ,WDO\DQGVRPHUHJLRQVRI)UDQFHLQZKLFK0HGLWHUUDQHDQFOLPDWLFFRQGLWLRQV
DUHKRWWKHGRPHVWLFKRWZDWHUFDQDFFRXQWIRUPRUHWKDQDKDOIRIWKHWRWDOHQHUJ\FRQVXPSWLRQRIDEXLOGLQJ
$VDQH[DPSOHDVLQJOHIDPLO\KRXVHLQ6SDLQ  DFFRXQWHGIRUN:KPā\RIFRQVXPHGHQHUJ\
WR FRYHU KHDWLQJ DQG '+: GHPDQG )LJXUH   DQG  N:KPā\ FRPH RQO\ IURP '+: UHTXLUHPHQWV
+RZHYHU LQ WKH RSSRVLWH VLWH QRUWKHUQ FRXQWULHV VXFK DV *HUPDQ\ RU 6ZHGHQ KDYH KLJKHU UDWHV LQ WHUPV RI
HQHUJ\FRQVXPSWLRQIRUKHDWLQJLQFRPSDULVRQWRWKHHQHUJ\FRQVXPSWLRQIRU'+:)RUDVLPLODUFDVHVFHQDULR
LQ*HUPDQ\WKHFDOFXODWHGGHOLYHUHGHQHUJ\IRUKHDWLQJ '+:RIDVLQJOHIDPLO\KRXVHIURPWR
ZDVN:KPā\ZKLOHRQO\N:KPā\ZHUHIRU'+:UHTXLUHPHQWV
7KHVHUHVXOWVKLJKOLJKWWKHZLGHDSSOLFDWLRQSRWHQWLDORIQHZDQGLQQRYDWLYHWHFKQRORJLHVVXFKDVWKHPLFURVRODU
KHDWDQGSRZHUV\VWHPLQGLIIHUHQWFRXQWULHVDQGGLIIHUHQWEXLOGLQJW\SRORJLHV


3.2. Annual CO2 emissions
7KH H[SHFWHG WUHQGV LQ UHGXFLQJ WKH &2 HPLVVLRQV LQ DOO VWXGLHG FRXQWULHV FDQ EH VHHQ LQ )LJXUH  $OO WKH
EXLOGLQJW\SRORJLHVVKRZDUHGXFWLRQRIWKH&2HPLVVLRQVWKURXJKRXWWKH\HDUVEHLQJWKHQHZHVWSHULRG 
  WKH ORZHVW HPLVVLRQV7KHVHUHVXOWVFRXOG EH GLUHFWO\ UHODWHG WR WKH UHGXFWLRQ LQ WKH HQHUJ\ GHPDQG IRU
KHDWLQJSXUSRVHV+RZHYHU)LJXUHVKRZVWKDWLQ8.PXOWLIDPLO\KRXVHVKDYHDKLJKHU&2HPLVVLRQVOHYHOV
GHVSLWHWKHIDFWWKDWWKHLUHQHUJ\FRQVXPSWLRQLVORZHUWKDQRWKHUEXLOGLQJW\SRORJLHV7KDWGLIIHUHQFHLVGXHWR
WKH KHDWLQJ WHFKQRORJ\ FRQVLGHUHG RQ 7$%8/$ :HE7RRO 7HUUDFH KRXVHV VXSSO\ WKH KHDWLQJ E\ FRQGHQVLQJ
ERLOHUV ZKLOH PXOWLIDPLO\ KRXVHV IURP  WR   XVH HOHFWULFDO KHDWHUV DQG WKH &2 HPLVVLRQV SHU
HOHFWULFDONLORZDWWLQ8.LVKLJKEHFDXVHRIWKHHQHUJ\PL[)RUWKDWUHDVRQWKH,QQRYD0LFUR6RODUSURMHFWFDQ
DFKLHYH LWV HQHUJ\ VDYLQJV JRDO EXW GHSHQGLQJ RQ WKH FXUUHQW WHFKQRORJ\ LQVWDOOHG LW PD\ QRW IXOILO WKH &2
HPLVVLRQVUHTXLUHG)RULQVWDQFHPXOWLIDPLO\KRXVHVORFDWHGLQ8.ZKLFKZHUHEXLOWIURPWRHPLW
&2 NJN:WKHVHHPLVVLRQVJRGRZQWR&2 NJN:LQPXOWLIDPLO\KRXVHVEXLOWIURPWR
GXHWRWKHLPSOHPHQWDWLRQRIFRQGHQVLQJERLOHUVWRSURYLGHWKHKHDW '+:GHPDQG
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)LJ
J&2HPLVVLRRQVLQWHPSHUDWHHFOLPDWLFFRQGLWLLRQV
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QFOXVLRQV
$IWHU SHUUIRUPLQJ DQ HVWLPDWLRQ
H
RI WKH HQHUJ\ GHHPDQG IRU WKHH PRVW FRPPRQ GRPHVWLF UUHVLGHQWLDO EX
XLOGLQJV LQ
GLIIHUHQW(XURSHDQFRXXQWULHVWKHIROOORZLQJDUHWKKHPDLQRXWFRP
PHVRIWKLVVWX
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PRUHVXVWDLQDDEOHEXLOGLQJVDUHEHLQJ
x 7KKHHQHUJ\SROOLFLHVSURSRVHGLQPDQ\(XXURSHDQFRXQWWULHVWRZDUGVP
DGLUHFWLPSDFWLQUHGXFLQJWK
KHHQHUJ\GHP
PDQGLQEXLOGLQJV
x $
$IWHU D OLWHUDWXXUH UHYLHZ IRXU PDLQ W\SRRORJLHV RI GRP
PHVWLF UHVLGHQ
QWLDO EXLOGLQJVV KDYH GHWHFWHHG IRU WKH
DIIRUHPHQWLRQHGG(XURSHDQFR
RXQWULHVVLQJOOHIDPLO\KRXVVH 6)+ WHUUUDFHGKRXVH 7
7+ PXOWLIDP
PLO\KRXVH
0
0)+ DQGDSDDUWPHQWEORFN $% 
x 7KKH'+:GHP
PDQGRIDEXLOOGLQJLVPDLQQO\UHODWHGWRWWKHKXPDQEHHKDYLRXUDQGWWKHSHUIRUPDQ
QFHRIWKH
V\\VWHP ZKLOH WKH
W KHDWLQJ GHPDQG
G
LV P
PDLQO\ DWWULEXWWHG WR WKH FOLPDWLF FRQGLWWLRQV DQG WKHH EXLOGLQJ
LQQVXODWLRQOHYHOO
x 7KKHHVWLPDWHGUUDQJHRIWKHHHQHUJ\FRQVXP
PSWLRQIRUKHDDWLQJDQG'+:
:ZDVIURPN:KPā\IRUQHZ

DSSDUWPHQWEORFNNVLQDWHPSHUDWH6SDQLVKFFOLPDWHWR
N:KP ā\IIRUROG)UHQFKKWHUUDFHGKRX
XVH 
 LQWKHVDP
PHFOLPDWLFFR
RQGLWLRQV
x 7KKH&2HPLVVVLRQVVDYLQJV DUHUHODWHGZ
ZLWKWKHHQHUJ\
\VDYLQJV+R
RZHYHUWKH&
&2HPLVVLRQVVDYHGE\
WKKHSURMHFWGHSHHQGRQWKHFXUUUHQWWHFKQRORRJ\LQVWDOOHGWR
RVXSSO\WKHK
KHDW '+:GGHPDQG

$FN
NQRZOHGJH
HPHQWV
7KLV VWXGG\ KDV UHFHLYYHG IXQGLQJ IUURP (XURSHDQQ 8QLRQ¶V +R
RUL]RQ  UHVHDUFK
U
DQG LQQRYDWLRQ SUURJUDPPH
XQGHU JUDDQW DJUHHPHQQW 1 ,QQRYD 0LFURR6RODU  DQG 1
1  ,1
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Abstract
This study proposes the replacement of the conventional straight absorber by the newly designed longitudinally
undulated. Numerical results revealed that the new absorber could dethrone the former for several reasons:
Among others, it allows a more homogeneous distribution of concentrated solar radiations on its outer surface
(Monte Carlo Ray Tracking results); unlike other techniques which improve the inner heat transfer by increasing
simultaneously the load of the absorber and the pressure drop within it, the proposed curved absorber is going to
generate in a natural way, without any additional mechanical components, vortices within the main streaming
which allowed to increase the heat transfer coefficient of about 63 % with an increase of the pressure drop
penalty of about 60 %. On the other hand, it allows a drastic reduction of the size of the solar collector field. All
these facts lead to decreasing the wall temperature gradient bellow 40 K. Results are obtained for the Syltherm
800 Reynolds number range 2.5×104 to 12.3×104 and a fluid inlet temperature of 450 K.
Keywords: Parabolic trough collector (PTC), size reduction, undulated pipe, heat transfer enhancement.

1. Introduction
Parabolic trough collectors (PTCs) are the most promising technology for electricity generation and process
heating application. The main option to drive the cost of PTC technology down is to reduce the size of the solar
field (Price et al. 2002). One of the ways to achieve this goal is the improvement of the thermal performances of
the solar absorber by passive techniques by adding additional mechanical components to the absorber pipe
(Ghadirijafarbeigloo et al., 2014, Mwesigye et al., 2014); nevertheless, these techniques produce a significant
pressure drops penalty. On the other hand, since the work of (Demagh et al., 2015), the heat transfer
improvement should be achieved without any additional mechanical parts. In the present study, 3D steadyturbulent simulations are carried out to investigate
igate the scenario where the conventional straight absorber is
replaced by the novel undulated absorber (Fig. 1(a))
(a)) proposed by (Demagh et al., 2015) and highlight its thermal
performances enhancement and effects on the solar
lar collector sizes.

(a)

(b)

Fig. 1: (a) The novel undulated PTC receiver. (b) A PTC module with the
novel undulated absorber.
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2. The numerical modelling and results
Fig. 1(b) shows the novel absorber mounted on a PTC module; its main characteristics schematized in Fig. 2 are
summarized in Tab. 1.
y
z

Periodicity length λ

The focal line ≡ z

Peak to peak
amplitude
Fig. 2: Main characteristics of the undulated absorber.

Tab. 1: Absorber pipe c haracteristics.

Description
Outer pipe diameter
Inner pipe diameter
Total length assumed in this study
Periodicity length
Peak to peak amplitude

0.070 m
0.066 m
0.975 m
0.195 m
0.020 m

The periodicity length is not the critical point, but the amplitude is (Demagh et al., 2015). The smaller the
length, the more the transfer is efficient. For actual technical considerations of manufacturing, the selected
periodicity length of 195 mm could be easy to achieve on a stainless steel pipe with inner/outer diameters of
66/70 mm.

2.1. Modelling and grid independence tests
(Di Piazza and Ciofalo, 2010) compared numerical results (the friction factor and Nusselt number) of different
turbulence models with experimental data of curved pipes. The authors concluded that the SST k–ω eddydiffusivity model gives the best agreement, but requires several computational grid nodes compared to k–ε
model. Thus, by means of the CFD code (FLUENT 6.3), the k–ω based (SST) model was adopted to give
accurate predictions of the onset and the amount of secondary flow, produced as a result of the curved shape.
The pipe absorber was meshed using tetrahedral elements with a structured mesh into the wall and an
unstructured (tetra/mixed) non-uniform grids within the fluid medium, as shown in Fig. 3. During the meshing
process, additional nodes are placed inside the viscous sub-layer to ensure the satisfaction of the y   1
requirement at the first grid point close to the wall.

Fig. 3: The meshing generated by GAMBIT.
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The grid independence was conducted in the analysis by adopting different grid sizes, and a sample of these
tests is summarised in Table 2. The solution is considered mesh independent when the variations of the
predicted mean heat transfer coefficient (h) and pressure drop (ΔP) are less than 1.5%. It is found that results for
the global grid of 2,910,119 cells is not affected by the refinement and is therefore used in the present study.

Table 2- Grid independence test.

Global grid

% change of ΔP

% change of h

2,300,000

//

//

2,437,600

-1.6%

-0.45

2,910,119

-4.4%

2.4

3,256,400

1.5%

0.55

2.2. Results and interpretation
The Monte Carlo Ray Tracing method (MCRT) provided the non-uniform two-dimensional (2D) of the heat flux
density distribution (q) on the outer surface of PTC straight absorbers (He et al., 2011). The direct normal
irradiance equals 933.7 W m² ; the parabolic trough rim angle used was 70°, aperture width 5 m and focal
length 1.84 m. By means of the free code-source Tonatiuh, exploiting its validated results (Blanco et al., 2009),
the reconstituted 3D heat flux density distribution on the outer wall of the undulated PTC absorber pipe as
established by (Demagh et al., 2015) is shown in Fig. 4. With regard to the focal line (Fig. 2), the y-location of
cross-section centres changes periodically along the undulated absorber, which is at the origin of the 3D nature
of the (q) relating to the 2D nature of the conventional straight absorber where the y-location of the crosssection centres remain unchanged (He et al., 2011).
Using the built-in curve fitting functions in Microsoft Excel, a UDF was written and compiled under Fluent GUI
to set up the thermal boundary condition on the outer absorber pipe surface. The Heat transfer fluid (HTF) was
the Syltherm 800 and its proprieties were considered as a temperature-depending.

q [W/m²]

Fig. 4: Contours of the heat flux density distribution q [ W/m²] on the outer face of the undulated absorber for a
direct solar irradiance of 933.7 W/m² (Demagh et al., 2015).

The numerical results for the average heat transfer coefficient and the pressure drop obtained with Syltherm 800
flowing through the undulated PTC absorber are reported in Fig. 5 for ܶ ൌ ͶͷͲ ܭand the Reynolds number
range 2.5×104 to 12.3×104. It is evident that the heat transfer coefficients of the undulated absorber are larger
than that of the conventional straight absorber obtained by Gnielinski’s correlation (Incropera et al., 2007),
about a 63% increase.
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Based Gnielinski‘s correlation
Based Petukhov‘s correlation

Fig. 5: The convective coefficients and pressure drops vs. Reynolds number. Correlation from (Incropera et
al., 2007)

Also, as expected, the enhancement of the heat transfer is accompanied by an increasing of the fluid pressure
drops, about 60 %. The better the distribution of q and the enhancement heat transfer cause the reduction of the
circumferential temperature gradient ∆T bellow 40 K, as shown in Fig. 6.
ܶ ൌ ͶͷͲܭǡ ݉ሶ ൌ ͷ݇݃ି ݏଵ ǡ ݉ܽ݉ݑ݉݅ݔοܶ ൌ ͶͲܭ

Fig. 6: Contour of the circumferential temperature gradient οࢀǤ

It is well known that curved configurations induce a secondary flow within it due to the centrifugal force,
generated by curvatures of the pipe, as the fluid flows. The secondary streaming significantly enhances the heat
transfer rate, causing a better mixture of fluid by the disturbance of the boundary layer. Vortices are identified in
the bends, as shown in Fig. 7, where the y-velocity colours are synonymous of the intensification of vortices.
Outside the bend-planes, the vortices are absent. On the other hand, compared to the conventional straight pipe
absorber, the increase of the straight length of the undulated pipe absorber is insignificant, about 2.547 % for a
peak amplitude of 10 mm (in this study), and the increase of the geometric concentration ratio will be the same.
Thus, the improvement of heat transfer is mainly due to the existence of secondary flows rather than the increase
of the heat exchange surface.
Fig. 8 shows the longitudinal change of the local Nusselt number along the second, third and fourth period for
an inlet HTF temperature of 450K at Reynolds numbers of Re 64740 , corresponding to an HTF mass flow
rate of 5 kg  s 1 .
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z=λ

2λ

Z=λ/2

Z=2λ+λ/2

Z=λ

Z=3λ

3λ

Z=λ+λ/2

Z=3λ+λ/2

5λ

4λ

Z=2λ

Z=4λ

Z=4λ+λ/2

Z=5λ

Fig. 6: The Secondary flow configuration. Colours refer to y-velocity magnitude [m/s].

The curve possesses a sinusoidal shape, the local Nusselt number increases up to a location at midway between
the uppermost and bottommost bends. From this location, it starts decreasing, exceeding the bottommost bend,
up to next midway location of the next periodic segment and increases again, and so on periodically along the
entire length of the absorber.

Fig. 8: Change of the local Nusselt number along the absorber length.
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All rising branches of the curve occur on the upper half of the absorber pipe where the heat flux density
distribution and wall temperature are moderate, see Figs 4 and 6. The HTF temperature will approximates the
wall temperature, which it is not heated by the concentrated solar radiation and the local Nusselt number
increases. On the other half of the absorber pipe, it's quite the opposite phenomenon, the Nusselt number
decreases given that the temperature gap between the HTF and wall increases due to the concentrated solar
radiation on this half (Fig. 4) heating the wall of the tube (see Fig. 6). It should be emphasized here that the local
Nusselt number seems to respond to the heat flux density distribution to the flow dynamics (acceleration or
deceleration in various branches or even the vortex in bends). The general trend of the local Nusselt number is
increasing due to the mixture of fluid with each pass through the bends where the vortices occur.

3. Conclusion
For the range of Reynolds numbers, the inlet HTF temperatures and the geometrical parameters considered, it is
established that the heat transfer rate may be increased by up to 63% compared with a straight pipe, while the
pressure drop increased by less than 60%; the secondary streaming (reversed flow) contribute considerably to
the overall heat transfer enhancement. The circumferential temperature difference of the absorber was decreased
below 40 K for almost all the range of the mass flow rates and will significantly reduce the thermal stress on the
absorber pipe. The local Nusselt number possesses a sinusoidal shape along the pipe absorber, and seems to
respond to the heat flux density distribution to the flow dynamics (acceleration or deceleration in various
branches or even the vortex in bends). With the 2.547 % increase of the straight length of the pipe absorber, the
improvement of heat transfer is mainly due to the existence of secondary flows rather than the increase of the
heat exchange surface. The final conclusion is that to achieve the same HTF temperature rise that the
conventional straight absorber the length of the undulated absorber would be reduced due to the improvement in
the heat transfer rate.

4. References
Blanco, M.J., Mutuberria, A., Garcia, P., Gastesi, R., Martin V., 2009. Preliminary validation of Tonatiuh.
SOLARPACES Symposium, Berlin, Germany.
Demagh, Y., Bordja, I., Kabar Y., Benmoussa H., 2015. A design method of an S-curved parabolic trough
collector absorber with a three dimensional heat flux density distribution. Sol Energy 122, 873–884.
Di Piazza, I., Ciofalo, M., 2010. Numerical prediction of turbulent flow and heat transfer in helically coiled
pipes. Int. J. Therm. Sci. 49, 653–663.
Ghadirijafarbeigloo, S., Zamzamian, A.H., Yaghoubi, M., 2014. 3-D numerical simulation of heat transfer and
turbulent flow in a receiver tube of solar parabolic trough concentrator with louvered twisted-tape inserts.
Energy Proc. 49, 373–380.
He, Y.L., Xiao, J., Cheng, Z.D., Tao, Y.B., 2011. A MCRT and FVM coupled simulation method for energy
conversion process in parabolic trough solar collector, Renew Energy 36, 976–985.
Incropera, F.P., Dewitt, D.P., Bergman, T.L., Lavine, A.S., 2007. Fundamentals of Heat and Mass Transfer.
Sixth edition, J. Wiley & Sons.
Mwesigye, A., Bello-Ochende, T., Meyer, J.P., 2014. Heat transfer and thermodynamic performance of a
parabolic trough receiver with centrally placed perforated plate inserts. Applied Energy 136, 989–1003.
Price H., Lüpfert E., Kearney D., Zarza E., Cohen G., Gee R., Mahoney R., 2002. Advances in parabolic trough
solar power technology. J. Sol. Energy Eng. 124, 109–125.

70

ISES Solar World Congress 2017

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

The Novel Undulated Parabolic Trough Receiver: Performance Enhancement,
Reduction in the Size and Cost of the Collector Fields
1,2

2

Yassine Demagh , Yassine Kabar and El Wardi Bitam
1

3

Laboratoire d’Etude des Systèmes Energétiques Industriels (LESEI), Université de Batna 2, Algerie.
2

Laboratoire d’Energétique Appliquée et Matériaux (LEAM), Université de Jijel, Algerie
3

Faculté des Sciences, Département de Physique, Université Batna 1, Algerie

Abstract
One of the main options to drive the cost of parabolic trough collectors (PTCs) technology down is to reduce the
size of the solar field. This work proposes a novel receiver longitudinally undulated as a replacement for the
conventional straight tube and investigates the effects on the size of absorbers, PTC modules and entire solar
field. For this purpose, the developed method based on the similitude analysis should provide tools for drawing
a comparison between the various designs of the absorber and should give useful measures of the scenario of
their commissioning. Undulated absorber in service and without added supplementary mechanical components;
the size of a solar collector field should reduce about ~29.5% consequence of the reduced size of the solar
collector module and the absorber. The increase of the pressure drops through the novel absorber pipe should be
re-balanced by the reduction in its size.
Keywords: Parabolic trough, undulated receiver, similitude analysis, size reduction of the solar field.

1. Introduction
The PTC large scale technology has proved its capacity to produce power with the lower cost as possible. PTC
plants consist mainly of four loops, a large solar collector field, a steam generation system, a turbine/generator
cycle and an optional thermal storage. One of the main options to drive the cost of PTC technology down is to
reduce the size of the solar field (Price et al. 2002). The first way of reaching this purpose is to increase the
parabolic mirrors reflectance and/or the absorber absorptance of the direct solar irradiance. The latter can be
achieved through adding a secondary non-imaging reflector on the receiver (McIntire, 1980, Gee et al. 2002).
(a)

(b)

The same length

Fig. 1: (a) The novel PTC undulated absorber. (b) The conventional
PTC absorber.

The second way is to improve thermal performances with a minimum pressure loss penalty as possible, which
cannot be achieved by the passive techniques that add supplementary mechanical components to the absorber,
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the increase of the pressure losses is too important and the cost rise dramatically. In 2015, (Demagh et al. ,
2015) introduce the possible use of longitudinal curved receiver in PTCs. The novel design (Fig. 1(a)) allows
better characteristics of the outer heat flux due to its 3D distribution, with regard to the 2D nature of the
conventional straight one (Fig. 1(b)). The focus of this study is to set up a general-purpose methodology to
quantify effects of any heat exchanger enhancement technique on the reduction in the size of devices. The
particular case of the newly designed undulated PTC absorber pipe will be the subject evaluation of the method.

2. Similitude analysis
It would be very interesting to be able to quantify the advantages of the heat transfer improvement on the
reduction in the size of such exchangers. In a general-purpose, the methodology leads to develop expressions
that could set up a comparison between two different pipe exchangers. Assuming steady-state conditions, the
mean heat flow rate

Q

Q throughout the pipe can be defined as,

U cuin S Di2 4 Tout  Tin

h S Di L Tw  Tm

(eq. 1)

uin , U and c being the convective heat transfer fluid (HTF) inlet velocity, density and specific heat at the HTF
mean temperature

Tm , respectively. Di , h and L being the inner diameter, inner heat transfer coefficient and

equivalent length, respectively.

Tin and Tout being the inlet and outlet HTF bulk temperatures, respectively.

The ratio of equations resulting from the expression (1) when it is applied to a first configuration (subscript 1)
and to a second configuration (subscript 2) leads to, after the rearrangement,

§ L1 ·
¨ ¸
© L2 ¹

St

St2 Tout  Tin
St1 Tout  Tin

1

Tw  Tm

2

Tw  Tm

2

Di

1

1

Di

2

(eq. 2)

h Uuinc being the Stanton number. This result is extremely useful; it suggests that the comparison

between the heat exchange rates of various exchangers may be modelled by an equality that introduces
dimensionless groups which quantifying the dynamic and thermal behaviour

2.1. The novel undulated absorber: Thermal enhancement
3D steady-turbulent simulations are carried out to predict the flow fields using the CFD code (FLUENT 6.3).
The k–ω based Shear-Stress-Transport (SST) model was used in the simulations. Exploiting the established 3D
heat flux density distribution on the outer wall of the undulated PTC absorber pipe (Fig. 1(a)) (Demagh et al.,
2015), a UDF was established and compiled in the commercial code Fluent. Numerical results for the turbulent
heat transfer coefficient and the pressure drop obtained with Syltherm 800 flowing through the undulated PTC
absorber are reported in Fig. 2. It is obvious that the average heat transfer coefficient of the undulated absorber
is greater than that of the conventional straight absorber obtained by Gnielinski’s correlation (Incropera et al.,
2007), up to 63% increase, in addition to an increasing of the pressure drops, less than 60%.

2.2. The novel undulated absorber: Dimensional analysis and size reduction
x

Without any enhancements, assuming the same pipe diameters and the similar operating conditions, it
follows from expressions (2) that L2 L1 1 .

x

In the particular case of this study, exchangers would be the conventional PTC straight absorber pipe
and the novel undulated PTC absorber, respectively subscript 1 and 2, with the same inner diameter. To
reach the similar rise of the HTF temperature (i.e. Tout  Tin
Tout  Tin ), when it is assumed the
2

1

similar HTF inlet temperature (i.e., the similar HTF properties), the Tw  Tm
flow regime (i.e.,

uin Di

2

1

Tw  Tm

uin Di 1 ) and since h2 t h1 , equation (2) becomes L1 L2

2

, the same

h2 h1 t 1 .

Taking into account the results of Fig. 2, the trend of the equation (2) while varying the flow regime is
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shown in Fig. 3. Until Re

71000 the trend is decreasing from L1 L2

1.63 to

1.41 ; from this

location it increases a little and becomes relatively flat, about 1.45 . To achieve the same HTF
temperature increase of the classic straight absorber, the equivalent length of the novel absorber will be
significantly reduced, consequence of the heat transfer improvement. With a mean equivalent length of
L1
, the area size of the solar collector field should reduce about 0.39 % , consequence of
L2
1.63
the reduction in the size of solar PTC units. It is clear that the cost will be lower.

Fig. 2: The convective heat transfer coefficient and the pressure drops through the undulated pipe against Re,
for
. Correlations refer to (Incropera et al., 2007)

Fig. 3: The reduction in the size of the newly designed undulated PTC absorber
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x

Taking into account the reduction in the size of the novel absorber (with the length L2), the pressure
drop penalty 'P , shown in Fig. 2, for the length L1, should be reconsidered as
L1

'P L 2

'P L1  L2 L1 , and decreases as shown in Fig. 4.

Fig. 4: The re-balancing of the pressure drops.

3. Conclusion
Following a similitude analysis developed in this study, the sizes of the absorber, solar collector modules and
solar collector field should reduce about 0.39% by using of the novel undulated absorber. The increase of the
pressure drop penalty of the novel solar absorber pipe is shown to be re-balanced by the reduction in its length.
The manufacturing cost diminishes and the know-how remains unchanged with regard to the conventional
absorbers, while the performance increases; the (performance/cost) ratio should be higher, what reduces
drastically the kWh cost of the solar power.
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Abstract
Two sources of aerosol data (from ground-based sunphotometry and long-term reanalysis), as well as irradiance
data (from ground-based radiometric measurements) are investigated here. The daily, seasonal and interannual
variability of aerosol optical depth is evaluated over Kuwait. Based on the MERRA-2 reanalysis, long-term
aerosol trends are also established over the period 1980–2016, showing a slight increase in aerosol optical depth
(AOD) since about 2000. This is conducive to a concomitant decrease in the direct normal irradiance (DNI)
resource of ≈2% per decade, which can affect concentrating solar power (CSP) projects over the long-term.
When compared with sunphotometer data from two AERONET stations located at a distance of only 90 km, but
in somewhat differing environments, shortcomings are found in the aerosol data from the MERRA-2 reanalysis.
Both bias and scatter are found in the hourly and daily AOD data, as well as occasional mismatch in the prediction of the more-or-less frequent AOD spikes caused by dust storm episodes. The use of MERRA-2 aerosol data
for the prediction of clear-sky DNI with a high-performance irradiance model results in underestimation (of
≈13% on average) and substantial scatter on a 1-min basis, based on a comparison with co-located, high-quality
DNI data.
Keywords: Aerosol optical depth (AOD), direct normal irradiance (DNI), CSP, dust storms, MERRA2.

1. Introduction
Many large solar projects involving various kinds of Concentrating Solar Power (CSP) technologies are being
built in regions such as the Middle East. These arid or desert regions benefit from a low overall cloudiness, and
thus overall high solar resource, but are also impacted by significant background aerosol loads and somewhat
frequent dust episodes. These can be detrimental to the operation and yield of CSP plants for various reasons: (i)
Intense atmospheric attenuation, leading to significant loss in incident direct normal irradiance (DNI); (ii) Increased slant atmospheric attenuation between mirrors and central receiver of solar tower power plants; (iii)
Concomitant strong winds that may force an emergency shutdown of the plant; and (iv) Extreme dust soiling on
concentrators or mirrors. The present study focuses on the first topic. A related study (López et al., 2017) explores the second one.
Ideally, dust storm episodes should be forecasted a few days early so that the plant and electric utility operators
can take all necessary measures to prepare the plant and the electric grid for any potential disruption. Research
has now started toward the development of an integrated forecasting system to help the development of CSP and
other renewable energy technologies in Kuwait, where significant solar power is being built or projected. Solar
forecasts need to focus on both clouds and dust episodes at various time scales.
Before construction, the solar resource needs to be well established in terms of both magnitude and temporal
variability. Under arid conditions, DNI’s variability directly depends on that in aerosol optical depth (AOD), as
discussed elsewhere (Gueymard, 2012b; Polo et al., 2016). DNI also depends on the quantity of atmospheric
water vapor, measured in the form of precipitable water (PW), albeit to a much lesser extent than AOD
(Gueymard, 2014). More generally, the quality of the AOD data is a major factor that directly affects the accuracy of derived DNI predictions using current modeling techniques (Cebecauer et al., 2011), which in turn can
negatively impact the bankability of the solar resource data used by the solar industry (Gueymard, 2011).
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Multi-site measurements conducted over Kuwait during the last five years have confirmed that DNI’s solar
resource is indeed highly variable on a daily and seasonal basis (Al-Rasheedi et al., 2014). This is particularly
true during summer when the potential for solar electricity generation reaches its peak, thanks to virtually permanent cloud-free conditions during longer days and high-sun conditions. Until now, the specific link between
the magnitude and variability of DNI and of its AOD counterpart had not been precisely defined over Kuwait. In
the present contribution, various sources of DNI and AOD data are used to establish (i) the long-term variability
in both quantities over Kuwait; (ii) the modeled effects of high-AOD conditions on DNI; and (iii) possible longterm trends in those two quantities.

2. Data sources
The present analysis focuses on both modeled and observed aerosol data, and on observed solar irradiance data.
NASA’s MERRA-2 reanalysis model provides historical estimates of the hourly AOD at 550 nm (hereafter,
AOD550), Ångström exponent (AEX), and total scattering AOD (SAOD) since 1980, among many other atmospheric variables (such as PW), at a spatial resolution of 0.5x0.625°. Although this resolution is relatively
coarse, it is not a serious limitation here because of the absence of strong topographic features over Kuwait.
Moreover, MERRA-2’s consistent evaluation of AOD550, SAOD, and AEX at hourly resolution over more than
three decades is a highly desirable feature, which is unique among all reanalysis models currently available.
In parallel, shorter-term ground observations of spectral AOD and AEX from two AERONET sunphotometric
stations are also available. The older one is located at the Kuwait University campus in the coastal urban area of
the capital, Kuwait City, and has reported Level-2 (L2) data for 2006–2010 and Level-1.5 (L1.5) since 2006,
albeit with many long data breaks in both datasets. The newer station is located in the Shagaya solar park, where
PV, CSP and wind installations already exist. Shagaya is located 90 km to the west from the capital, in a remote
and drier desert area. This AERONET station was commissioned in August 2015, after its installation alongside
the existing radiometric station (whose data are also used in this study, see below). Thus far, this station has
provided L2 aerosol data for the period August 2015 to July 2016, as well as L1.5 data since February 2017.
The L1.5 data record is much longer than the L2 record at both sites. It is therefore worthwhile to examine the
difference in AOD when retrieved with version 2 (V2) of the algorithm applied to L2 data (V2L2) relative to the
more elaborate version 3 applied to L1.5 data (V3L1.5). Based on 5000 instantaneous data points at Kuwait
University, the distribution of differences shown in Fig. 1 reveals that all older AOD values (from V2L2) are
slightly larger than those produced by the newer algorithm. Nevertheless, the difference virtually never exceeds
0.01, which is the typical uncertainty of AOD at that wavelength (Holben et al., 1998). This agreement is remarkable, which confirms information found on AERONET’s website (https://aeronet.gsfc.nasa.gov/new_web/
Documents/AERONET_V3_AOD.pdf) to the effect that V3L1.5 offers similar results to V2L2. Since V3L1.5
has a more complete historical record than V2L2, the former is exclusively used here in all what follows.
In any case, these observation periods, being relatively short, cannot be used for a long-term analysis of variability or trend, but can still be helpful to validate other sources of aerosol data (such as MERRA-2) and to provide
the necessary inputs for short-term irradiance predictions with radiative-transfer models. These applications are
discussed below.
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Fig. 1: Binned frequencies of difference between AOD at 500 nm retrieved from AERONET’s V2L2 vs. V3L1.5 algorithms at
Kuwait University.

76

C. Gueymard / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

The Shagaya sunphotometer is collocated with a well-maintained radiometric station. It monitors all irradiance
components (including DNI) with both thermopile and photodiode instruments, thus providing redundancy.
Details on the instrumentation, data quality control, early results, and comparisons between measured and satellite-derived modeled data were provided in a previous report (Al-Rasheedi et al., 2014). The Shagaya station has
provided high-quality irradiance data since September 2012. Another radiometric station, Kabed, also provides
redundant observations of DNI. The DNI resource of Kabed is similar to that of Shagaya, due to the short distance between them (≈65 km), so will not be discussed further here.

3. Results
3.1 Aerosol optical depth: MERRA-2 vs. AERONET
It is desirable to compare the AOD550 data predicted by MERRA-2 to those observed at AERONET stations.
This constitutes the conventional way of validating modeled AOD data, and is also important in the context of
discriminating high-AOD periods caused by dust storms of various strengths, or evaluating the historical frequency and seasonal variability of such events. This kind of study also prepares for the longer-term goal of
qualifying the suitability of NASA’s GEOS-5 research forecasting model (from which MERRA-2 is derived) to
correctly forecast future dust-storm events over Kuwait.
A first comparison is done for daily-mean AOD data. Since AOD550 is not observed directly by AERONET
sunphotometers, it is calculated here from Ångström’s law using AOD at 500 nm and AEX evaluated between
440 and 870 nm. The daily-mean AOD550 is then obtained for all days that produce at least 3 instantaneous
measurements (per standard AERONET procedures). This removes only a limited number of days (or periods
during any day) since cloudiness is generally low or absent, particularly in summer. Observations, however, are
only done for a sun zenith angle lower than 82°. To make things as comparable as possible, the MERRA-2 daily
means are thus calculated for all hours for which the mid point corresponds to a zenith angle less than 80°.
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Fig. 2: Time series of daily AOD550 from both modeling by the MERRA-2 reanalysis and ground observations at the Shagaya
AERONET station during 9/2015–7/2016 (top) and 3/2017–8/2017 (bottom).
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Figure 2 shows the time series of daily-mean AOD550 obtained from MERRA2 and the Shagaya AERONET
station during the 12-month period when the latter was operational before it was sent back for repair and calibration, and also for a more recent 6-month period of 2017. The MERRA-2 and AERONET sources of data show
similar high daily and seasonal variability, with however occasional differences in magnitude or phase. It is
clear that MERRA-2 tends to predict higher AOD than the ground observations. This is confirmed in Fig. 3a,
which compares the hourly AOD550 data from MERRA2 and the corresponding instantaneous data from
AERONET’s V3L1.5. An additional characteristic is that MERRA2’s overestimation is accompanied by significant scatter. A similar scatterplot appears in Fig. 3b, but for AEX. It shows large scatter too, but also a lack of
similitude, due to generally too low predictions at high AEX. Figure 4 shows the frequency distributions of the
differences between MERRA-2 estimates of AOD550 or AEX and matching AERONET observations. Interestingly, the two distributions of MERRA-2 deviations are skewed in opposite ways. The mean and median errors
are ≈0.1 for AOD550. Hence, it can be expected that DNI simulations based on MERRA-2 AOD data should be
too low by ≈10%.
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Fig. 3: Scatterplots of AOD550 (left) and AEX (right) comparing MERRA-2’s predictions to ground observations from the
Shagaya AERONET station.
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The difference between the predicted and observed AOD550 is reflected in their temporal frequency distribution
over the period of record, as illustrated in Fig. 5. It is found that the daily AOD550 frequency distribution obtained from MERRA-2 better match that of AERONET at Kuwait University than at Shagaya. This can be ex-
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plained, at least in part, by a statistical artifact caused by the lower number of days in the latter case. It is also
possible that the variability of the aerosol loading is more difficult to predict in a pure desert environment such
as Shagaya’s, or that the (older) Kuwait University data points are assimilated into the GEOS-5 forecasting
model, which would improve the aerosol modeling there.
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Fig. 5: Frequency distribution of daily AOD550 from MERRA-2 and AERONET for Shagaya (left) and Kuwait University (right).
N is the number of days. Periods with 7 or more consecutive days of missing AERONET data were eliminated from the analysis.

Figure 5 also suggests that very hazy days (AOD550 > 0.6) are more frequent in Kuwait City than over Shagaya. For instance, the probability of days with a mean AOD550 higher than 1.0 is ≈2% at Shagaya and ≈5% in
Kuwait City, based on AERONET data. At Shagaya, the maximum daily-mean AOD550 of 1.86 was observed
on 2016-07-04 according to the 461-day record of AERONET V3L1.5 until end of 8/2017. In comparison, the
daily mean for that day was much lower (1.17) at Kuwait University. At the latter site, the record maximum
daily-mean value (2.39) was reached on 2017-04-29, while Shagaya simultaneously experienced only less than
half of that value (1.06). These differences in peak AOD values and frequency distribution are remarkable, considering the relatively short distance between the two locations. Spatial variability in AOD is thus to be considered in addition to its temporal variability, which will require further study.

3.2 Aerosol optical depth: Historical time series
Based on MERRA2’s 1980–2016 time series, the annual average AOD550 remained in the range 0.35–0.50
during that period, with significant interannual variability and possible decadal cycles (Fig. 6). Linear trends are
evaluated separately over two distinct periods of similar duration: 1980–1996 and 1997–2016. The former is
considered less certain than the latter because of the lack of satellite or AERONET data to constrain the aerosol
transport model before 1997. The two last decades experienced an increasing trend in AOD, at the rate of 0.0024
AOD unit per year. This in turn translates into a likely decrease in the DNI resource of ≈2% per decade, based
on the analysis of Gueymard (2012b). This positive trend in AOD is consistent with results from Hsu et al.
(2012), which were based on AERONET and satellite data, and with the solar radiation dimming experimentally
observed over Iran (Jahani et al., 2017; Rahimzadeh et al., 2015). Since a negative trend in DNI is likely to have
a notable impact on the performance of CSP plants (many of which being built or planned in the region), more
studies will be needed to better quantify this trend, and delineate its geographical extent.
Still using the whole 37-year MERRA-2 dataset currently available, the frequency distribution of AOD550 at
Shagaya is shown in Fig. 7. Results are displayed for three important time scales: Hourly, daily, and monthly.
The hourly and daily results are remarkably similar, much smoother than the short-term daily distribution in
Fig. 5 (as could be expected, considering the much longer period), and show the characteristics of the anticipated log-normal distribution (Ruiz-Arias et al., 2016a). The monthly frequency distribution is substantially different in shape, which results in a lower median than the two other distributions. This statistical feature, in turn, has
consequence on the modeling of DNI, and, ultimately, on the bankability of the DNI resource for CSP applications if monthly-mean AOD data are used as input of solar radiation models (Ruiz-Arias et al., 2016b, 2016c).
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Fig. 6: Time series and trends of mean monthly and annual MERRA2’s AOD550 separated into two periods.
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Fig. 7: Hourly, daily, and monthly frequency distributions of MERRA2’s AOD550 over the period 1980–2016.

Figure 8 compares the daily variability in MERRA-2’s AOD550 and in the measured DNI at Shagaya during
summer 2015. Such a period being virtually cloudless (except in early May), the temporal variability in DNI is
expected to be essentially due to that in AOD. Nevertheless, the two signals are not exactly in phase due to the
shortcomings in the MERRA-2 AOD data discussed above. The daily-integrated DNI reached its maximum of
≈10 kWh/m2 during a few days only, when the AOD was relatively low for the season at that location. Conversely, the strong aerosol-induced extinction makes DNI reach only 4–5 kWh/m2 during high-AOD days.
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Fig. 8: Daily variability in MERRA2 AOD (top) and in DNI measured at Shagaya (bottom) during summer 2015.
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3.3 Direct normal irradiance prediction
Solar irradiance is sensitive to the amount and optical characteristics of aerosols at any instant. This is most
particularly true for DNI, which decreases substantially when AOD increases (e.g., Gueymard, 2005, 2012b).
This also means that potential errors in AOD data used as input to a radiative transfer model necessarily result in
errors (of opposite sign) in DNI. This, in turn, is important for the simulation of the power production of CSP
systems before construction, since typically no long-term local DNI observations are then available. CSP systems are strongly non-linear, which makes their energy output sensitive to the quality and representativeness of
the DNI resource data. The latter is actually the major source of uncertainty in the modeling of CSP plants (Ho
et al., 2011). Even the use of conventional hourly Typical Meteorological Years (TMYs) may result in seasonal
and annual errors (Polo et al., 2017). Simulations performed by Hirsch et al. (2010) showed that non-linearity
impacts can be avoided, but this requires that calculations be done at high temporal resolution, with irradiance
data time steps in the order of 1–10 minutes, which is highly demanding.
Evaluating clear-sky DNI can be done accurately if collocated instruments (e.g., sunphotometers) provide the
most important aerosol and water vapor inputs at the required high temporal resolution (Gueymard, 2012a;
Gueymard and Ruiz-Arias, 2015). The specialized stations reporting such data are still very scarce, which constitutes a serious limitation. Other sources of aerosol data do exist and are more readily available on a global
scale (e.g., on a gridded basis), but their lower quality typically results in substantially biased or distorted DNI
time series (Polo and Estalayo, 2015).
In this context, it is important to evaluate whether the MERRA-2 reanalysis data can provide accurate DNI
estimates over Kuwait at sub-hourly resolution. To that effect, the latest version of the high-performance REST2
model (Gueymard, 2008) is used to simulate DNI at Shagaya. The best possible modeling of DNI is obtained
when using observations of the main inputs (AOD550, AEX and PW) from AERONET V3L1.5. Secondary
inputs (hourly ozone amount and station pressure) are obtained from MERRA-2. The (low) columnar amount of
nitrogen dioxide is provided by spaceborne observations from the Ozone Monitoring Instrument (OMI) radiometer. The observational DNI dataset comes from a thermopile pyrheliometer and a silicon-based rotating shadowband irradiometer (RSI) that are installed side-by-side at Shagaya. The pyrheliometer observations are used
preferably, but are replaced by RSI data in case of tracker malfunction or data not passing the tests of an elaborate quality control procedure, itself based on the method described by (Long and Shi, 2008). A related study
has shown that the DNI observations from RSI and thermopile are in close agreement (Al-Rasheedi et al., 2017).
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Fig. 9: Scatterplot of REST2-predicted DNI vs. ground observations using aerosol and water vapor input data from
AERONET V3L1.5.
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Figure 9 shows a scatterplot of the AERONET-based modeled DNI in comparison with its measured counterpart. As expected, the match is excellent, with only a few outliers caused by the passage of clouds during the
irradiance observation. (Irradiance is integrated over a 1-min period, whereas AERONET observations are instantaneous, and are allowed to be as much as one minute away from the center of the 1-min period.) In comparison, this simulation is repeated with the main inputs (AOD550, AEX and PW) alternatively provided by MERRA-2 for the matching hour. The comparison of the modeled DNI thus obtained with the same measured data as
in Fig. 9 shows a strong underestimation of DNI (≈13% on average) and large scatter (Fig. 10). These results
can be directly traced back to the large bias and scatter in AOD (and possibly AEX) shown in Figs. 3 and 4. The
difficulties of using the MERRA-2 reanalysis to simulate DNI corroborate previous findings (Polo and Estalayo,
2015), even though those were obtained with a different reanalysis model.
Shagaya, Kuwait
REST2 model vs. Observations
8/2015–7/2016, 1-min data
MERRA2 inputs

1000

2

DNI modeled (W/m )

800

600

400

200

y = 15.66 + 0.87183x R= 0.9183

0
0

200

400

600

800

1000

2

DNI measured (W/m )
Fig. 10: Scatterplot of REST2-predicted DNI vs. ground observations using aerosol and water vapor input data from MERRA-2.

4. Conclusion
This investigation brings new information on the temporal variability in aerosol optical depth (AOD) and direct
normal irradiance (DNI) under the arid conditions of Kuwait. Using data from two AERONET stations and from
the MERRA-2 reanalysis, it is found that AOD is highly variable on a daily basis, and can reach very high values during any season, due to the incidence of dust storms. Some spatial variability is also apparent, even over
relatively short distances. This significantly impacts the DNI solar resource in particular, and may limit the
performance of CSP installations. Further investigation is needed to better characterize the spatio-temporal
variability in AOD over Kuwait.
The MERRA-2 reanalysis predictions show a slight positive trend in AOD during the last two decades, signaling
that a concomitant downward trend in DNI was likely. A continuation of this trend is possible in the near future,
which would impact CSP projects in the region. The long-term MERRA-2 historical data has great value for,
such trend analyses, but is found not accurate enough for the unbiased DNI resource evaluation required for the
computerized simulation of CSP systems at high temporal resolution. Clear-sky modeled DNI predictions using
MERRA-2 aerosol and water vapor data as inputs to a high-performance solar irradiance model are found noisy
and too low by ≈13% on average, in comparison with actual high-quality irradiance observations with a 1-min
time step.
Although the MERRA-2 aerosol transport-modeling module is still far from perfect, its main features (long time
series at hourly frequency) are still unique among all other reanalysis models currently available. It is suggested
that further research be carried out to compare the historical estimates of AOD from MERRA-2 or the forecasts
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from its parent model, GEOS-5, to those from other similar sources, in an effort to evaluate and improve the
uncertainty of modeled DNI over arid areas.
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Abstract

This paper analyses and simulates an organic Rankine cycle (ORC) specifically for smaller concentrated solar
powered (CSP) systems to produce solar thermal electricity (STE) in the range from 500 kW to 5 MW. The
plant efficiency is optimized with the evaporating and condensing temperatures as optimizing variables. A
thorough process for selecting the working fluid is presented to help the designer with this monumental task.
After considering various aspects n-Pentane is chosen as working fluid for the ORC. It is also the only organic
working fluid that has been successfully used in conjunction with CSP on the scale from 500kW to 5MW. The
power block is simulated by modelling each component and combining them to form a complete simulation
model. The results of the simulation is document and a plant efficiency of about 14.2% is achieved across the
power range. The output if the ORC simulation is then compared to a steam Rankine cycle under the same
operating conditions and the ORC proved to be more efficient for a power output up to 3000kW.
Keywords: Organic Rankine Cycle (ORC), concentrated solar power (CSP)

1. Introduction
Even though steam Rankine cycles are more commonly used, the usage of organic fluids as working fluid is not
a new concept. In 1826, Thomas Howard patented the first concept of an engine using ether as a working fluid
(Casati, 2014), and the first operational solar ORC was built by Frank Shuman in Philadelphia USA in 1907 and
was rated at 2.5 kW thermal output. With the 100 m2 collector area, direct vapour of Ether at 115°C was used to
drive an irrigation pump (Shuman, 1907). Currently ORC technology is used in a variety of industries mostly
because of the modularity and versatility of the technology. Industries developed around the heat sources used
for the ORC where the largest by far is the geothermal energy (76.5%), secondly the heat recovery industry
(12.7%), thirdly the biomass industry (10.7%) whilst the solar industry only accounts for 0.1% of the total ORC
industry (Tartiere, 2016).
Various micro-scale (1 kW – 10 kW) solar ORC test facilities exist and are well documented in literature but the
lack of optimized technology in the ORC solar scale up to 5 MW, leads to industry lacking confidence in this
technology. A resurgence of interest in the research and development of ORC as a viable small-scale solution
for electrical production has developed after the successful completion of the 1 MW APS Saguaro PT plant in
Arizona, USA in 2006. The plant has 10 340 m2 of PT collectors using thermal oil at 300°C as heat transfer fluid
in the solar field. The ORC module uses n-pentane as working fluid with a 1 MWe turbine supplied by ORMAT.
A major increase in efficiency was seen with an overall solar to electrical efficiency of 12.1% at design point.
To date this is still the largest operating solar ORC plant in the world and a pioneer in solar ORC as it proved
the simplicity of an ORC compared to that of a conventional steam Rankine cycle and this plant even allows for
unattended operation. All of which are important factors in the economic considerations and commercial
acceptance of this technology (Canada et al., 2005), (Quoilin et al., 2013).
CSP plants operating with traditional steam Rankine cycles tend to become unfeasible in the small scale power
range (<5 MW) and ORC’s might be able to fill that gap. For lower temperature thermodynamic cycles, the
ORC have advantages over the steam Rankine cycle. The most promising advantage of ORC’s is that less and
cheaper components are needed due to lower temperatures and cycle simplicity. Another technical advantage is
that typical working fluids used in ORC cycles have higher molecular weight than water which leads to the fact
that a higher mass flow rate can be achieved with an ORC for the same size of turbine. This can lead to higher
turbine work output with less turbine losses (Drescher & Bruggemann, 2007). This is a major advantage seeing
that the turbine is a key component in an ORC having the largest effect on cycle efficiency.
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The benefits of successfully deploying small-scale CSP goes far beyond just the climate and environmental
benefits. In South Africa the mining, construction, the auto and metals and engineering sectors contribute about
20% of South Africa’s gross domestic product, hence it is important to sustain these industries (SEIFSA, 2016).
The ORC technology might form part of the energy solutions to these industries once an optimised small-scale
CSP technology is proven hence the proposed future output of electricity generating Rankine cycle plants are
shown in figure 1.

Figure 1: Proposed Thermal range of Rankine Cycles, adapted from (Dickes, 2016)

In this paper a Techno-thermodynamic design optimization is presented for an ORC using CSP as heat source
across the gross electrical power output of 500 kW – 5 MW using the MATLAB environment. A specific focus
is put on the working fluid selection whilst the paper elaborates on the methodology behind the design
optimization, a technical analysis of the plant and components are presented and where after the design
optimization results are discussed and conclusions are drawn on the feasibility of such a plant. The exact same
simulation is run for a steam Rankine cycle to determine which is better suited for the current conditions.

2. Methodology
A holistic approach is taken on the power plant and its functional units namely the solar field, storage and
power block. The main reasons for including storage is to prolong the operating hours of power plant and to
eliminate spikes in the ORC caused by solar variations. A technological analysis is done in section 4 in order to
model the whole plant consisting out of the various components in each functioning unit. By modelling each
component a complete cycle simulation is achieved. For the solar field evacuated tube parabolic trough
collectors are considered and Therminol 66 is used as heat transfer fluid. Therminol 66 has been developed
especially for solar ORC applications by Eastman Chemicals in Italy. A Thermocline energy storage system will
be incorporated in the solar field to balance out the solar variations. Regarding the power block components, it
proved to be best to use an axial flow turbine for the wanted power range of 500 kW to 5 MW. A multistage
centrifugal pump are commonly used in ORC’s and is chosen for the current application (Macchi & Astolfi,
2017). A Plate type heat exchanger is taken for the evaporator due to their compactness and high heat transfer
area. The lack of water resources in areas where CSP is implemented necessitates the use of an air cooled
condenser. The final proposed ORC power plant that is used for the simulation is shown in figure 2 with the
ORC T-S diagram produced by the simulation in figure 3.

Figure 2: Final plant schematic, adapted form (Stine & Michael, 2001), (Li, G. 2016)
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Figure 3: T-S diagram for the simulated ORC plant

A techno-thermodynamic optimization is conducted on the power plant where the total plant efficiency is used
as objective function and defined as the ratio between the net power output and the maximum received thermal
heat:
ߟ௧ =

ܹ௧
ܳ

(eq. 1)

The independent decision variables that are used as optimizing variables are the condensing and evaporating
temperatures. The optimization constraints are due to the working fluid property constraints. Looking at a
subcritical cycle, the chosen working fluid’s critical temperature is 470K which serves as the upper limit for the
cycle evaporating temperature. The maximum condensing temperature is constraint at the boiling temperature at
the condensing pressure. Due to the air-cooled condenser the minimum temperature to which the working fluid
can be cooled down to during condensation is limited. The incorporation of a recuperator or also referred to as
an internal heat exchanger as depicted in figures 2 and 3, enables the working fluid to be cooled down to a lower
temperature as the working fluid now enter the condenser at a much lower temperature. A design choice is made
for the lower limit of condensation temperature and it is set at 7°C above the average ambient temperature of
20°C to compensate for condenser ineffectiveness.
For each iteration of condensing and evaporating temperatures, all model equations are solved sequentially and
with the black-box optimization approach the most efficient plant design with the corresponding temperatures, is
determined. The flow chart of the calculation procedure is shown in figure 4:
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Plant constants and constraints

Vary T1 and T3

Calculate:
ী, QE, Qc

Calculate:
ǻPPB, ǻPSF

Calculate:
pump, C, SF

Calculate:
Total, Qin, Net

Calculate:
Objective function: Șplant

T3 < Tmax
Tmin < T1 < Tmax

Optimal solution
Figure 4: Simulation flow diagram

3. Choice of working fluids
The theory for an ORC is the same as to steam Rankine cycle with only the working fluid properties differing.
The selection of the working fluid not only affects the efficiency of the system but also the design and sizes of
the system components, stability, safety and environmental concerns and ultimately the cost of the system (Bao
& Zhao, 2013). Hence, it is a very important degree of freedom for any ORC design process. Bao and Zhao
continues by saying that the selection of an ORC working fluid is more complex than other thermodynamic
cycles mainly due to two reasons:
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x

The heat type sources for ORC varies widely from 80 0C to 500 0C

x

Excluding a few organic fluids whose critical temperatures are too high or too low, hundreds of fluids
are available for usage including hydrocarbons, aromatic hydrocarbons, perfluorocarbons, alcohols,
CFS’s, siloxanes, ethers etc.
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Due to the working fluid selection being so important, many researchers have carried on the fluid screening
method and this method is by far the most used method for working fluid selection in scientific literature (Bao &
Zhao, 2013). The method consists of building a steady state simulation model of the proposed ORC plant and
run it with different working fluids to determine the most effective fluid for the current application.
Another fluid selection guideline has been developed by (Macchi & Astolfi, 2017) to help ORC designers with
this monumental task of screening hundreds of working fluids. The number of applicable fluids can be
drastically decreased by considering and comparing different fluids. The obvious requirements a fluid must meet
is the fluid should be:
x

Commercially available at a reasonable cost: with the intended MW range of the proposed system, a
large fluid inventory is needed and the fluid cost can mount up to a significant portion of the total plant
cost.

x

Non-flammable: Hydrocarbons are flammable working fluids.

x

Nontoxic: ammonia is toxic but is still sometimes adopted.

x

Compatible with materials: the working fluid must be compatible with the lubricating oils, elastomers,
metals etc.

x

Environmental benign: the two main indexes that account for fluid acceptance is the Ozone Depletion
Potential (ODP) and the Global Warming Potential (GWP).

Macchi & Astolfi continues to say that it is practically impossible to fulfil all these requirements with a working
fluid that is suitable for ORC applications hence ORC manufacturers must overlook some of the qualities listed
above but they are still aimed for. The second list of considerations in selection a suitable working fluid regards
the thermodynamic considerations. The thermodynamic and physical properties of working fluids are what
differentiate working fluids the most. The relationship between working fluid properties and thermodynamic
cycle performance are discussed below:
x

Thermal stability: The thermal stability of the fluid used can limit the temperature of the heat source as
fluids can chemically brake down at certain temperatures hence a high thermal stability is desired.

x

Vaporization latent heat: In terms of work output it has been found that for the same defined
temperatures, a larger unit work output is produced with working fluids with a higher vaporization
latent heat (Chen et al., 2010).

x

Density: Bao and Zhao states that a high vapour density is of key importance especially for working
fluids with a low condensing pressure. A low density leads to higher volume flow rates which in turn
lead to larger pressure drops in the heat exchangers and the bigger turbine sizes.

x

Specific heat: There is no direct recorded effect of specific heat and total system power output.

x

Critical temperature: High critical temperature has a beneficial effect on cycle performance but has the
adverse effect of lower vapour densities which has a benign effect on cycle performance.

x

Boiling temperature: When comparing fluids of the same family a higher boiling temperature leads to
an increase in cycle efficiency but it is by no means an absolute criteria.

x

Freezing temperature: It serves as a constraint but has no effect on cycle efficiency.

x

Molecular weight: Bao and Zhao concluded that high molecular weight has a positive impact on
turbine efficiency but it must be noted that fluids with a high critical pressure and high molecular
weight require higher heat transfer area which increases the total plant cost.

x

Molecular complexity: A direct link between molecular complexity and cycle performance is not
possible as most properties are affected by the molecular complexity and different properties have
different effects on cycle performance.

x

Viscosity: In order to maintain low friction losses in the pipes and heat exchangers, low viscosity is
desired in both the liquid and vapour phase (Bao & Zhao, 2013).
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x

Conductivity: In order to obtain a high heat transfer coefficient in the heat exchangers, a high
conductivity is required (Bao & Zhao, 2013).

In the case of varying heat source temperatures, it can be more advantageous to use mixtures of working fluids
rather than pure working fluids. In such a system heat is supplied to or rejected at variable temperature but at
constant pressure because the boiling temperature varies during phase change and the binary mixture evaporates
over a large range of temperatures (Bao & Zhao, 2013). The storage incorporated in this analysis allows the heat
addition to the power block at constant temperature and only pure working fluids are considered henceforward.
Working fluids are also categorised according to their saturation curve and the categorisation disregarded the
structural point of view and type of atoms. When looking at the latter two, the possible ORC working fluids can
be categorised in seven main classes and Bao and Zhao pointed out typical characteristics of each after
screening the fluids over a range of applications:

1.

2.

3.

4.

Hydrocarbons including linear (n-butane, n-pentane), branched (Isobutane, Isopentane) and aromatic
hydrocarbons (Toluene, Benzene)
x

Flammability issues

x

Desirable thermodynamic properties

Perfluorocarbons
x

Thermodynamically undesirable

x

Extremely inert and stable

x

Extreme molecular complexity

Siloxanes
x

Mostly used as mixtures rather than pure fluids

x

Isobaric condensation and evaporation are not isothermal and exhibit a certain glide

Partially flouro-substituted straight chain hydrocarbons
x

5.

6.

7.

Several zero ODP fluids exists which are of interest

Ethers and fluorinated ether
x

Thermodynamically undesirable

x

Flammability and toxicity issues

Alcohols
x

Thermodynamically undesirable

x

Soluble in water

x

Flammability issues

Inorganics
x

Operational problems

x

Small environmental impact

x

Inexpensive

Even though the screening process covers a large number of fluids, only a few fluids are actually used in
commercial plants. Hydrocarbons are the fluids with the most desirable thermodynamic properties and the
flammability issues are often carefully managed in practice by restricting the operating conditions. One of the
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hydrocarbon fluids, namely n-pentane, is the working fluid that is used in the 1 MW APS Saguaro PT plant in
Arizona. According to Bao and Zhao no other working fluid has been used for commercial solar power plants
(>500 kW) before 2013 and no new information has been published according to the author’s knowledge since
then. This serves as a very strong argument for the acceptance of n-Pentane as working fluid. The screening
process further concluded that R134a and R245fa are also possibilities for a solar application and these fluids
have been used as working fluids on micro scale (<10 kW) solar applications. Table 1 gives a summary of
how n-pentane relates to the selection criteria when compared with R134a and R245fa:

Initial selection

Table 1: n-Pentane regarding the selection considerations

Availability and cost

Locally and affordably available.

Non-flammable

NFPA 704 rating: 4; readily dispersed
in air and will burn readily (Chemistry
Reference, 2017).
NFPA 704 rating: 1; can cause human
irritation (Chemistry Reference, 2017) .
Compatible with all materials

Non-toxic
Compatible with materials
Environmental benign

Selection according to thermodynamic properties,
(all properties are evaluated at 25°C)

Thermal stability
Vaporization latent heat

Density

Critical temperature

Molecular weight

Viscosity

Conductivity

Quickly evaporates and biodegrades in
soil (National Refrigerants Inc., 2015)
NFPA 704 rating: 0; very stable
n-Pentane: 365 kJ/Kg
R134a: 178 kJ/Kg
R245fa: 197 kJ/Kg
n-Pentane: 620 kg/m3
R134a: 1210 kg/m3
R245fa:1339 kg/m3
n-Pentane: 197°C
R134a: 122°C
R245fa: 154°C
n-Pentane: 72
R134a: 102
R245fa: 134
n-Pentane: 0.217 mPa.s
R134a: 12.06 mPa.s
R245fa: 402.7 mPa.s
n-Pentane: 0.1112 W/mK
R134a: 0.013 W/mK
R245fa: 0.0125 W/mK

From table 1 it can be seen that n-Pentane is the best option regarding the vaporization latent heat, viscosity and
conductivity. The beneficial higher critical temperature of n-Pentane and the adverse effect thereof can be seen
with the lower density. The much higher conductivity of n-Pentane caries a lot of weight as the total heat
transfer area is greatly reduced resulting in smaller heat exchangers. Heat exchangers are large contributors to
the total power plant cost hence smaller heat exchangers are desired. As a result n-Pentane is the best option for
working fluid considering the preceding criteria hence n-Pentane is the working fluid of choice for this analysis.

4. Technical analysis
The numerical calculations were carried out for the gross power output range of 500 kW – 5 MW. Following the
procedure of figure 4, the fluid properties at each state point as depicted in figures 2 and 3, are retrieved using
compressed liquid, saturated liquid, saturated vapor and superheated vapor property tables for n-Pentane, (NIST,
2017). The heat and mass balance across the devices are used and the procedure follows:
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The mass flow rate of the working fluid in the power block is given by:
݉ሶ =

ܹ௦௦
(݄ଷ െ ݄ସ )ߟ ் ߟ

(eq. 2)

The heat supplied to the evaporator and the heat rejected by the condenser is given by:
ܳ,ா = ݉ሶ (݄ଷ െ ݄ଶ )

(eq. 3)

ܳ, = ݉ሶ (݄ସ െ ݄ଵ )

(eq. 4)

To calculate the pumping power of the power block pump, the pressure drops in the turbine, condenser and
evaporator needs to be accounted for. They are calculated as such:
The pressure increase over the pump to overcome the turbine losses can be calculated by:
ο்ܲ = ܲଶ െ ܲଵ

(eq. 5)

The total heat transfer area of the evaporator is given by:
ܣ =

ܳ
ܷ οܶ,ா

(eq. 6)

Where the log mean temperature difference over the evaporator is defined as:
οܶ,ா =

(ܶௌி െ ܶଷ ) െ (ܶௌி െ ܶଶ )
ܶ െ ܶଷ
ln ቀ ௌி
ቁ
ܶௌி െ ܶଶ

(eq. 7)

The size of the evaporator is then determined by determining the number of plates to the upper integer:
݊ா =

ܣா
ݓா × ݈ா

(eq. 8)

Due to the phase change in the evaporator the pressure drop across the core part of the evaporator can be a
tedious procedure to calculate. By taking the pressure drop equation for single phase flow and incorporating the
two phase flow effect in the multiplication factor ߴ ଶ , a satisfying result can be obtained with this equation (Shah
& SekuliFғ, 2003):
οܲ,ா = ൬

݀
4
ܩଶ
൰ = ݂ா ቆ ቇ ቆ
ቇ ߴଶ
݀ݖ
ܦ, 2ߩா

(eq. 9)

Where:

ߴ ଶ = (1 െ )ݔଶ +  ݔଶ

ߩ ݂
+
ߩ ݂

ߤ .
ߩ .ଽଵ ߤ .ଵଽ
ቀ ቁ
ቀ1 െ ቁ ቇ
3.24( ݔ.଼ (1 െ )ݔ.ଶସ ) ቆ൬  ൰
ߩ
ߤ
ߤ
.ସହ

ܩଶ
൰
൬
݃ܦ ߩ௩

.ଷହ

(eq. 10)

 ܩଶ ܦ
൬
൰
ߩ௩

The pressure losses due to the intake and outlet manifolds are evaluated by the following equation (Shah &
SekuliFғ, 2003):
οܲெ,ா =

1,5ܩாଶ ݊,ா
2ߩଶ

(eq. 11)

The total pressure loss over the evaporator for the working fluid side is then after neglecting the gravitational
effects due to fact that the tubes are horizontal:
οܲா = οܲ,ா + οܲெ,ா
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The total pressure loss over the condenser, οܲ , is evaluated exactly the same way as that for the evaporator
taking note that the geometrical features of the air-cooled condenser differs.
The work required for the power block pump is then:
ܹ,௨ = ܸሶ (ο்ܲ + οܲா + οܲ )

(eq. 13)

To avoid the integrate and iterative design process of an air-cooled condenser in the scope of cycle optimization
such as this, a general relationship between the work required by the air-cooled condenser fan and the turbine
power output where (O’Donovan, 2013):
ܹ,ி = 0.02 × ܹ௦௦

(eq. 14)

This relationship was confirmed by taking a typical air-cooled condenser fan that is used in a similar application
with similar heat rejection requirements than the 5 MW case. The fan curve was available and by submitting the
data in the power block simulation a relationship of about 4% was calculated between fan work and turbine
power output. The relationship will be used with the more conservative relationship of 4% and by using a
relationship the simulation can be used in a modular way across the power output range.
The next step is to calculate the work required by the solar field pump. After calculating the mass flow rate in
the solar field with the following equation, the pressure drop in the evaporator, οܲௌி, can be calculated as in the
case of the evaporator working fluid side.
݉ሶௌி =

ܳ,ா
ܥௌி (ܶௌி െ ܶௌி )

(eq. 15)

Neglecting minor losses, the frictional pressure drop of the rest of the solar field can be calculated with the
following:
ଶ
(eq. 16)
ߩܸௌி
ܦௌி, 2
The total pressure drop and maximum required work (during day time) of the solar field pump is given below:

ȟܲௌி, = ݂

ܮ

οܲௌி = οܲௌி, + οܲௌி,

(eq. 17)

ሶ (οܲௌி )
ܹௌி,௨ = ܸௌி

(eq. 18)

The net power output of the plant is then calculated as given below:
ܹே௧ = ܹ௦௦ െ (ܹ,௨ + ܹ,ி + ܹௌி,௨ )

(eq. 19)

Following the objective function can be calculated as described previously given that:
ܳ =

ܳ,ா
ߟ௧௨

(eq. 20)

5. Results and discussion
A techno-thermodynamic optimization was set up for a solar ORC plant where the plant efficiency was used as
the objective function. For the 1 MW gross power output case, the power plant reached an optimal objective
function at a condensing temperature, TC = 300K and evaporating temperature TE = 450K. These values fall
within the constraints set by the simulation which necessitated the evaporating temperature below the critical
temperature of 470K of n-Pentane, and keeping the condenser outlet temperature above an ambient temperature
of 298K. The evaporating pressure reached a value of 2.45 MPa and the condensing pressure reached a value of
67 kPa. The exact same simulation was run under the same conditions for steam Rankine cycle for comparison
sake. The resulting plant efficiencies from the objective function for the whole simulated power range can be
seen in table 2:

93

L. Karsten / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Table 2: Resulting optimized plant efficiencies with net power output

Turbine power
output (kW)

Net ORC plant
power output (kW)

Optimized ORC
plant efficiency
(%)

Optimized steam
plant efficiency (%)

500

458

14.26

11.10

1000

916

14.26

11.82

2000

1 831

14.25

13.77

3000

2762

14.25

14.17

4000

3660

14.24

14.76

5000

4598

14.24

15.75

As can be seen from table 2, the ORC performs much better at the lower temperature range. The main reason is
that steam turbines are very inefficient at low power outputs leading to the whole cycle efficiency being lower.
As the turbine output increases above 4000kW, it can be concluded that a steam Rankine cycle would be a better
choice. Furthermore the ORC turbine efficiencies remain relatively constant for different power outputs, hence
the whole plant efficiency remains more or less constant with change in power output. The turbine and working
fluid has the largest effect of all the components on the cycle efficiency. Typically the average temperature at
which heat is added in the evaporator must be increased and the average temperature at which heat is being
rejected in the condenser needs to be decreased in order to increase cycle efficiency. The first mentioned is
directly linked to the turbine inlet temperature and the effect of the turbine inlet temperature on cycle efficiency
can be seen in figure 5.
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Figure 5: The influence of turbine Inlet temperature on plant efficiency for the 1 MW case

6. Conclusion
The paper optimized an ORC coupled with CSP and obtained a plant efficiency of about 14.2% across the
power range of 500 kW – 5 MW. The efficiency correlates with an existing plant. The simulated plant operated
at a maximum temperature and pressure of 450K and 2.45 MPa respectively. This is significantly lower than
that of traditional Rankine cycles resulting in components needing to have less resilience. This in effect has a
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great decreasing effect on plant cost and if accurate cost relations can be found one can conclude on the
economical competiveness of an ORC. When the steam Rankine cycle was simulated under the same conditions
and temperatures than the ORC, the ORC proved to be more efficient up to 3000kW power output. However
the lack of optimized technology in the solar ORC field leads to industry not widely accepting the technology as
a feasible solution yet but this paper concludes that further research in this topic is justified and that the solar
ORC technology is deemed to reach maturity in the future.
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8. Appendix: Nomenclature
Symbol
A
Cp
Dh
f
g
G
l
ۦ
n
P
S
T
U
9լ
w
W
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Quantity
Area
Specific heat
Hydraulic diameter
Friction factor
Gravity
Mass velocity
Length
Mass flow rate
Number of plates
Pressure
Entropy
Temperature
Overall heat
transfer coefficient
Volume flow rate
Width
Power

Unit
m2
J kg-1 K-1
m
m s-2
kg m-2 s-1
m
kg s-1
kPa
kJ kg-1 K-1
K
W m-2 K-1
m3s
m
W

Greek symbol

Definition

Unit

Ș
ȝ
ȡ

Efficiency
Viscosity
Density

Pa.s
kg m-3

Subscript
C
E
F
fr
gen
l
M
m
PB
SF
SFi
SFo
T
v
1,2,2a,3,4,4a

Definition
Condenser
Evaporator
Fan
Friction
Generator
Liquid
Manifolds
Log mean
Power Block
Solar Field
Evaporator in
Evaporator out
Turbine
Vapour
State Points
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Abstract
In this article, heat transfer characteristics of various heat transfer fluids (HTF’s) such as water, therminol oil,
molten salt and liquid metals are studied for parabolic trough solar collector. A three dimensional (3-D) numerical
simulation of absorber for parabolic trough solar collector is carried out using commercial computational fluid
dynamics software Fluent 16.0. The numerical model is solved based on K- H turbulent model with standard wall
function. The influence of thermo-physical properties of HTF’s on heat transfer rate from the absorber wall surface
to the fluid is studied for various mass flow rates ranging from 0.5 kg/s to 1.5 kg/s insteps of 0.25 kg/s. The
analysis is carried out for both uniform and non-uniform heat flux at the absorber wall surface. For both uniform
and non-uniform heat flux configuration, liquid sodium offers better heat transfer characteristics among all the
heat transfer fluids. Among all the heat transfer fluids, liquid sodium offers less temperature gradient (8.58 K) and
therminol oil offers high temperature gradient (42.74 K) around the circumference of the absorber for the mass
flow rate of 1 kg/s. Hence, liquid sodium offers significant benefits in terms of performance enhancement
compared to other heat transfer fluids.
Key Words: Parabolic trough solar collector, Receiver, Variable heat flux, Heat transfer fluid, Liquid sodium

1. Introduction
A concentrated solar thermal collector concentrates solar radiation on the receiver that converts solar radiation in
to useful high temperature heat. There are four concentrated solar thermal power (CSTP) technologies namely
linear Fresnel reflector (LFR), parabolic trough collector (PTC), power tower (PT) and parabolic dish collector
(PDC) that have reached reasonably high state of maturity. Globally ~ 4.8 GW CSTP plants are in operation and
~1.6 GW capacity of power plants are under construction as on March 2017 (NREL, 2017). Among the CSTP
technologies, PTC is most proven technology and commercially available for power generation with potential of
high dispatchability. The parabolic trough collector consists of parabolic shaped concentrator, receiver and
supporting structure. Receiver is the most important component of the CSTP system. The PTC receiver consists
of an absorber tube surrounded by glass envelope with annulus space evacuated. Heat transfer fluid is circulated
through the receiver to collect the heat from the receiver. Typically organic or synthetic oils are used as a heat
transfer fluid (HTF) in the PTC system. Synthetic oil has poor heat transfer characteristics and it has limitation of
maximum operating temperature (< 400oC). Design of receiver and heat losses from the receiver plays an
important role on the performance of PTC. Heat losses from the receiver is the function of absorber temperature,
ambient temperature, absorber type, wind velocity, etc. The temperature of the absorber may be reduced by
increasing the heat transfer rate between inner wall surface of the absorber to the fluid.
There are few studies exist on enhancement of heat transfer rate from the absorber wall surface to the fluid.
Almanza et al., (1997) conducted the experiments to study the deflection of absorber tubes due to temperature
gradient in circumferential direction for direct steam generation in parabolic collector. Odeh et al., (1998) studied
the performance of parabolic trough solar collector with synthetic oil and water as HTF. Kumar and Reddy (2009,
2012) studied the porous disc receiver for parabolic trough collector with therminol-55 and water as HTF and
developed the empirical correlations for Nusselt number and friction factor. Cheng et al., (2010) performed the
coupled flux distribution and heat transfer model for parabolic trough solar collector to analyze the heat
distribution in the receiver. In recent days, liquid metals gaining much attention for CSTP applications as HTF.
Boerema et al. (2012) studied liquid sodium and Hitec (a ternary molten salt 53% KNO3 + 40% NaNO2 + 7%
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NaNO3) as heat transfer fluids and reported that both fluids are alternative for molten salts in PT systems for
power generation. Kotze et al. (2012) compares the strengths and limitations of various HTF’s for CSTP
applications and proposed NaK may be the primary HTF for performance improvement. Pacioa et al. (2013)
proposed liquid metals such as liquid sodium and lead-bismuth eutectic as efficient heat transfer fluids for PT
systems. The recent development in HTF’s for low, medium and high temperature solar thermal systems has been
reviewed by Srivastva et al. (2015). Overall, liquid metals gaining momentum for CSTP applications to improve
the performance of the receiver. In this paper, heat transfer ability of various HTF’s and temperature gradient
around the circumference of the absorber tubes are explored. The characteristics of HTF’s such as stability at
higher temperature, decomposition due to continuous heating and cooling, corrosion issues will be studied in
future as continuation of this work.

2. Modeling of Absorber for Parabolic Trough Solar Collector
A 3-D numerical modeling is carried out to investigate the heat transfer rate from the absorber wall inner surface
to the various working fluids such as water, therminol oil, molten salt, liquid sodium and eutectic NaK (77.8 %
potassium and 22.2 % sodium by weight). The eutectic NaK hereafter referred as NaK78. The thermo-physical
properties of various heat transfer fluids are given in Table 1. The schematic of absorber of parabolic trough solar
collector is shown in Figure 1. The absorber of 4 m length is considered for the analysis with internal and external
diameter of 66 mm and 70 mm respectively. The mass flow inlet and pressure outlet boundary condition is
considered. The analysis is carried out for various mass flow rate ranging from 0.5 kg/s to 1.5 kg/s insteps on 0.25
kg/s. Constant and variable heat flux boundary conditions are considered for the analysis. For constant heat flux
boundary condition, the absorber wall is subjected to 21000W/m2 and for variable heat flux boundary conditions,
the flux profile is given in Figure 2 (Khanna and Sharma, 2016).

Tab. 1: Thermo-physical properties of various heat transfer fluids (Kotze, 2012)

S. No.
1
2
3
4
5

Heat Transfer
Fluid
Water
Therminol Oil
Molten salt
Liquid Sodium
NaK78

Density
(kg/m3)
995.7
1056
1794
820
749

Specific Heat
(kJ/kg K)
4.178
2.5
1.21
1.25
0.94

Thermal Conductivity
(W/m K)
0.60
0.09
0.55
119.3
26.2

Fig. 1 Schematic of absorber of a parabolic trough solar collector

The governing equations for steady, incompressible, forced convection in the absorber are given as (FLUENT,
2016):
Continuity equation:

G
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(eq. 1)

Momentum equation:
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Energy equation:



G

U C p  VT

98

P

U

§ P  Pt
© U

¨

O 2T

· 2 G GT JJJG
¸  V  V  FB
¹

(eq. 2)

(eq.3)

N.V.V. Krishna Chaitanya / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

A steady state, 3-D model with incompressible and turbulent flow is solved using K- H turbulent model. Reynolds
Averaged Navier Stokes (RANS) model is used to solve the momentum equation with turbulent stresses. The
RANS equations for incompressible flow is:
w
wx j
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k and ߝ are the values of turbulent kinetic energy and turbulent dissipation rate.
The heat transfer coefficient from the absorber tube to the fluid may be given as:
݄ ൌ 

̶

(eq. 4)
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Where,  ̶ݍis heat flux,ܶ௪ is the wall temperature and ܶ is reference temperature.

3. Boundary Conditions for Receiver
The following boundary conditions are applied for modeling of the absorber of the parabolic trough solar collector:
a)

Inlet boundary condition

Mass flow inlet boundary condition is used at the absorber inlet with different temperature depends on the
working fluid.
u

uin;T f

0drd

Tin at L

0

di
,  180o d T d 180o
2

(eq. 5)

Since the melting temperature of molten salt and liquid metals are higher than the ambient temperature, the inlet
temperature for various HTF’s are considered as 300 K for water, therminol oil and NaK 78, 371 K for liquid
sodium and 498 K for molten salt.
b) Wall boundary condition
Absorber inner wall:
No slip boundary condition is given to the inner and outer side of the wall.

u

0 at 0 d L d 4, r

di
,  180o d T d 180o
2

(eq. 6)

Absorber outer wall is subjected to heat flux boundary condition. Two boundary conditions are applied to study
the performance of the absorber (a) Uniform (constant) heat flux boundary condition: the absorber wall is
subjected to uniform heat flux of 21000W/m2 and (b) Non-Uniform heat flux boundary conditions: the heat flux
profile applied on the absorber wall surface is given in Figure 2 (Khanna and Sharma, 2016). In figure 2, zero
degree corresponds to bottom of the absorber tube and ± 180o corresponds to top of the absorber.
c)

Pressure outlet boundary condition is employed across the outlet of the receiver.
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Fig. 2: Heat flux profile applied on the absorber surface (Khanna and Sharma, 2016)

4. Numerical Procedure
The governing equations are solved by finite volume method using CFD commercial software ANSYS Fluent
16.0 with segregated implicit solver and first order formulation (FLUENT, 2016). The first order discretization
technique is used in pressure based solver. The velocity and pressure coupling is done by using SIMPLE
algorithm. A convergence criteria of 10-3 is applied for velocity and momentum equations and 10-7 is applied for
energy equation. The computational model is created in ANSYS 16.0 geometry module. The model is discretized
into quadrilateral elements using ANSYS meshing module. Grid independence study is carried out and the number
of mesh element is identified as 688539 cells. The variation of results are insignificant beyond the above
mentioned element size. The geometric parameters of the absorber consists of a cylindrical tube with 4 m length
having an inner diameter of 0.066 m and an outer diameter of 0.07 m. The computational domain consists of two
zones such as solid and fluid. The wall is a solid zone where uniform and non-uniform heat flux is applied in two
separate cases as discussed earlier. The fluid zone is the heat transfer fluid flowing the through the cylinder from
inlet to outlet.

5. Validation
The model is validated by comparing the Nusselt number of present numerical model with Dittus-Boelter
correlation. The result shows that the present model deviates from Dittus-Boelter correlation is around 9%.
The Dittus-Boelter equation is given as:

Nu

0.023Re0.8 Pr 0.4

(eq. 7)

for Re t 10, 000 and 0.7 d Pr d 160

6. Results and Discussion
The numerical simulation of the absorber of a parabolic trough solar collector is carried out to analysis the
influence of thermo-physical properties of various HTF’s on heat transfer rate from absorber inner wall surface to
the fluid with different mass flow rates. The HTF’s mass flow rate varies from 0.5 kg/s to 1.5 kg/s insteps of 0.25
kg/s. In first case, simulations are carried out for the constant heat flux boundary condition to compare the heat
transfer coefficients and temperature difference (ΔT) between the absorber wall surface and mean fluid
temperature. The heat transfer coefficient increases with mass flow rate for all the HTF’s. As shown in Figure 3
that the maximum heat transfer coefficient as 1268 W/m2K at 1.5 kg/s is achieved for liquid sodium. For mass
flow rate of 1 kg/s, the minimum ΔT is observed for liquid sodium as 1.38 K and maximum ΔT is observed for
therminol oil as 31 K (Figure 4). It shows clearly that thermal conductivity of the HTF plays an important role in
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heat transfer from absorber wall to the fluid. Also, it helps to reduce the absorber wall temperature that results in
reduced heat losses from the absorber.

Fig. 3: Heat transfer coefficient for the absorber tube of parabolic trough solar collector for various HTF’s with uniform heat flux
boundary condition

Fig. 4: Temperature difference between the absorber wall surafce and mean fluid temperature for various HTF’s with uniform heat
flux boundary condition

In second case, non-uniform heat flux boundary condition is applied around the absorber circumference to
evaluate the heat transfer coefficient from wall to the fluid, temperature difference between the absorber inner
wall surface to the mean fluid temperature and variation of temperature around the absorber circumference. Figure
5 shows that the surface heat transfer coefficient increases with flow rate. For 1.5 kg/s of mass flow rate, the
maximum heat transfer coefficient of 1100 W/m2 K is observed for liquid sodium and minimum of 600 W/m2 K
is observed for therminol oil. It is observed that the temperature difference between the inner wall surface to the
mean fluid temperature (ΔT) is gradually decreases with increase in mass flow rate. Among all the HTF’s, the
maximum and minimum temperature difference occurs for therminol oil and liquid sodium respectively for the
given mass flow rate.
Temperature of the absorber around the circumference for 0.5 kg/s and 1.5 kg/s is shown in Figure 7 and 8
respectively. Since the inlet temperature of liquid sodium and molten salt is higher than the other HTF’s, the

101

N.V.V. Krishna Chaitanya / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

absorber wall temperature also higher for liquid sodium and molten salt. At bottom of the absorber wall is
subjected to higher heat flux (figure 2) and it decreases around the circumference while moving to top of the
absorber. For most of the HTF’s, higher wall temperature is observed at bottom of the absorber tube (0o). Absorber
wall temperature around the circumference is almost constant for liquid sodium. The temperature difference
around the circumference of the wall in descending is observed as therminol oil followed by molten salt, water,
NaK78 and liquid sodium for the given mass flow rate (Table 2).

Fig. 5: Heat transfer coefficient for the absorber of PTC with non-uniform heat flux boundary condition

Fig. 6: Temperature difference between absorber wall and mean fluid temperature for various HTF's with non-uniform heat flux
boundary condition

The temperature difference around the circumference of the absorber wall is maximum for lower mass flow rate
and decreases with increase in mass flow rate. The temperature difference around the circumference is maximum
for therminol oil at 0.5 kg/s of mass flow rate and minimum for liquid sodium at 1.5 kg/s. Higher the temperature
difference results in thermal stress in the absorber wall. It leads to deflection of the absorber, results in poor optical
efficiency. Hence, it is clear that thermo-physical properties of HTF’s play an important role in performance of
the receiver.
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Fig. 7: Temperature of the absorber tube around the circumference for mass flow rate of 0.5 kg/s

Fig. 8: Temperature of the absorber tube around the circumference for mass flow rate of 1.5 kg/s

Tab. 2: Temperature difference around the absorber circumference for different working fluids

Heat Transfer Fluids
Mass flow rate (kg/s)
Therminol oil

Temperature (K)
0.5
58.45

0.75
49.79

1
42.74

1.25
37.56

1.5
33.59

Water

23.67

21.12

18.94

18.8

17.79

Molten salt

38.89

33.22

29.84

27.68

26.09

Liquid sodium

9.49

9.01

8.58

8.09

7.65

Nak78

25.37

22.27

19.55

17.4

15.8

The temperature contours along the length for therminol oil, water and Nak78 are sown in Fig.9 at 0.5 kg/s. The
temperature increases gradually along the length from inlet temperature of 300 K. Temperature contours of molten
salt and liquid sodium is shown in Figure 10 and 11 respectively.
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Fig. 9: Temperature contours for (a) Therminol, (b) Water, (c) NaK78 at 0.5 kg/sec mass flow rate with non-uniform heat flux

Fig. 10: Temperature contours for molten salt at 0.5 kg/sec mass flow rate with non-uniform heat flux

The temperature contours at the outlet of the absorber tube for therminol oil, water and NaK78 are shown in Figure
12. NaK78 achieves higher outlet temperature due to low specific heat and higher thermal conductivity. The
temperature at outlet of absorber tube for various HTF’s such as therminol oil, water and NaK78 at 0.5 kg/s are
found as 314.3 K, 308.57 K and 337.3 K respectively. Figure 13 and 14 shows the temperature contours at the
outlet of absorber for molten salt and liquid sodium respectively. The outlet temperature of the molten salt and
liquid sodium is calculated as 527.6 K and 398.8 K respectively for 0.5 kg/s.

104

N.V.V. Krishna Chaitanya / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 11: Temperature contours for liquid sodium at 0.5 kg/sec mass flow rate with non-uniform heat flux

Fig. 12: Temperature contours at outlet of the absorber for (a) Therminol oil (b) water and (c) NaK78 at 0.5 kg/s with non-uniform
heat flux distribution
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Fig. 13: Temperature contour at outlet of the absorber for molten salt at mass flow rate of 0.5 kg/s

Fig.14: Temperature contour at outlet of the absorber for liquid sodium at mass flow rate of 0.5 kg/s
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Based on the analysis, it is found that liquid sodium and NaK78 offers less temperature difference around the
circumference of the absorber as well as temperature difference between the inner wall of the absorber to the mean
temperature of the fluid as compared to other heat transfer fluids. Since melting temperature of the liquid sodium
(97.82oC) is higher than the ambient, it requires either option for draining of liquid sodium from the receiver or
trace heating during plant startup. It increases plant operating cost which is not desirable. The melting point of
NaK78 is12.6oC which is less than the ambient temperature for most of the climatic conditions. It is desirable to
use Nak78 as heat transfer fluid for parabolic trough solar collector to improve the performance of the absorber
significantly.

7. Conclusions
The numerical simulation of absorber for a parabolic trough solar collector has been carried out for different
HTF’s and observed that the liquid sodium and NaK78 performs better than other HTF’s due to its high thermal
conductivity. It also reduces the temperature gradient between the absorber wall surface to the mean fluid
temperature as well as around the absorber circumference. Hence it helps to reduce the heat losses from the
absorber of the parabolic trough solar collector. By reducing the circumferential temperature difference, thermal
stress in the absorber tube can be minimized which results in no / minimum deflection of the absorber in turn it
improves the intercept factor / optical efficiency of the parabolic trough solar collector. Overall, using liquid metal
as heat transfer fluid improves the overall performance of the parabolic trough solar collector. Since liquid sodium
and NaK78 violently reacts with water and air, special precautions should be taken care to avoid the safety related
issues.
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9. Nomenclature
Cp

108

Specific heat (J/kg K)

di

Inner diameter (m)

do

Outer diameter (m)

hf

Heat transfer coefficient (W/m2 K)

k

Turbulent kinetic energy (m2/s2)

L

Length of cylinder (m)

Pr

Prandtl number

q

Heat flux (W/m2)

r

Radius (m)

Re

Reynolds number

T

Temperature (K)

Tin

Inlet temperature (K)

Tref

Reference temperature (K)

Tw

Wall temperature (K)

uin

Inlet velocity (m/s)

ui, uj

Velocity (m/s)

θ

Angle (deg)

U

Density (kg/m3)

μ

Dynamic viscosity (N s/m2)

H

Turbulent dissipation rate (m2/s3)
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Abstract

Ni-Co/Nanoporous Al2O3/Aluminum spectrally selective structures are grown using electrochemical anodization of
alumina, followed by electrochemical pigmentation of Ni and Co metallic particles simultaneously. The
pigmentation of Ni and Co particles into nanoporous anodized alumina (AA) is achieved using the reduction of
metal ions in the aqueous electrolyte. The measured absorptivity and emittance are ~ 0.90 ± 0.05 and 0.14 ± 0.04,
respectively. These structures are subjected to the ten identical thermal cycling upto 300 °C in inert N2 and air
ambient conditions. The optical performance suggests that absorptivity is nearly same with slight enhancement in
the emittance values as compared to the structure without any heat treatment. The accelerated corrosion studies
suggest that Ni-Co co-pigmented AA structures are relatively corrosion robust as compared to that of the AA
structure.
Keywords: Corrosion, spectrally selective coatings, emittance, absorptance,

Introduction
The energy crisis during 1970-1980 implied the consequences of fossil fuel depletion, greenhouse gases and
subsequently the climate change and obligated to look for alternate energy resources. Thus, renewable energy
sources are gaining attention continuously and their fractions are increasing slowly. Solar energy is one of the most
abundant environmentally safe renewable energy resources. The simplest and direct method of harnessing solar
energy is the solar thermal conversion, where thermal energy can be utilized for possible applications later or
simultaneously including power generation. The spectrally selective solar absorbers are used to convert the incident
solar radiation into thermal energy by employing on receiver tube of the solar collector, which is integrated into a
solar thermal systems and sub-systems for different applications including solar thermal power plants [Granqvist
1991, Behar et al. 2013]. Solar collectors can be classified into two category in general: (i) non-concentrating and
(ii) concentrating. The concentration ratio for nonconcentrating solar collector is one, which is greater than one (>
1) for concentrating collectors. Non-concentrating collector such as flat plate collectors and evacuated tube
collectors are mainly used for relatively lower temperatures based applications including solar hot water and drying
of agricultural products, whereas concentrating collectors are used for high-temperature application such as solar
thermal power and industrial applications. The initial spectrally selective coatings are mostly electrodeposited
black chrome, black nickel, Nis-ZnS composites and were integrated successfully in flat plate collectors. These
coatings are useful for moderate temperature applications under vacuum/inert or corrosion free ambients. The
performance of a solar absorber depends on optical properties of absorber surface, employed to intercept the
incoming solar radiation. For an effective solar energy collection, the spectral selective coatings are used, which
are capable of absorbing the maximum of solar spectrum without emitting large thermal radiations. Thus, spectrally
selective absorbers should exhibit high absorptance ≥0.95 in the solar spectral range 0.3 - 2.5 μm and low thermal
emittance ≤ 0.05 in the infrared spectral range 2.5-25 μm [Barshilia et al. 2006]. Ideally, a spectral selective
coating (SSC) should have low reflectance (U) ~ 0 for wavelengths (λ) ≤ 2.5 μm and high reflectance ~1 for λ ≥
2.5 μm. The cutoff wavelength may be higher or lower as the wavelength distribution of radiation emitted by a
black body depends on the temeperature [Duffie 1980]. Concentrated solar thermal power systems(CSP) operate at
high temperature (≥ 400 °C). For such application, SSCs should be chemically and thermally stable in the working
environment under elevated temperature and thus, high thermal and structural stabilities are essential for both the
combined and individual layers of the coating structures [Kennedy 2005]. The SSC performance may degrade at
high-temperature not only because of oxidation in a residual environment in a vacuum or in air ambient but also
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due to the thermal cycling, causing periodic thermal stresses. In addition, this may also cause interlayer diffusion
and chemical reactions, leading to the poor interlayer adhesion and thus deteriorating the solar performance. The
chemical reactions, especially in open ambient and moist conditions, may corrode and thus damage the coating
structure. Further, the challenge is to keep the emiittance (ε) low at high temperatures as the thermal radiative
losses are proportional to the fourth power of the temperature in conjunction with high absorptance. Thus, there is a
tradeoff between emittance and absorptance as these are mutually exclusive properties for SSCs [Kennedy 2002].
Among numerous SSCs, ceramic-metal (cermet) based spectrally selective absorber structures are extensively
investigated and are still extensively under consideration due to their potential for solar thermal applications. Their
high solar absorptance, low IR emittance and good thermal stability for mid and high temperature range make them
very attractive for concentrated solar power applications [Cao et al. 2014]. The coating thickness and metal volume
fraction in the ceramic matrix as well as particle size, shape and orientation can affect the spectral selectivity. For
example, thicker cermet structures with smaller particle size are desired for high solar absorptance, whereas with
increased thickness leads to the higher thermal emittance. Electrodeposited black chrome coatings are widely
studied and used for solar hot water applications [Niklasson and Granqvist 1983, Craighead et al. 1981]. However,
these are not very useful for high-temperature applications. Alumina (Al2O3) based cermet coating exhibit desired
optical properties and thermal stabilities, showing relatively better solar thermal performance with enhanced
thermal stability.The metal pigmented dielectric nanoporous structures such as anodized alumina may provide
suitable cermet type spectrally selective absorber structures [Graqvist and Hunderi 1979]. The porous alumina
layers with inclusion of transition metals like Fe, Co, Ni, Cu, Au, Ag, Mo, Cr, and W are widely studied [Galione
et al. 2010,Salmi et al. 2000, Wackelgard 1996] for solar absorbers showing a high solar absorptance (α) of 0.93
and low thermal emittances (ε) ranging 0.04– 0.10 [Andersson et al. 1980]. In addition to the solar absorbers, metal
pigmented anodized alumina is also used in nanostructured electronic devices [Sellmyer et al. 2001, Paulus et al.
2001].
Various physical and chemical deposition techniques are employed for synthesizing cermet structutre [Kennedy
2002].Among them electrochemical deposition is promising because of its easy synthesis process and the
scalability for depositing coating structures on desired surfaces. This also provides the good control on synthesis
parameters such as current density, electrolyte concentration, deposition time or combination of these as well to
realize the optimized coating structures for possible applications. Thus, relatively good quality spectrally selective
structures can be realized using electrodeposition with optimal solar thermal properties. The double anodization
process is proposed by Masuda and Fukada [Masuda and Fukuda 1995] to obtain the ordered pore arrays and pores
with straight side walls. The ordered pore arrays are useful when the porous alumina is used as a template, for
example, in the electrodeposition of metallic or semiconducting nano-particles, wires and nanorods to achieve the
metal-alumina composite matrix structure and also the specific structures for electronic device applications [Gerein
and Haber 2005, Shin et al. 2009]. However, the requirement of straight pores is not so stringent for spectrally
selective cermet coating structures and single step anodization process is used is followed to generate the porous
alumina structure [Graqvist and Hunderi 1979, Salmi et al. 2000, Andersson et al. 1980, Cuevas et al. 2014]. These
structures are obtained by anodizing aluminum in dilute phosphoric acid and electrolytically colored using nickel
pigmentation. However, the stability of such structure is limited upto 250-300°C. Nahar et al and Cuevas et al also
used cobalt pigmentation instead of nickel because of stronger oxidation resistance as compared to nickel [Cuevas
et al. 2014, Nahar et al. 1986]. There are studies on Ni pigmented AA and Co pigmented AA spectrally selective
coating structures as mentioned in Table 1 [Cuevas et al. 2014, Nahar et al. 1986, Niklasson and Granqvist 1984,
Nahar et al. 1989]. However, very few studies are available on simultaneous Ni-Co pigmentation of anodized
alumina for solar thermal applications in conjunction with their thermal and corrosion stabilities.
This work reports the development of Ni-Co/Nanoporous Al2O3/Aluminum structures. These structures are
synthesized electrochemically. The anodization process has been optimized to get the desired pore size (~ 50 nm),
followed by Ni and Co co-pigmentation into the nanoporous alumina structures. The detailed structural,
microstructural and optical studies will be discussed in conjunction with their thermal and corrosion stabilities. The
theoretical estimations are carried out to understand the impact of the metal fraction in a dielectric matrix on
optical properties.
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Table 1. Ni, Co pigmented anodized alumina as SSCs and their optical properties.

SSCs stucture

Absorptance

Emittance

Ni/Al2O3/Al
Co/Al2O3/Al

0.93 - 0.96
0.92

0.01 - 0.20
0.28

Co/Al2O3/Al

0.92

0.16

Thermal
stability
300 °C (Air)
400 °C (Air)

-

Corrosion
Resistance
-

-

References
Kennedy 2002
Niklasson and
Granqvist 1984,
Nahar et al. 1989
Cuevas et al. 2014

2.Experimental detail
The development of Ni-Co co-pigmented anodized alumina as the spectral selective coatings involve the three
successive steps: (i) pre-treatment of substrate surface, (ii) electrochemical anodization for porous alumina
structure and (iii) electrochemical co-pigmentation of nickel-cobalt in anodized alumina. The process is explained
schematically in Fig 1. The pretreated degreased 80 mm × 40 mm × 1 mm aluminum ‘Al’ sheets are used as
working electrodes and a 7 mm x 10 mm x 3 mm graphite plate as the counter electrode [Bostrom et al. 2003,
Green et al. 2007]. The anodization is carried out at constant voltage 15 VDC for about 15 minutes at room
temperature (~ 25 ̊C) in 2M phosphoric acid electrolyte solution. This led to the porous aluminum oxide structure
with 50 ± 10 nm diameter pores. Further, aqueous electrolytic bath, containing 0.11M CoSO4, 0.11 M NiSO4, 0.2
M H3BO3 and 0.1 M ascorbic acid, is used for co-electrodeposition of Ni-Co metallic nanoparticulates inside the
porous alumina structure. This is achieved under AC electrodeposition conditions at ~10 VAC (frequency ~50 Hz)
for 10 minutes [Foyet et al. 2008]. The solar thermal properties of these structures are investigated using UV-Vis
and IR spectroscopic measurements. The accelerated corrosion tests are carried out in 3.5 wt% NaCl electrolyte
solution at room temperature. The thermal treatments are carried out under ambient and inert N2 gas environments.
The microstructural and surface properties are investigated using Carl Zeiss EVO 18 especi al edition
scanning electron microscope (SEM). The elemental compositions are measured using the energy
dispersive X-ray (EDX) instrument (OXFORD make); equipped with SEM system. The optical reflectance
is measured using UV–Vis-NIR spectrophotometer (Carry 5000) in 0.2-25 µm wavelength range to
understand the spectral response. These reflectance measurements are used to calculate the room
temperature solar absorptance α(λ) in 0.2 - 2.5 μm wavelength range and thermal emittance ε(λ) in 2.5-25
µm respectively.

Ni2+
Co2+

NiCo/Nanoporous- Al2O3

Fig.1: The schematic diagram explaining electrodeposition setup for Ni-Co pigmentation into the nanoporous Al2O3 structure.

3. Results and discussion
The SEM micrographs are shown in Fig. 2 (a) and 2(b) for anodized alumina and Ni-Co co-electrodeposited
anodized alumina, respectively. The respective schematic structures are shown as the insets. The pore size of the
anodized alumina is estimated using higher magnification image of anodized alumina, as shown in inset, in Fig. 3
(a)). We observed pore size ~ 40 ± 10 nm. For elemental composition determination, EDX measurement was
performed and estimated results are shown as the insets in respective figures. The introduction of Ni and Co can be
observed in anodized alumina structures, as shown in Fig. 2 (b). In spite of equimolar ratios for Ni and Co
precursors, the electrodeposition of Co is preferred and larger Co fraction is deposited as compared to that of Ni in
these Ni-Co co-pigmented anodized alumina structures.
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(a)

(b)

Fig. 2: SEM micrograph of the anodized alumina (a) and Ni-Co co-electrodeposition in anodized alumina (b)

The representative UV-Vis-NIR reflectance measurement is shown in Fig 3(a) for Ni-Co/Nanoporous
Al2O3/Aluminum spectrally selective coatings ~ 0.2 – 25 Pm wavelength range. The effective medium approach is
used to simulate the reflectance for these structures [Niklasson et al. 2007] and is shown in Fig 3(a) in conjunction
with experimentally measured reflectance. The materials parameters such as dielectric and optical constants are
borrowed from references [Andersson et al. 1980, Palik 1998]. The metallic fraction is varied to achieve the best fit
for the experimentally recorded reflectance, as shown in Fig. 3(a).
The simulated reflectance trend is similar to the experimentally measured reflectance and is in good agreement
towards higher wavelength region. However, the simulated and measured reflectances are not showing good
agreements and the difference is attributed to ignorance of the surface irregularities and lack of reliable materials
parameters in the desired wavelength regions. The measured absorptance and emittance values are 0.95 and 0.14,
respectively for the pristine spectrally selective structures. The measured absorptance is in close agreement with
the simulated absorptance whereas the emittance value is slightly higher as compared that of the simulated
emittance for optimal 25% metallic fraction in anodized alumina ceramic matrix. Further, these coating structures
are thermally heat-treated at 300°C for 50 hours and respective reflectance results are summarized in Fig. 3(b) &
(c). The emissivity value increased from 0.14 for as prepared structure to 0.20 and 0.22 for thermally treated
structures in inert N2 and air ambient conditions, suggesting that these structures are relatively thermally stable
with a small increase in their emissivity values.
(b)
0.8

0.6

0.6

Experimental H = 0.14

0.4

0.4

0.2

0.2

0.0

0.0

2

4

6
O Pm)

8

10

12

(c)

0.40

1.0

0.95

0.8

0.94

0.35

0.6
0.4

Al2O3/NiCo/Al H 

0.2
0.0

5

0.30
0.93
0.25
0.92
0.20

Al2O3/NiCo/Al-HT-N2H 

0.91

Al2O3/NiCo/Al-HT-Air H 

0.90

10

15
O Pm)

20

25

Emittance

Simulated H = 0.09

1.0

Absorptance

0.8



Reflectance

1.0

Experimental Reflectance

Simulated reflectance

(a)

0.15

As preapared

HT

0.10
After corrosion

Sample

Fig. 3: Reflectance curves for (a) pristine Ni-Co/Nanoporous Al2O3/Aluminum coating, experimentally measured one with blue color
and simulated one with black color (* glitch at 2.5 Pm is the instrumental error, while changing the wavelength range near NIR region
and # glitch in data taken from references at 7.8 μm); (b) high temperature (HT) thermally treated Ni-Co/Nanoporous
Al2O3/Aluminum coatings, with respective emissivity values and (c) absorptance and emittance for as prepared, HT and after corrosion
treatment of Ni-Co pigmented Ni-Co/Nanoporous Al2O3/Aluminum coatings.

For corrosion studies, potentiodynamic polarization measurements are carried out in 3.5 wt% NaCl electrolyte
solutions for anodized alumina and fabricated SSCs structure at room temperature. The corrosion experiments were
performed using Autolab (Metrohm) workstation in three electrode configuration, where platinum is used as
counter electrode, Ag/AgCl as reference electrode and sample as working electrode. In both the corrosion
measurements, sample was immersed in 3.5% NaCl solution for half an hour to establish open circuit potential
(OCP). The OCP for anodized alumina was ~0.56 mV and -0.65 for fabricated SSC sample. So, measurement were
performed in -1.5mV to 0 to cover the OCP range. The measured voltage versus logarithmic of current
measurement is summarized as Tafel plots in Fig. 4(a). The respective corrosion parameters are calculated using
Nova software, provided with Autolab (Metrohm) workstation and are summarized in Table 1. The polarization
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resistance is measured using Stern-Geary relation, ܴ ൌ

 ൈೌ
ଶǤଷൈೝೝ ሺ ାೌሻ

ሺ݉ܿߗܭଶ ሻ, where ba and bc are anodic and

cathodic curve slope. The corrosion current (icorr) is lower ~0.182µA cm-2 for Ni-Co/Nanoporous Al2O3/Aluminum
structure as compared to that of ~ 0.936µA cm-2 for anodized alumina at a scan rate of 10 mVs-1, suggesting that
corrosion resistance has increased for pigmented structure. The corrosion potential and polarization resistance (Rp )
also showed higher values for fabricated SSCs with respect to that of anodized alumina. The corrosion rate after
metal pigmentation is observed much lower as compared to that of anodized alumina. These results suggest that the
Ni-Co/Nanoporous Al2O3/Aluminum structure is better corrosion resistant with respect to the anodized alumina.
This is desirable for a SSC structure for longer lifetime in open environmental condition. After corrosion
measurement, the optical characterization was performed to estimate the absorptance and thermal emittance. The
observed absorptance of these corrosion treated samples remains nearly unaffected, whereas the emittance values
showed enhancement upto 0.38 as shown in Fig. 4(b). This is mainly attributed to the increased surface roughness
due to microstructure evolution, introduced during the accelerated corrosion testing.

0.0

Sample A
Sample B

1.0

-0.3

Reflectance

E( V vs Ag/AgCl )

(a)
-0.6
-0.9
-1.2
-1.5
1E-9

(b)

0.8
0.6
0.4
Before corrosion Ha
After corrosion Ha

0.2

1E-7

1E-5
Log(I/A)

0.0

1E-3

5

10

15

O Pm)

20

25

Fig. 4: (a) Potentiodynamic polarization curves and (b) respective reflectance curves for anodized alumina (black) and NiCo/Nanoporous Al2O3/Aluminum SSCs ( red).
Table 2.The estimated corrosion parameter of anodized Al and Ni-Co/Nanoporous Al2O3/Aluminum SSCs

Sample

Ecorr (V)

icorr

(µA/ Rp

C.

Rate ba

bc

cm-2)

(KΩ)

(mm/y)

(V/dec)

(V/dec)

Sample A

-0.6589

0.936

40.66

0.0108

0.100

0.359

Sample B

-0.837

0.182

135.03

0.0021

0.049

0.050

4. Conclusion
We demonstrated successful deposition of Ni-Co/Nanoporous Al2O3/Aluminum SSCs using simple
electrodeposition process. These structures showed optimal absorptivity ~ 0.95 and emissivity ~ 0.14. Further,
these structures showed enhanced thermal resistance without degrading their optical properties significantly. The
corrosion studies suggest that Ni-Co co-pigmented SSCs structures are relatively corrosion resistant as compared to
that of the bare anodized alumina substrate. The observed absorptance is nearly unaffected whereas the emittance
values enhanced to ~ 0.38 for corrosion treated SSC structures. Thus Ni-Co co-pigmentation in anodized alumina
structures may provide a thermally stable and corrosion resistant spectrally selective structure.
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Abstract
The failure of receiver tube is the primary ongoing issue in the parabolic trough power system. In this study, the
stress field of the receiver is studied by numerical simulation and the field measurements. The three-dimensional
numerical simulation on the whole receiver is conducted firstly by combining the Monte-Carlo Ray Tracing
method and the Finite Volume Method. The temperature, the heat loss and the expansion length of the receiver
were tested on a heat loss test bench. The simulated concentrated heat flux on the absorber tube and the glass
envelope have good agreement with Jeter's results. The temperature field of the entire receiver then was used to
analyze the thermal stress and the deformation of the receiver. Finally, the effects of the DNI, the fluid temperature
and flow rate on the temperature gradients and the thermal stress fields of the whole receiver were studied. The
absorber tube bending and glass to metal seals failure were also analyzed. The Von-Misses stress and allowable
strain of 316L stainless steel were used to analyze the deformation and the fatigue failure of the receiver.
Keywords: parabolic trough receiver, thermal stress, DNI, temperature distribution

1. Introduction
Solar thermal electricity generation is one of the feasible renewable technologies to reduce the consumption of
conventional fossil fuels and CO2 emissions. At present, large-scale solar thermal electricity generation mainly has
four types of systems: parabolic trough, solar tower, solar dish and linear Fresnel, among them parabolic trough
technology is the most proven and widespread solar thermal power technology today.
In a parabolic trough system, the mirrors concentrate the sun rays on the receivers. The heat transfer fluid (HTF)
passes through the receivers and transfers heat from the receiver tubes to a heat exchanger in a power station. The
receiver is one of the most important elements in the system for converting the solar energy into thermal energy of
HTF. The parabolic trough receiver consists of an absorber tube with a selective coating and a glass envelope
surrounding the absorber tube to form a vacuum annular space between the glass envelope and the absorber tube. A
glass to metal sealing element is arranged on each free end of the glass envelope, wherein the central absorber tube
and the glass to metal sealing element are connected with each other by means of bellows, as shown in Fig. 1 (Price
et al. 2002). In order to decrease the sealing residual stress, a thermal coefficient matched material combination
that composed of the Kovar alloy and the 5.0 borosilicate glass was applied in the receiver studied in this paper
(Lei et al. 2012).
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Fig.1 Typical parabolic trough receiver

The receiver's structural reliability has a significant influence on the safety and economic operation of the parabolic
trough system (Cheng et. 2010, Glenn, 2012). Data from existing commercial parabolic trough power stations show
that receiver failure is the primary ongoing issue. The first nine solar energy generation system plants (SEGS) have
experienced very high receiver failure (about 5.5% per year) in the first few years (Price, 2002,). The most recent
data for SEGS pants indicated that receiver failures had decreased to 3.4% of the total field receivers per year,
which still seems unacceptably high. These failures involved vacuum loss, glass envelope breakage and
degradation of the coating. Of these failures, 55% were reported to involve broken glass and 29% involved loss of
vacuum, in most cases due to the failure of glass to metal seals, but also due to bowing tubes (Mills, 2004). The
receivers themselves represent 30% of the solar field material cost and would require additional labor to replace
(Charles, 2010).
In order to investigate the failure mechanisms, some researchers have focused on the temperature gradients and
stress fields on the absorber tube due to the non-uniform heat flux (Cheng et al. 2010; Wu et al. 2014b; Abedini et
al. 2015). The literature survey shows that most of their models mentioned above ignored the end parts of the
receiver (without bellows and glass to metal sealing element). There are few researchers to study the detailed heat
transfer and thermal stress of whole receiver under non-uniform concentrated solar heat flux in a parabolic trough
system. They did not consider the temperature and stress distribution of the bellows and the glass to metal seals
which could result in the glass envelope breakage or vacuum loss. Especially, their models ignored the effect of the
bellows and glass envelope on the temperature and stress distribution of the absorber tube. Actually, the bellows
and glass envelope will also affect or constrain the axial expansion of the absorber tube.
In this paper, the stress distribution of the whole receiver is further studied by numerical simulation and the
experimental measurements. The three-dimensional numerical simulation on the whole receiver is conducted firstly
by combining the MCRT method and the FVM. The non-uniform concentrated heat flux on the absorber tube and
the glass envelope was obtained through the coordinate transformations (CT) and Monte-Carlo ray tracing (MCRT)
method. The heat flux verified by comparing with Jeter's results was used as a boundary condition of the coupled
heat transfer modeling. The processes of fluid dynamics and coupled heat transfer of the receiver was analyzed by
FVM. Then the temperature, the heat loss and the expansion length of the receiver were tested on a heat loss test
stand. After validation, the temperature field of the entire receiver was used to analyze the thermal stress and the
deformation of the receiver. Finally, the effects of the DNI, the fluid temperature and flow rate on the temperature
gradients and the thermal stress fields of the whole receiver were studied. The absorber tube bending and glass to
metal seals failure were also analyzed. The Von-Misses stress and allowable strain of 316L stainless steel were
used to analyze the deformation and the fatigue failure of the receiver.

2. Methodology
There are three steps for the methodology in this study. Firstly, the solar energy flux distribution on the selective
coating and glass envelope is calculated and validated. Secondly, three dimensional temperature distribution of the
whole parabolic trough receiver tube is analyzed based on the previous step as a boundary condition. At the third
step, the temperature distribution data are used to calculate the thermal stress and deformation of the receiver tube.

2.1. Simulation of solar energy flux distribution
The coordinate transformations (CT) and Monte-Carlo ray tracing (MCRT) method were combined to simulate the
solar energy flux distribution on the receiver tube. In the simulation process, non-parallelism of solar rays with a
9.3mrad optics cone, rim angle, transmittance of the glass tube, absorptance of the coating, reflectance of the glass
tube and reflectance of the parabolic trough mirror were considered (Zhao et al. 2015). The detail calculating
process was presented in the Ref. Zhao et al. 2015. The heat distributions on the selective coating and the glass
tube were calculated under the same parameters as Jeter’s (Jeter, 1986). The simulation results in this paper show
that the heat flux distribution has a very good agreement with Jeter’s results as shown in Fig.2. The heat flux on the
absorber tube is low near angle of 0° due to the radiation shadow of the absorber, and then increases very fast up to
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the maximum value. After that, the heat flux decreases down rapidly with the angel and then it keeps the minimum
value due to the one sun radiation. The heat flux distributions on absorber tube and glass envelope were treated as
the heat flux boundary for the heat transfer simulation model.

Fig. 2 Simulated heat flux distribution result compared with Jeter’s result

2.2. Simulation of temperature distribution
In typical parabolic trough solar system, the solar radiation is reflected and concentrated on the glass envelope, and
then it transmits the glass envelope and finally arrives on the coating of the absorber tube. The coating converts the
solar energy into the heat energy, and then the heat energy is conducted to the absorber inner surface. The heat
transfer fluid (HTF) passes through the absorber tube then obtains the heat energy by convection. Meanwhile, a
part of heat energy (heat loss) passes through the glass thickness and by radiation and convection to the
environment from the outer surface of the glass envelope.
2.2.1 Assumptions in the simulation
A three-dimensional computational fluid dynamics and heat transfer simulation of whole receiver was established.
Fig. 3 shows the three dimensional mesh of the receiver tube used in this study. All of the meshes were generated
with O-grid method by Ansys ICEM. After performing a grid independent, the study based on the variation of
frictional pressure drop and temperature increase within the absorber tube, a grid of 3,000,000 cells was chosen for
the simulation of the temperature and the stress distribution.
In order to investigate the temperature gradient in the glass-to-metal seals and the bellows, finer grids were
generated near the glass-to-metal seals where large temperature gradient exists.

Fig. 3 Three-dimensional mesh of the receiver tube

The three dimensional heat transfer problem was solved using FVM model. Some assumptions in the simulation
are listed as follow:
1) The vacuum level between the absorber tube and the glass envelope is so good that the convection can be
ignored.
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2) The fluid flow is in steady state conditions. The calculated Reynolds number (Re=ρud/μ) of HTF flow in the
absorber tube is much higher than 2300, and the flow is turbulent. Therefore, standard k-ε model, a turbulence
model, was used in this study.
2.2.2 The governing equations
The governing equations include continuity equation, momentum equation, energy equation and standard k-ε twoequation turbulence model equation.
Continuity equation:
w
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(eq.1)

Momentum equation:

wp
wxi

Ugi 

wu wu j
wu
2
w
w
[(P  Pt )( i 
)  ( P  Pt ) l G ij ] 
( Uui u j )
3
wx j
wx j wxi
wxl
wxi

(eq.2)

Energy equation:
w
( Uc p uiT )
wxi

O

wT
wxi

(eq.3)

N equation:
w˄UuiN˅
P wN
w
[(P  t ) ]
Gk  UH 
wxi
wxi
V k wxi

(eq.4)

H equation:
w˄UuiH˅
P wH
H
H2 w
[(P  t ) ]
C1Gk  C2 U 
wxi
N
N wxi
V H wxi

(eq.5)

With
Pt

CP U

N 2 Gk
H ,

Pt

wui wui wu j

(
)
wx j wx j wxi

(eq.6)

The model constants & &  & P V N V H have the following default values:

C1 1.44 , C2 1.92 , C P
2.2.3

0.09 , V K

1 , V H 1 .3

Boundary conditions

(1) The following boundary conditions are applied to the inlet and outlet:
Inlet: u x

N in

uin , u y

0.005u x2 , H in

uz

0 , T Tin

cP  U (T )  N in2 / Pt ,where cP

0.09 , Pt 100

Outlet: fully-developed conditions.
(2) The selective coating is defined as a wall with the heat flux distribution calculated by the CT and MCRT
Method.
(3) Surface-to-surface (S2S) radiation model is used between the selective coating and inner surfaces of the
glass envelope, the Kovar rings and the bellows. The participating surfaces were assumed to be gray and diffuse.
(4) The outer surface of the glass envelope was defined with the equivalent coefficient of convective heat
transfer for convection and radiation.

2.3. Simulation of thermal stress
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The ANSYS software was used in the thermal stress analysis. Except the temperature distribution data of HTF, the
temperature distribution data of the receiver obtained in the CFD analysis were imported into the nodes of thermalstress analysis model with the same grids as the temperature analysis model. According to the materials used in the
receiver, thermo-elastic equations of hollow cylinder were solved by using finite element analysis (FEA) with the
aim of calculating thermal stress field and deformation for the receiver in this study.
In the parabolic trough collectors, the receiver tubes of the triples are generally straight and the mounting arms can
compensate the axial heat expansion of the absorber tubes. In the study, one end of the absorber tube was fixed in
X axial direction however the other end was allowed to move along the X axis freely and rotate around the X axis
freely. The gravity of the receiver tube was considered and its direction was assumed the negative Z axial direction.
In the parabolic trough receiver, although the bellows are used to compensate the axial and radial expansion
differences between the glass envelope and the absorber tube, the bellows are mainly subject to the axial force and
affect the deformation of the absorber tube in actual operation. Therefore, the bellows axial stiffness was
considered and input into the Ansys software.
In this study, the analysis of thermal stress field considers the combined effects of temperature gradients, support
constraints, internal constraints and gravity. According to the Von-Mises theory, the equivalent stress equation is
expressed as follows:
ɐ ൌ ඥߪ௫ଶ  ߪ௬ଶ  ߪ௭ଶ െ ሺߪ௫ ߪ௬  ߪ௫ ߪ௭  ߪ௭ ߪ௬ ሻ

(eq.7)

The Von-Misses stress and allowable strain of 316L stainless steel were used to analyzed the deformation and the
failure of the receiver

3. Experimental system description
A heat loss test stand was built in Institute of Electrical Engineering, Chinese Academy of Sciences (IEECAS).
This test bench was used to test the temperature of the glass envelope and the heat loss of the receiver. In order to
get the real thermal emittance of the coating, the heat losses depended on temperature were used to calculate the
thermal emittance (Lei et al. 2013).

Fig. 3 Receiver heat loss test stand at IEECAS

4. Results and discussion
4.1. Validations of numerical simulation results
4.1.1 Comparison between FVM model and experiment
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Fig. 4 Compared results between the test and the simulation

Fig. 5 Simulated result compared with test result

The FVM model generally can be validated by comparing the heat loss test results (Wu et al. 2014a; Chenget al.
2010). A heat loss test bench of the receiver was built in IEECAS in 2012. The heat loss test method, procedure,
test conditions and results were described in Ref.12 in detail. In this paper, the same test conditions as the Ref.12
were used to calculate the temperature and the heat loss of the receiver. In the simulation, the inner surface
temperature of the absorber tube was assumed to be constant, and no HTF was in the absorber tube. The average
temperature of the glass envelope was calculated by the same method in the heat loss test. The heat loss was
obtained by calculating the heat flux from the inner surface of the absorber tube in the simulation. Fig. 4 shows the
compared results between the test and the simulation. The heat loss difference between the simulation results and
the test results were between 1.6 and 10.3W/m with a relative error range of 1.4%-3.8%. The calculated glass
envelope temperature had a maximum 5.4% relative error with the test results. Considering the uncertainty
associated in both simulation and test, the agreement is very good. The uncertainty in the simulation contains the
uncertainty of the equivalent convective heat transfer coefficient used between the glass envelope and the ambient
and the thermal emittance of the coating. Especially, the thermal emittance of the coating is a very important
parameter for the simulation and can remarkably affect the simulated results. If the thermal emittance increases
only 1%, the heat loss will increase about 10%. Therefore, the thermal emittance of the coating should be tested at
different temperature because it is temperature-dependent. In this paper, the thermal emittance of the coating has
been tested in IEECAS heat loss test bench. Therefore, the numerical simulation methodology is valid in this study.
4.1.2 Comparison between FEA model and experiment
The validation of FEA model with real field test results is very difficult because the complicated external
environment, such as the real concentrated heat flux, the changeable wind speed, the installation error, the end
support condition of the receiver and the mirror shape error. In addition, the internal mechanical stress and residual
stress on the receiver tube also affect the test results.
Fig. 5 indicates the expansion length curves of the absorber tube with temperature. The expansion length of the
absorber tube was tested when the heat loss test was carried out. It shows that the simulation results agree with the
test results very well. The maximum HTF temperature is generally less than 400ć in parabolic trough system, the
material of the absorber tube is within the elastic range. Therefore, if the two end supports do not constrain the
axial expansion of the absorber tube, the stress is caused only by temperature and is linear functional relation with
the thermal strain in the absorber tube. The FEA methodology is valid and reliable for the stress analysis on the
absorber tube.

4.2. Temperature distribution of receiver tube
In order to calculate thermal stress field, the temperature distributions of the whole receiver and the key
components were shown in Fig.6.
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Fig.6 Temperature distributions of the whole receiver tube and the key components

In Fig. 6, DNI is 1000W/m2. HTF inlet temperature is 350ć and the flow rate is 2 m/s which is a typical condition
in system operation. Fig.10 a) shows the temperature distribution on the out surface of the whole receiver tube. The
temperature varies considerably at the end of the receiver tube, which decreases from 641K to 321K from the end
of the absorber to the middle of the glass envelope. Therefore, the receiver is subject to very large temperature
gradients in operation. In order to obtain the temperature information of the key components in detail, Fig. 6 clearly
exhibits the temperature distribution of the absorber tube, the Kovar ring and the bellows. It shows that the
temperature distribution is very nonuniform along both the axial and the circumferential direction of the absorber
tube. The larger temperature gradient occurred on the end part of the absorber tube due to the shield of the bellows
and the glass to metal sealing element. This nonuniform temperature along the axial direction of the absorber tube
can also cause thermal stress and the deformation of the absorber tube. Therefore, it is not reasonable to ignore the
bellows and the glass metal sealing elements when the temperature and stress are simulated for the receiver. The
temperature distribution of cross section of the absorber tube and HTF is symmetrical approximately, which is very
similar to the heat flux distribution on the surface (see Fig. 2). This temperature difference creates variable
expansion and nonuniform deformation of the absorber tube. The above temperature data are very important and
helpful for the structure design, optimization and the reliable operation of the receiver.

4.3. Stress distribution and deformation of receiver tube
The temperature information was further used to analyze the thermal stress distribution on the whole receiver tube.
Fig. 7 shows the stress distributions on the absorber tube, the glass envelope, the bellows and the Kovar ring. The
stress distribution on the absorber tube is nonuniform and similar to the temperature distribution and the heat flux
distribution. The maximum equivalent tensile stress is a bout 34MPa at the place of the maximum heat flux density.
It also shows that the absorber tube has a little deflection of 4.2mm, as shown in Fig 7 a). In the field test, although
the absorber bending has been seen, the deflections of the absorber tubes are no any rule when HTF velocity is
higher than 1m/s. When HTF velocity is lower than 1m/s, the absorber tube can easily bend and the bending
generally is permanent. The absorber tube bending can cause part of solar radiation out of the absorber tube and
decreases the thermal efficiency of the collector.

D 

E 



F 



G 



Fig. 7 stress distributions on the absorber tube, the glass envelope, the bellows and the Kovar ring



Fig. 7 b) and c) illustrate the axial stress distribution on the end of glass envelope and the Kovar ring. The two
figures present that the bigger stress concentration occurs at the junction between the Kovar ring and the glass
envelope. The maximum tensile stress of 11MPa locates at the end of the glass envelope. The reason may be that
the expansion difference between the absorber tube and the glass envelope causes the tensile force on the end of the
glass envelope, and the expansion difference between the Kovar ring and the glass also causes the tensile stress on
the end of the glass envelope. If the coefficient of thermal expansion (CTE) of the Kovar ring is much bigger than
CTE of the glass envelope, the larger tensile stress may exceed the tensile strength of the glass and cause the glass
break. Therefore, the difference of CTEs between the glass and the metal is an important factor affecting the
magnitude of stress.
The stress distributions on the bellows are also very nonuniform, as shown in Fig.7 d). The maximum axial stress is
at the third trough of the bellows. The bellows are subject to the larger axial stress due to the expansion difference
between the glass envelope and the absorber tube. While the maximum equivalent stress of 757 MPa is at the wield
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junction between the bellows and the Kovar ring, which the magnitude may be too big. The authors contribute the
large equivalent stress to the difference of CTEs between the Kovar ring and the bellows, and the unsuitable elastic
modulus or axial stiffness used in simulation. Because the thickness of the bellows is generally 0.2-0.3mm and the
bellows cyclically expand and compress every day, the bellows with large stress are easy to fatigue or crack, and
then lead to the vacuum failure of the receiver. Therefore, the bellows, as the key component, should have enough
fatigue strength and be protected from any concentrated solar radiation.

5. Conclusions
In this study, the distributions of the temperature and the stress were studied by numerical simulation and the
experimental measurements. The three-dimensional numerical simulation on the whole receiver was conducted
successfully by combining the MCRT method, the FVM and the FEA. The distributions of the temperature and the
stress were analyzed for the whole receiver including the bellows, the Kovar ring, the glass envelope and the
absorber tube in detail. After validating the numerical model, the effects of the fluid temperature and flow rate on
the temperature gradients and the thermal stress fields of the whole receiver were studied. The results show that˖
1˅ Thermal emittance of the coating should be tested at different temperature because it is a very important
parameter in the simulation and can remarkably affect the simulated temperature results.
2˅ The stress distribution is nonuniform along both the axial and the circumferential direction on the absorber
tube, which is similar to the temperature distribution and the solar flux distribution.
3˅ The bigger stress concentration occurs at the junction between the Kovar ring and the glass envelope. The
difference of CTEs between the glass and the metal is an important factor affecting the magnitude of stress.
4˅ The bellows are subject to the larger axial stress due to the expansion difference between the glass envelope
and the absorber tube.
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Abstract
A thermoeconomic analysis of a solar polygeneration plant for the joint production of electricity, fresh water, cooling,
and process heat is carried out, in order to analyze in depth the process of exergy cost formation and comparing with
standalone systems. The solar polygeneration plant consists of a concentrated solar power as prime mover, and a
multi-effect desalination, a refrigeration absorption, and a process heat plants. Results show that the main
components that contribute to the costs formation are: solar collectors, evaporator, re-heater, economizer, turbine,
and super-heater. Also, a solar polygeneration plant is more cost effective than stand-alone systems, which produces
the lower unit exergy cost of electricity, water, cooling and heat.
Keywords: polygeneration, symbolic thermoeconomic, exergy cost theory, concentrated solar power, multi-effect
distillation, refrigeration.

1. Introduction
Polygeneration is the integration of multiple utility outputs with one or more inputs for better performance. The better
performance may be assessed from different aspects, such as, thermodynamic, economic, environmental, and social,
in which the main advantages are in terms of the improvement of energy efficiency and cost-effectiveness, use of
alternative fuels and energy carriers, and reduction of emissions. Its advantages make polygeneration competitive
technologies [1]. In a topping cycle polygeneration system [2], fuel is used in the prime mover, typically in a power
cycle such as Rankine, Brayton or Diesel cycles, that generates electricity, and the prime mover’s hot exhaust is used
to supply thermal energy to other technologies driven by heat, like thermal distillation, process heat (industrial
heating, production of synthetic fuels, and other), and absorption cooling. The concentrated solar power (CSP) as a
prime mover is an interesting alternative to analyze the operation of a polygeneration scheme since it produces
electricity fueled by solar energy, and could be helped by a thermal energy storage or the hybridization with a fossil
fuel or a biofuel. This allows continuous operation, with a capacity factor similar to a conventional plant to better
match supply with demand, and additionally, rejects thermal energy from the power cycle that it is feasible to couple
it with technologies driven by thermal energy. In order to evaluate the integration in a polygeneration scheme there
are several methods [1], [3], [4], however the thermoeconomic (or exergoeconomic) method [5] is recommended
because provides compact matrix-based formulation for the detailed analysis of complex systems such as
polygeneration systems, where the Second Law of Thermodynamics provides its physical roots [6]. Exergy indicates
the maximum work that a flow or a system might produce while interacting with the environment, and it is very
useful for the analysis of this system because it allows measuring in the same physical unit resources of very different
nature, for instance electricity, energy, water, cooling, heat, resources, and waste. The exergy cost of mass and/or
energy flow represents the units of exergy used to produce it, i.e. the exergy cost of a flow is the amount of resources
expressed in exergy consumed for producing this flow [7]. The unit exergy cost allows analyzing and identifying
integrations because it is possible to determine the potential for resources savings. Exergy cost is a conservative
magnitude that increases in every process according to the irreversibility involved in that process. So, in an integrated
process, it is interesting to study in depth how exergy costs are being formed, therefore the process of cost formation
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provides vital information for the designer and evaluator that allows a better design and performance analysis,
respectively.
CSP could be integrated into polygeneration schemes [8] and different studies have focused mainly on the final cost
of each product [9]–[12]. However, such those studies do not consider the evaluation of the process of exergy cost
formation and the decomposition of each cost. For the reasons mentioned above, a solar polygeneration system is
analyzed by applying the symbolic exergoeconomic method to study the process of exergy cost formation and to
determine the main components that contribute to the cost formation of each product, so that find out new
opportunities for savings. The solar polygeneration scheme considered in this work is composed of a concentrated
solar power, a multi-effect desalination plant, a single-effect refrigeration absorption module, and a process heat
module.

2. Methodology
The methodology consists first of the modeling of a solar polygeneration plant and stand-alone plants. Secondly
symbolic exergoeconomic methodology [6], [13], [14], which is a technique based on the exergy cost theory [15],
was then applied.
The solar polygeneration plant is depicted in Figure 1, this consists of a concentrated solar power [16], [17] type
parabolic trough with thermal energy storage (TES) and backup system (BS), a multi-effect desalination (MED)
plant [18], a single-effect refrigeration absorption (REF) plant [19], and a process heat (PH) module. The
configuration and validation of the solar polygeneration plant and the stand-alone systems are described as Poly 1
and stand-alone plants in a previous study of the authors [11].

Fig.1. Configuration solar polygeneration plant. CST: cold storage tank, FWP: feed water preheater, G: generator, HP: high
pressure, HST: hot storage tank, LP: low pressure.

The main characteristics of those plants are shown in the Table 1.
Tab. 1: Main characteristics of the polygeneration plant and the stand-alone plants.
Property

Polygeneration

Stand-alone

CSP
TES, storage fluid

Two tank, molten salt

Tank temperature (cold/hot), °C

292 / 386

Full load hours of TES, h

12

Parabolic trough collector model

EuroTrough

Absorber tube

Schott PTR-70

Heat transfer fluid

DowTherm A

Collector optical efficiency, %
Irradiance at design day, W/m

Solar Field inlet temperature (inlet/outlet), °C
Aperture area, m2
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72.073

2

1 010
293 / 393
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Solar Multiple

2.56

BS efficiency

90 %

Capacity factor

96 %

Gross power production, MWe

55.0

HP turbine inlet pressure, bar

100.0

LP turbine back pressure, bar

0.37

0.06

MED
Feed seawater intake temperature, °C

25

Feed seawater intake salinity, kg/kg

0.042

Feed seawater after down condenser temperature, °C
Maximum salinity in each effect, kg/kg

35
0.072

Top brine temperature, °C

65

Gained Output Ratio, kg/kg

9.07

Fresh water production, m3/day

37 168

Concentration factor

1.7

Specific heat consumption, kJ/kg
Specific electricity consumption, kWh/m

245.2
3

1.5

REF (single stage absorption chiller)
Cooling capacity, MWth

5

Chilled water temperature (inlet/outlet), °C

10 / 6

Cooling water temperature (inlet /outlet), °C

25 / 35

Inlet temperature desorber, °C

108.49

Coefficient of Performance (COP)

0.70

PH (countercurrent heat exchanger)
Process heat capacity, MWth
Heat exchanger temperature (inlet/outlet), °C

7
63 / 90

The solar systems were simulated at the design point by considering an hourly meteorological year [20]. The
software IPSEpro [21] and MATLAB were used for the simulation of the different systems. The exergoeconomic
evaluation was conducted using MATLAB, and the ExIO module [22] as a complement of the Microsoft Excel.
The exergy cost theory (ECT) provides a general criterion that enables to assess the efficiency of energy systems and
rationally explains the process of cost formation of products. Thus, it is a cost accounting methodology that propose
methods to determine the number of resources required for getting a product. As a numerical technique, cost values
could be assessed. And with the help of the symbolic exergoeconomic method, the causes of the cost formation
process can be easily obtained by using matrix algebra. The ECT requires that the system be described by a physical
structure and a productive structure, the last structure is built according to the purpose of each component, and shows
the origin of the resources of each component and its product. Each plant has only one physical structure to describe
the physical relations between the process units, but various productive structures can be defined depending on the
fuel and product definitions as well as the disaggregation level selected. The disaggregation level is interpreted as
the degree of accuracy of the analysis. Each subsystem can be a part of an equipment, an equipment, or a group of
equipment. The productive diagram is a graphic representation of the thermoeconomic model of the plant, in which
the inputs of a component are its resources, and the outputs of a component are its products. This structure is
composed of n components connected by flows characterized by its exergy. Each component consumes resources
from other components or from an environment (those resources are named Fuel), to produce useful effects for other
components or for the environment (those useful effects are named Product). Fuel ( )ܨis partially transformed into
product (ܲ) and partially destroyed as irreversibility ()ܫ. A flow from component ݅ to component ݆ is represented by
the exergy flow, then, the Fuel and Product is defined as
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ܨ ൌ ܲ  ܫ ൌ  ܧ

(eq. 1)

ୀ


ܲ ൌ ܨ െ ܫ ൌ  ܧ

(eq. 2)

ୀ

where ܧ is the exergy flow, the subscripts ݅ and ݆ are generic components.
The fuel-product presentation is the adjacency matrix of the productive graph, that allows getting all flows within
the productive structure, and is based on distribution coefficients ݕ which indicate the proportion of the production
of the j-th component used as resource for the i-th component: it shows how the product of a component is distributed
among the other components and the environment.

ݕ ൌ

ܧ
ܲ

(eq. 3)

Expressing the Equation 1 as function of ݕ , it yields:




ܨ ൌ ܧ   ܧ ൌ ܧ   ݕ ή ܲ
ୀଵ

(eq. 4)

ୀଵ

The previous equation in matrix notation is:

ࡲ ൌ ࡲ   ۄࡼࡲۃή ࡼ

(eq. 5)

where ࡲ and ࡼ are vectors of all fuels and products, ࡲ is the vector of external resources, and  ۄࡼࡲۃis a matrix
composed of elements ݕ .
Similarly, with the same procedure, it is obtained:

ࡼ ൌ ሺࡷ െ ۄࡼࡲۃሻିଵ ή ࡲ

(eq. 6)

where ࡷ is a diagonal matrix containing the unit exergy consumptions of all components (݇ ሻ, defined as

݇ ൌ

ͳ
ܨ
ൌ
߰ ܲ

(eq. 7)

where ߰ is the exergy efficiency.
Equation 6 allows to calculate the products of all components starting from the external resources consumed by the
plant (ࡲ ) and using the parameters that define the components (unit exergy consumptions and distribution
coefficients).
The thermoeconomic analysis of energy systems, such as a polygeneration plant, has productive and dissipative
components. The productive components provide functional products, fuel (resources) to other processes, and
residues and waste disposals. Likewise, the dissipative components are required to reduce or eliminate the
environment impact of residues and waste, to maintain the operation conditions of the system, and to improve the
efficiency of the system.
According to the cost model, the exergy cost of the product is defined as

ܥǡ ൌ ܥிǡ  ܥோǡ

(eq. 8)

where ܥis the exergy cost, and the subscripts ܲ, ܨ, and ܴ mean product, fuel, and residues, respectively.
The costs of the external resources are known values as

ܥǡ ൌ ܧ

(eq. 9)

and the cost of each flow making up the product is proportional to its exergy

ܥ ൌ ܿǡ ή ܧ
where ܿǡ is the unit exergy cost of the product of i-th component.
The exergy cost of residues allocated to each productive unit is
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ܥோǡ ൌ  ܥ ൌ  ߚ ή ܥǡ
ఢವ

(eq. 11)

ఢವ

where ܥ is the exergy cost of the residues dissipated in the r-th component that has been generated by the i-th
productive component, ߚ is the residue cost distribution ratio, ܸ is the set of the dissipative system components.
The residue cost distribution ratios represent the portion of the cost of the residue dissipated in the r-th component
which has been generated in the i-th productive component.
The exergy cost of the product is decomposed into two parts

 ൌ ሺ  ோ ሻ ή ሺࢁ െ ۄࡼࡲۃሻିଵ ൌ   

(eq. 12)

where  is the exergy cost due to irreversibilities of the components,  is the exergy cost due to the residues
allocation, andࢁ is the identity matrix.
In the same form, the unit exergy cost of the product is decomposed into two parts

ܿ ൌ ܿ  ܿ

(eq. 13)

where ܿ is the unit production cost due to irreversibilities of the components, ܿ is the unit production cost due to
the residues, they are calculated by

ܿ ൌ ሺࢁ െ ۄࡼࡲۃሻିଵ ή ࢉ

(eq. 14)

ܿ ൌ ሺࢁ െ ۄࡼࡲۃሻିଵ ή ࢉோ

(eq. 15)

where ࢉ is the unit exergy cost of the external resources, ࢉோ is the unit exergy cost of the residues.
In summary, the process to assess the cost of the flow streams and processes in a polygeneration plant helps to
understand the process of cost formation, from the input resources to the final products.
Note that in this analysis different levels of disaggregation were taken: in the case of the CSP plant, is considered at
the level of components, but in the case of the systems to provide the other products, there are considered at the level
of a unique subsystem. Finally, nominal conditions of both alternatives have been used estimates this exergy cost
analysis.

3. Results and discussion
3.1. Stand-alone plants
The results about the costs decomposition for the stand-alone CSP plant are depicted in Figure 2 and shows how the
unit cost of product is obtained as the sum of the irreversibility contributions of the other devices which are
preceeding this product. The main components that contribute to the costs formation of electricity cost (in the
generator), in descending order of importance, are: solar collectors, evaporator, condenser, reheater, low-pressure
turbine, economizer, and superheater. In the solar collectors is produced the most significant exergy destruction, that
it is attributable to the irreversibilities associated with the large temperature difference between the sun and the heat
transfer fluid. Furthermore, it can be seen that this exergy cost is charged to the rest of components according to a
topping cycle scheme. On the other hand, the condenser is a dissipative component, that is allocated to all productive
units. It interacts with other components, in the sense is that the device allowing to close a thermodynamic power
cycle. As its operating temperature is quite low, from the point of view of the Second-Law of Thermodynamic, its
contribution to exergy costs is not so high, being the steam generator (or solar collectors in this case) the main
inefficient components.
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Fig. 2: Cost decomposition in stand-alone CSP plant.

In the case of other stand-alone plants, the main contribution in the cost of each product comes from the boiler,
being the higher heat source and then having the higher exergy destruction. Note that since both the MED plant and
the REF plant include a dissipative component to operate, they participate in the costs formation. Figures 3, 4 and
5 show the costs decomposition in the other stand-alone plants. In the case of the PH major exergy costs comes
from the boiler and a residual additional cost comes from the heat exchanger to accommodate the heat supply.

Fig. 3: Cost decomposition in stand-alone MED plant.
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Fig. 4: Cost decomposition in stand-alone REF plant.

Fig. 5: Cost decomposition in stand-alone PH plant.

3.2. Polygeneration plant
The costs decomposition in the solar polygeneration plant is depicted in Figure 6. The products such as electricity,
fresh water, cooling, and head are produced in Generator, MED, REF and PH, respectively. The main components
that contribute to the costs formation of electricity are: solar collectors, evaporator, reheater, economizer, lowpressure turbine, and superheater. In the case of water, these components are: MED’s dissipative, solar collectors,
MED, evaporator, reheater, economizer, and superheater. In the case of cooling, the devices are: REF’s dissipative,
solar collectors, REF, evaporator, reheater, economizer, and superheater. Finally, in the case of process heat, they
are: solar collectors, PH, evaporator, reheater, feed water preheater (FWP4), economizer, and superheater. In order
to reduce the costs of products, it is necessary to first consider these components in an in-depth process of analysis
and optimization.
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Fig. 6: Cost decomposition in polygeneration plant.

3.3. Comparison between polygeneration plant and stand-alone systems
Regarding the comparison between polygeneration plant and standalone systems, the results are presented in
Figure 7. According to these results, a solar polygeneration plant is more cost-effective than stand-alone systems,
since a lower unit exergy costs of electricity, water, cooling and process heat has found with respect to the standalone scheme. Remember that the unit exergy cost represents the amount of exergy required to get a unit of exergy
of the product, i.e. the resources required to carry out the production. For instance, a unit of exergy cost of electricity
of 3.3 kW means that 3.3 kW of exergy of resources is needed for producing 1 kW of electricity. The unit exergy
cost is possible to express in USD/kWh also, but in this case, is necessary to consider the investment and operation
costs. Anyway, this analysis was already done in a previous study conducted by the authors [11].

Fig. 7: Unit exergy cost of each product.

4. Conclusions
The exergy cost theory was applied to a solar polygeneration plant and stand-alone plant to analyze the process of
exergy cost formation in this complex and integrated scheme, as it is a solar polygeneration plant using a concentrated
solar power as prime mover, a multi-effect desalination, a refrigeration absorption, and a process heat plants. The
solar polygeneration plant was simulated in a location with high direct normal irradiations.
Symbolic thermoeconomic provides a method to decompose the production costs into the contributions of the
components irreversibilities and residues cost, thus it determines the cost formation process in a solar polygeneration
scheme. This method delivers information that is crucial to the design and optimization process of those complex
schemes.
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Results show that the main components that contribute to the costs formation of electricity in a solar polygeneration
plant are: solar collectors, evaporator, reheater, economizer, low-pressure turbine, and superheater. In the case of
stand-alone CSP plant is similar, but includes the condenser, the order is: solar collectors, evaporator, condenser,
reheater, low-pressure turbine, economizer, and superheater. On the other hand, the main components that contribute
to the costs formation of water are: MED’s dissipative, solar collectors, MED, evaporator, reheater, economizer, and
superheater. In the cooling are: REF’s dissipative, solar collectors, REF, evaporator, reheater, economizer, and
superheater. Finally, in the process heat are: solar collectors, PH, evaporator, reheater, feed water preheater (FWP4),
economizer, and superheater. To sum up, it is noted that ECT allows finding some interactions between different
plant components that are not necessarily very close one from the other.
The analysis shows that the integrated solar polygeneration plant is more cost-effective than stand-alone systems
since it produces the lower unit exergy cost of electricity, water, cooling and heat.
Nevertheless, the ECT applied here should be enlarged in future studies to different configurations of solar multigeneration plants (cogeneration, trigeneration, and polygeneration schemes) through different coupling points in a
concentrated solar power plant. Also, it might be considered other alternative technologies to provide desalted water
and cooling.
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Nomenclature
A: solar field aperture area
BS: backup system
 ܥ: exergy cost
 : exergy cost of the product
 : exergy cost of product due to irreversibilities of the components
 : exergy cost of product due to the residues allocation
ܿ : unit exergy cost
ࢉ : unit exergy cost of the external resources
ࢉோ : unit exergy cost of the residues
COP: coefficient of performance
CSP: concentrated solar power
CST: cold storage tank
 ܧ: exergy flow
ECT: exergy cost theory
FWP: feed water preheater
F: fuel
ࡲ : vector of external resources
 ۄࡼࡲۃmatrix composed of distribution coefficients
G: generator
HP: high pressure
HST: hot storage tank
I: irreversibility
ࡷ : diagonal matrix of unit exergy consumptions
݇ : unit exergy consumptions
LP: low pressure
MED: multi-effect distillation
P: product
PH: process heat plant
Poly 1: Polygeneration 1
REF: Refrigeration plant
SF: solar field
TES: thermal energy storage
ࢁ : identity matrix
ܸ : dissipative system components
 ݕ: distribution coefficients
Greek symbols
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ψ : exergy efficiency
ߚ : residue cost distribution ratio
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Abstract
This paper presents the design of a new calorimetric facility for the experimental aerothermal assessment of
volumetric receivers. The facility employs a 42 kW e high flux solar simulator composed of 7 Xenon-arc lamps
associated to as many ellipsoidal reflectors. An incident concentrated radiative power in excess of 14 kW th is
achieved at its focal point, with peak fluxes in excess of 3600 suns. A radiation homogenizer of square cross
section is utilized upstream of the working section to uniformly heat the receiver aperture. Measured irradiance
levels are discussed, and it is shown that the flow field non-dimensional governing parameters are highly
representative of on-sun experiments at larger scales. The facility allows for the acquisition of comprehensive
measurements to validate the design point operation of volumetric solar receivers, including absorber wall
temperatures, air inlet and outlet temperatures, pressure drop, incident heat flux and thermal efficiency.
Keywords: Experimental Techniques, Performance Testing, Forced Convection, Thermal Radiation, Central
Receiver Systems, Concentrating Solar Energy

1. Introduction
Solar receivers absorb incident concentrated sunlight and convert it to thermal energy at the temperature
required by the downstream conversion process: mechanical, thermal, or chemical (Becker and Vant-Hull,
1991). To make them feasible for large-scale industrial deployment, it is expected that working fluid
temperatures at receiver exit in excess of 720 ºC, thermal conversion efficiencies over 90%, minimum service
life of 10,000 cycles, and overall costs below 150 USD per kilowatt of thermal power delivered ought to be
achieved (Mehos et al, 2016). Operating temperatures play a conflicting role because receiver thermal losses
typically become significant at the very high levels that are required for efficient downstream conversion
processes.
Four heat transfer fluids have been researched in the development of solar power plants with central receiver
systems: water (or steam, either saturated or subcritical), molten salts, sodium and air (Romero et al., 2002). The
use of air has advantages in terms of abundance, availability, low environmental impact, and the ability to
achieve very high temperatures without thermal degradation. In this context, volumetric receivers constitute a
good alternative due to their functionality and geometric configuration. They operate as radiative-convective
heat exchangers, generally at irradiance levels which can be approximately five times higher than those of
tubular receivers (Romero et al., 2016). The goal is to achieve the so-called volumetric effect: a situation where
the hottest part of the receiver is located deep inside its structure so that thermal emission losses from its outer
surfaces (particularly the front face) are minimized (Boehmer et al., 1991).
Volumetric receivers are made of generally porous structures that enable concentrated sunlight to be absorbed
and conducted within their solid volume, from where it is gradually transferred by forced convection to a heat
transfer fluid that flows within (Ávila-Marín, 2011; Ho, 2017). Current design trends towards higher thermal
efficiencies have led to the use of complex intricate geometries to maximize temperatures deep inside the
structure and thus minimize frontal thermal emissions (Gómez-García et al., 2016). High (or selective) solar
absorptance, high internal convective heat transfer, high (or directional) thermal conductivity, low radiative and
convective thermal losses, mechanical durability at severe operating conditions, and, where possible,
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inexpensiveness of manufacturing, operation and maintenance are all desired features for volumetric receivers.
There exists, to the authors’ knowledge, scarce experimental evidence of solar receivers achieving a significant
volumetric effect, the exception being a double-layer selective receiver composed of an external silica squarechannel monolithic honeycomb (transparent in the solar spectrum and absorbent in the infrared band) and an
internal layer of solar absorbent silicon carbide particles (Menigault et al., 1991). It is thus possible that
selective reflectance and absorptance technologies (Kribus et al., 2014) or pressurized systems (Pozivil et al.,
2015) are thus required.
This paper describes the design of a new calorimetric facility for the measurement of steady-state thermal
conversion efficiency in volumetric receivers. The facility and its associated techniques are expected to serve as
an experimental platform for the evaluation and validation of such radiative-convective heat exchangers in
highly operation-representative conditions. Absorber samples up to a maximum aperture area of 300 cm2 can be
tested in it, at an incident power of 14 kWth, typical air mass flow rates of 10 g/s, and maximum air outlet
temperatures of approximately 1200 ºC. The facility allows for fully-integrated evaluations of performance and
thermal conversion efficiency in solar receivers. Measurements acquired in it can thus be placed at technology
readiness levels of 5 to 6 (technology validated and demonstrated in relevant environment).

2. The 42 kW High Flux Solar Simulator
High-flux solar simulators allow for the possibility of conducting high temperature solar thermal and
thermochemical research under controlled, stable and adjustable laboratory conditions. The solar simulator
employed in this study consists of 7 Xenon arc lamps, arranged in a compact hexagonal layout (Li et al., 2014).
Cathodes and anodes are mounted on electrode rods, and contained within quartz glass bulbs. Each lamp is
connected to a 6 kW electrical power supply and associated to an ellipsoidal reflector that also acts as a radiation
concentrator. Reflectors are made from polished aluminum in order to have a very high reflectivity surface, in
turn protected by a transparent polymeric coating. The ellipsoids have semi-major and semi-minor axes of 1374
mm and 569 mm, respectively, and their truncation diameter is 750 mm. The working section aperture plane is
situated at a distance of 2314 mm from the reflector. The focal length is 2500 mm. The solar simulator has been
illustrated in Fig. 1. Axisymmetric radiation flux profiles are achieved with this configuration, with peak flux in
excess of 3600 kW/m2 and a total incident power of approximately 14 kWth at the working section aperture.

Fig. 1: Left, frontal photograph of the high flux solar simulator. Right, attenuated photograph of the Xenon lamps in operation

High flux solar simulators have the advantages of stable and adjustable radiation intensity and heat flux. They
have been employed in research on high-temperature solar thermal applications, including solar thermochemistry, in the temperature range between 250 and 2250 ºC. Artificial radiation sources with spectral
distributions that are close to that of actual sunlight are typically employed, such as metal halide lamps (Codd et
al., 2010) and Xenon arc lamps (Petrasch et al., 2007; Krueger et al., 2011; Li et al., 2015). They are commonly
employed in conjunction with ellipsoidal reflectors that concentrate radiation onto their secondary focal plane.
Light sources and reflector surfaces are the main factors affecting the optical performance of high-flux solar
simulators. The electric arc size has a notable influence on the optical performance of solar simulators. Smaller
arcs allow for reflectors that are more effective at redirecting radiation toward the target focus. For this reason,
Xenon arc lamps are typically preferred in the design and development of high-flux solar simulators.
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3. Experimental Facility
A schematic diagram of experimental facility is given in Fig. 2. The facility is composed of the following
elements: a fluid inlet module which also acts as a radiation homogenizer, a working section which houses the
heavily thermally insulated receiver, an air-water heat exchanger to lower the air temperature to 50 °C, a thermal
mass flow meter, a secondary air inlet for volumetric flow control, an air filter, and a high mass flow rate high
pressure blower (operated by means of a frequency converter) that supplies the necessary pressure difference to
circulate air through the system. Orifice plates of various sizes are employed to adjust the volumetric flow rate
through the absorber between 5 and 20 g/s. They are installed in both primary and secondary air flow inlets in
order to allow for adjustable pressure drops in both channels, which operate hydrodynamically in parallel. The
facility is modular in design to allow for a rapid interchangeability of the test components, instrumentation, and
experimental configurations.
The nominal operating mass flow rate through the absorber is 10 g/s, which leads to an average flow velocity in
its flow channels of 2.8 m/s. The resultant Reynolds number is approximately 80, well inside de laminar flow
regime. The pressure loss is thus, to first order, directly proportional to the mean flow velocity (and thus mass
flow rates) in each flow channel. As non-uniform heating of volumetric absorbers can cause a reduction in their
thermal conversion efficiency due to the dependence of air properties on temperature (which causes the air
stream to flow preferentially through colder channels, where viscosity is lower), a radiation homogenizer is used
to generate a uniform incident radiative heat flux on the absorber aperture. A 10 kW nominal shell-and-tube heat
exchanger, operating in a counter-flow configuration, is utilized to lower the air temperatures from 1227 °C
(achieved at the receiver outlet) to and 50 °C (suitable for operation of the downstream blower).

Fig. 2: Schematic diagram of the calorimetric experimental facility, with its main constitutive blocks labelled

Fig. 3: Left, frontal photograph of the absorber aperture plane (square lateral size is 125 mm). Right, three-dimensional view of
the complete receiver, composed of the absorber plus a cup-shaped air collecting manifold

Two photographs of the baseline volumetric absorber experimentally characterized in this work are given in Fig.
3. It consists of a square-cell monolithic honeycomb module, manufactured from siliconized silicon carbide by
Saint-Gobain High Performance Refractories 1, coupled to a cup that ducts the heated air towards the back of the
facility. There are various experimental and numerical studies already conducted on this absorber (Téllez, 2003;
Palero et al., 2008; Fend et al., 2013; Cagnoli et al., 2017), which therefore constitutes an adequate platform for
the operational validation of new experimental facilities. The absorber has a 125 mm × 125 mm aperture and a
1
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62.5 mm length. Absorber walls are 0.8 mm thick (nominal) and each flow channel is approximately 1.84 mm ×
1.84 mm wide. The cross-sectional porosity of the absorber is thus 48.6%. Figure 4 illustrates the absorber
assembly within the working section of the calorimetric facility. Sealing O-rings are distributed throughout the
facility to prevent air leaks between the absorber aperture plane and the mass flow meter (such leaks would
introduce unacceptably high uncertainties in the calculation of the absorber thermal conversion efficiency).
During installation, the working section is placed on a highly accurate computer-controlled positioning table that
moves along three axes. Careful alignment of the absorber aperture with the optical axis of the high flux solar
simulator is achieved by employing a high precision cross level laser pointer. The inlet of the radiation
homogenizer is situated exactly at focal point of the high flux solar simulator.

Fig. 4: CAD schematic diagram of the working section of the new experimental facility, with its main constitutive blocks labelled

4. Operating Conditions
A list of the operating conditions that can be achieved in the experimental facility is presented in Tab. 1, where
comparisons to other experimental datasets at both smaller and larger scales are also given. Reynolds numbers
have been calculated at the absorber aperture plane. Nusselt numbers and convective heat transfer coefficients
have been obtained from correlations for thermal entry length solutions of the energy equation for internal
laminar flows in square channels (Kays and Crawford, 2004). Averages have been taken along channel lengths.
Tab. 1: Typical operating conditions in the new experimental facility (at a scale of 42 kWe) and comparison to values in the SolAir
200 on-sun experiments, from Téllez (2003), and to values achieved at a scale of 7 kWe in a smaller solar simulator also at the
Institute IMDEA Energy, reproduced from Luque et al. (2017)

Variable, units

7 kWe scale

42 kWe scale

SolAir 200

4.5 – 9

156.3

2579

0.4 – 0.8

6.72

389

1016

397.9

640

0.5 – 5

5 – 20

345

1.3 – 2.1

0.7 – 2.6

~1.3

2500

1344

1128

Reynolds number (at inlet conditions)

50 – 250

62 – 248

~124

Average Nusselt number

3.0 – 3.24

3.02 – 3.15

~3.1

Average Biot number

0.52 – 2.92

0.57 – 2.27

~2.3

3–4

5–6

7–8

Absorber aperture, cm2
Total incident radiative power, kW
Maximum average radiation flux density, kW/m2
Mass flow rate, g/s
Mass flow rate per unit aperture area, kg/(s m2)
Maximum radiation per unit mass flow rate, kJ/kg

Technology readiness level (EU definition)
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As shown in Tab. 1, the facility has been designed such that on-sun representative values of incident power per
unit mass flow rate, Reynolds, Nusselt and Biot numbers can be achieved. Operating conditions that are highly
representative of central receiver systems in actual solar towers are thus reproduced, whilst maintaining the
advantages of operational flexibility and inexpensiveness of maintenance. The last row on the table shows
technology readiness levels for the three experimental scales, based on the scale defined by the European
Commission. The new experimental facility places itself between a smaller scale test bed for the aerothermal
assessment of volumetric receivers already developed at the Institute IMDEA Energy (Luque et al., 2017), and
actual on-sun central receiver experiments. It is thus expected that the flexibility and cost-effectiveness of the
technique will allow for the validation of novel solar absorbers that show promise at the smaller scale, and prior
to conducting on-sun tests, in order to de-risk the latter, typically resource-intensive, experimental campaign.

5. Instrumentation and Data Acquisition
The facility employs a dedicated instrumentation system based on an 8-slot National Instruments1 CompactRIO
platform. A total of 32 K-type thermocouples with 1 mm diameter Inconel sheaths have been placed throughout
the facility, including measurement points on the radiation homogenizer walls and cooling water channels, on
the intake module, on the absorber walls inner and outer walls, and in the exhaust module. Arrays of
thermocouples were also placed at various position on the thermal insulating material in order to aid the
calculation of heat conduction losses in it. The pressure drop across the absorber channels is measured by
calibrated differential pressure transducers, and a thermal mass flow meter provides reliable mass measurement
for the air flow.
Two radiation-shielded suction pyrometers are employed to accurately measure air inlet and outlet temperatures,
immediately upstream and downstream of the absorber aperture and outlet planes, respectively. Their use is
justified by the environment in which they operate and the fact that these measurements are key to the
calculation of absorber thermal efficiency. Large amounts of radiation could affect unshielded thermocouples at
those measurement planes: the radiation homogenizer outlet plane, where radiation from the high flux solar
simulator is redirected and collimated, and the absorber exit plane, which is affected by intense thermal
emissions from the hot inner walls of the facility.
A supervisory control and data acquisition system has been developed in National Instruments’ LabVIEW for
operation, hardware monitoring and data-logging in the experimental facility. Its main control window is shown
in Fig. 5. It is divided in three main parts: on the left hand side, the user is presented with all control, monitoring
and adjustment options for the 7 lamps of the high flux solar simulator. All information related to the facility
instrumentation is displayed on the top right of the screen. Finally, the right lower part contains all options for
the control and automated motion of the high precision three-axis positioning table. Safety operation interlocks
have been included in the program to prevent hardware damage through user error.

Fig. 5: Captured screen of the supervisory control and data acquisition (SCADA) software
1
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6. Radiation Conditioning on Absorber Aperture
Non-uniform heating of volumetric absorbers can cause a reduction in their thermal conversion efficiency (PitzPaal et al. 1997). The dependence of air properties on temperature causes the air stream to flow preferentially
through colder channels, where viscosity is lower. Hotter flow channels then remain relatively uncooled, and the
temperature imbalance can lead to a runaway effect that originates flow instabilities and hot spots on the
absorber aperture. Orifice plates can be used to balance the flow by creating additional pressure loss in colder
flow channels. When designing an experimental facility, a well-conditioned set-up requires the use of radiation
homogenizers to produce a uniform incident heat flux on the absorber aperture.
Numerical ray-tracing simulations were then conducted during the design of the radiation homogenizer with the
objective of maximizing the uniformity of the radiation profile at its outlet plane. The 7-lamp high flux solar
simulator and the homogenizer were modelled in Tracepro 1. The homogenizer was assumed to be a square
cross-sectioned tube with a length of 500 mm and height and width both equal to 125 mm in this analysis. The
mirrors were defined as perfect reflectors as the main goal was to assess the uniformity of radiation profiles
rather than obtain actual values. In the ray-tracing simulation 100,000 rays per lamp were calculated, assumed to
be emitted by a surface source located at the first focal point of each ellipsoidal reflector. The homogenizer inlet
plane is situated exactly at the second focal point of the ellipsoidal reflectors.
Figure 6 shows the irradiance distribution on the outlet plane of the homogenizer, normalized with respect to the
peak flux. The graph on the left hand side have been smoothed and averaged in groups of 8×8 pixels. The
graphs in the middle show normalized heat flux profiles in the horizontal and vertical directions. On the right
hand side the simulated rays are displayed in the setup. The analysis was conducted for all seven lamps both
individually and in conjunction, but only selected results are shown for brevity. The simulations showed that
moving the homogenizer closer to the ellipsoidal reflectors (i.e., ahead of the solar simulator focal point) results
in a slightly smoother profile in horizontal direction, but a lower radiation level in the vertical direction. Moving
the homogenizer away from the reflectors leads to an inverse horizontal profile, i.e., one where regions of
maximum heat flux are found near the corners rather than in the center.
Single lamp analyses showed small areas in the center of the homogenizer outlet plane where irradiance was
relatively lower than in their surroundings. This can be explained by the existence of a hole in the center of each
the ellipsoidal reflector through which the lamp bulb electrical connections pass through. Simulations showed
that these troughs could be reduced by moving the homogenizer away from the solar simulator focal point, but
this led, again, to inverse radiation profiles. On the basis of this study, the final decision was to operate the
radiation homogenizer with its inlet plane located exactly on the solar simulator focal plane. Numerical results
showed that this configuration provided the best balance between homogeneity of the heat flux profiles and
overall incident power on the absorber aperture.

Fig. 6: Left, normalized heat flux map at the homogenizer outlet plane, for all seven lamps of the solar simulator. Center,
normalized radiation profiles along the horizontal and vertical directions. Right, image of the simulated rays.
1
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7. Incident Radiation Flux Distribution
The radiative flux density distribution at the outlet plane of the radiation homogenizer was acquired by direct
measurements conducted with a Gardon radiometer (Gardon, 1953). The gauge traverses the measurement plane
by means of an automated motion control mechanism that allows for high-spatial measurement resolution. At
the homogenizer inlet plane, on the contrary, heat flux measurements were acquired by employing a watercooled Lambertian target, in a procedure which was described in detail by Li et al. (2014). Radiation intensity
on the Lambertian target was recorded by employing a high resolution CCD camera, which was calibrated
against the Gardon radiometer.
Irradiance maps at the inlet and outlet of the radiation homogenizer are shown in Fig. 7. The white line in the
right hand side figure indicates the actual size and relative location of the volumetric absorber aperture plane. It
can be observed that the highly non-uniform and approximately Lorentzian radiation profile produced by the
high-flux solar simulator is transformed to a square and relatively flat profile at the homogenizer outlet. The
uniformity of the irradiance map at the homogenizer outlet was characterized by an average of 397.9 kW/m2 and
a standard deviation of 136.4 kW/m2, both measured over a surface area of 125 mm × 125 mm (equal to the
absorber aperture). The peak flux is 607.6 kW/m2. Integration leads to an overall incident radiative power on the
homogenizer outlet of 6.72 kWth. This plane is approximately 2 mm upstream of the absorber aperture, so
uniform heating of its front face is considered to be achieved.
There are, nonetheless, slight discrepancies with respect to results from the numerical ray-tracing simulations,
especially noticeable in the region of high heat flux near the geometric center of the homogenizer outlet and the
radiation trough that is found in the upper region of the channel (Fig. 7, right). This is attributed to two main
effects: first, having a less reflective homogenizer than simulated, which leads to a lower level of
homogenization of the outlet heat flux, and, second, to slight misalignments in the solar simulator with respect
to the perfectly aligned numerically simulated configuration. Measurements showed that the points of maximum
heat flux of all seven lamps where contained within a circular area of 18 mm diameter, whereas the simulation
assumed perfect concentric alignment.

Fig. 7: Left, measurements of irradiance at the homogenizer inlet plane, reproduced from Li et al. (2014). Right, measurements of
irradiance at the homogenizer outlet plane, conducted by traversing a Gardon radiometer

Laterally averaged irradiance distributions at the homogenizer inlet and outlet planes are shown in Fig. 8. Two
curves are shown in the figure, one for Z-averaged data (in which averages have been taken along the vertical
direction), and one for X-averaged data (in which averages have been taken along the horizontal direction). The
edges of the absorber aperture are located at -62.5 mm and 62.5 mm. It can be observed that the X-averaged data
shows the region of high heat flux that is close to the center of the absorber aperture, as well as the trough on the
upper part. Z-averaged measurements presented in Fig. 8 also show a somewhat higher irradiance towards the
right hand side of the absorber aperture.
In assessing whether or not the heat flux distribution on the absorber aperture can lead to the unstable operation
of volumetric receivers, the receiver thermal conductivity was also shown to be an important factor to consider
by Becker et al. (2006). In a theoretical and numerical study, it was demonstrated that sufficiently conductive
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volumetric receivers could altogether avoid flow instabilities by allowing for an enhanced redistribution of heat
within the absorber solid volume. As a result, the temperature difference between hot and cold flow channels is
not sufficient for instabilities to occur. Considering that the volumetric absorber to be tested is made out of
highly conductive siliconized silicon carbide, the heat flux profile at the homogenizer outlet was thus considered
sufficient for the stable operation of the experimental facility in this initial aerothermal characterization test
campaign.

Fig. 8: Laterally averaged irradiance distributions at the radiation homogenizer outlet plane

8. Conclusions
A new calorimetric facility has been designed to investigate volumetric absorbers by employing a seven-lamp
42 kW high flux solar simulator, and is described in this paper. A modular design has been sought to allow for
the quick interchangeability of components and experimental configurations. Incident radiation levels and
internal flow field variables have been shown to be highly representative of central receiver systems in actual
solar towers. Together with its associated techniques, the facility allows for fully integrated assessments of
absorber radiative-to-convective heat conversion efficiencies, whilst maintaining the advantages of operational
flexibility and inexpensiveness of maintenance.
It is envisaged that the facility will be used in investigations of novel volumetric absorbers that include gradual
variations of convective heat transfer coefficients (implemented, for instance, by variable porosity
configurations), gradual variations of thermal conductivity through the sample, or selective absorptance and
reflectance profiles. Transient measurements are possible too. The technique is expected to allow for a more
rapid experimental validation of such innovative concepts than has previously been possible. Experimental data
will also be used for the validation of both high-fidelity numerical simulations and simplified analytical models
of air solar receivers in high-irradiance high-temperature operation. Besides, the new facility can also serve as a
platform for the validation of other type of central receiver systems for concentrated solar power applications,
(for instance directly or indirectly heated tube and particle receivers) with minimal changes to the experimental
apparatus.
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Abstract

Concentrating solar thermal (CST) technologies can be employed for high-temperature applications such as
electricity generation, industrial process heat and solar thermochemistry. There has been on-going interest in tower
reflectors or beam-down systems without any commercial systems in operation yet. This paper reviews the geometry
of beam-down central receiver tower systems along with the resultant receiver flux distributions to develop an
understanding of the opportunities for beam-down systems. It includes a qualitative analysis in terms of the field,
tower, secondary reflector and receiver, as well other CST beam-down systems.
Although beam-down systems will have a lower optical efficiency than an equivalent tower system, there is also a
trade-off between either power or energy collection and concentration, although there are design options to improve
these. The application of beam-down systems may be suited to applications, such as solar thermochemistry, where
the cost of the additional plant is warranted by the value of the products.

Keywords: Concentrating, solar, thermal, CST, beam-down tower, secondary, reflector, CPC, flux, power

1. Introduction
Concentrating solar thermal (CST) technologies can be employed for electricity generation, industrial process heat
and solar thermochemistry (Blanco and Miller, 2016) and the choice of technology depends on a range of details
required to meet the end-use specifications or overall cost envelope. One critical detail is the temperature
requirements of the end-use, and point focus technologies provide the higher concentration ratios required for hightemperatures. While one limitation of dish CST technologies is the mass of the receiver in the focal point, the optical
efficiency is better than central receiver systems. However central receiver tower systems are being increasing
deployed for electricity generation because they are often more cost effective than other CST technologies.
While secondary reflectors can be employed in close proximity to linear receivers to improve the capture of reflected
rays, they can also be used to achieve further concentration in point receivers, such as in a solar furnace, but with an
overall loss in optical efficiency. There is growing interest in beam-down central receiver systems, where the rays
reflected onto a tower mounted secondary reflector are further reflected down to the ground.
The beam-down concept is attributed to Rabl (1976) who proposed a tower reflector as an alternative to the tower
boiler concept for a central receiver solar thermal electric conversion plant. He expected this could be accomplished
without excessive optical losses and his preliminary estimates appeared favourable. He recommend that a detailed
systems analysis be performed comparing the tower reflector with the power tower.
In 1991, Vant-Hull considered the beam-down concept as based on a Cassegrain reflector system. While he felt there
may be obvious benefits in simplifying the tower and saving on pumping power and piping, there were also penalties
and difficulties. The obvious loss of added reflection is that of the primary heliostat reflector, ~5%, although at higher
flux densities on the secondary reflectors, this might more likely be 10%. If this 10% optical energy loss represents
thermal energy absorbed by the secondary reflector, active cooling might be required to dissipate this heat. VantHull assumed the secondary reflector area must be smaller than the primary reflector area, except “where cost is
secondary to performance”, as for a solar furnace.
Vant-Hull (1991) considered 3 secondary reflectors shapes based on geometrical optics, finding:
x An elliptical (concave) reflector would need to be placed beyond the focal point of the heliostats, requiring
a taller tower to reflect a more diffuse cone of rays (image) created by a longer optical path without any
advantage
x A hyperboloidal (convex) reflector would need to be placed before of the focal point of the heliostats,
requiring a shorter tower. The smaller the secondary reflector, the larger the reflected secondary sunshape image
and lower the concentration. A further concentrator could be placed at the receiver, adding to the cost
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x A flat reflector would need to be placed anywhere up to the focal point of the heliostats, so long as the total
optical path length does not change. The flat reflector system would have small, 5-10%, reflection losses but
require a moderately large mirror.
In reference to beam-down system, he stated that “Although often recommended, when subjected to a comprehensive
design and costing analysis, all such concepts have failed to date”.
In 2000, Segal and Epstein considered both concave (ellipsoidal) and convex (hyperboloidal) tower reflectors for
electricity generation system. They identified that elliptical reflectors require both higher tower, perhaps twice as
high, and also a larger secondary reflector and directed their attention to hyperboloidal reflectors. In 2011, Segal
stated that appropriately placed hyperboloidal and ellipsoidal tower reflectors can provide comparable results,
although the hyperboloidal surface is definitely more effective. Although a “quadratic surface mirror always
magnifies the sun image” and they highlight the importance of its linear magnification, it is noted that the flux density
and concentration decrease as the beam area increases by the square of the linear magnification.
There has been on-going interest in beam-down systems for both electricity generation and solar thermochemistry.
The purpose of this paper is to review work since 2000 with a view to understanding the opportunities for beamdown systems. This paper will focus on simple ray geometry of beam-down systems as well as receiver flux
distributions that affect the resultant black-body temperature limit.

2. Simple ray geometry
In CST technologies, determination of receiver flux distributions requires ray-tracing involving the position of the
sun and the properties of any reflectors, including consideration of the conical magnification of the sun upon
reflection and the imperfections of the reflector structure and tracking. An example of the initial system design using
simple ray geometry is shown in Figure 1 for a hyperboloidal secondary reflector. This geometry considers the rays
from the edges and centre of the heliostat that is furthest from the tower (Rmax). The heliostat is flat, although a curved
heliostat can also be considered. The sun position and annual DNI intensity for Alice Springs, Australia, shown in
Figure 2 highlights the range of zenith and azimuth angles that need to be considered in the design of CST systems.
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Fig 1: Geometry of beam-down tower system with hyperboloidal secondary reflector

Fig. 2: Sun position diagram for Alice Springs, Australia (Potter et al., 2017)
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The effect of eccentricity on the hyperbola size and shape is shown in Figure 3 for an upper focal height (F1) of 75m
for a heliostat radius of (a) 5m and (b) 1m, both at Rmax = 150m. The vertex of the hyperbola changes with eccentricity
but not heliostat radius. The radius of the hyperbola increases with increasing eccentricity and increasing heliostat
radius. The linear magnification of the rays with the smaller heliostat will be less since the outer edge of the hyperbola
is slightly closer to both the heliostat and the receiver.
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Fig. 3: Effect of eccentricity on hyperbola size and shape for heliostats of (top) 5m and (bottom) 1m (F1=75m,
Rmax=150m)

3. Receiver flux distribution
In 2012, Vant-Hull stated there are 3 basic configurations for central tower concentrating solar power (CSP) systems
defined essentially by the receiver; these being an external cylinder receiver, with a cavity receiver as principal
alternative, and a beam-down concept as the third alternative. In 2014, he stated that “However there are substantial
disadvantages which make the beam-down concept impractical except in a few very special situations”, without
clearly articulating the special situations. The tabulated results for a Gemasolar type system show the beam-down
system has a receiver power of 124 MWt, which is 91% of the original 137 MWt. More dramatically, the
concentration of the beam-down system without a compound parabolic concentrator (CPC) on the receiver is only
28. Adding a CPC gives a concentration of 390, which is still much lower than the original 736. The concentration
of the beam-down system can be further increased by reducing the rim angle, which reduces the field size but the
power is also significantly reduced. The effect of decreasing the field radius on decreasing the receiver incident
power whilst increasing the concentration, and black-body temperature are shown in Figure 4.
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Fig. 4: Effect of field maximum radius on receiver incident power, concentration and black-body temperature (data from Vant
Hull, 2014)

Circa 2000, the Weizmann Institute (Israel) built a 700kW experimental system with a secondary hyperboloidal
reflector of 75m² and claims to use a CPC, with a magnification of 25, to attain average concentration of ~4000.
Segal and Epstein (2003) published a concept for a 50MW ground reformer, involving an asymmetric surround field,
hyperboloidal secondary reflector and a packed array of CPCs. The geometric concentration ratio of CPC aperture
to heliostat mirror area is 12909. The pattern of rays arriving at the CPC aperture shows a high power density (25
MW or 3400 kW/m²) at the central CPC and low density (~4.8 MW or 653 kW/m²) in each of the outer 6 CPCs (see
Figure 5).

Fig. 5: Pattern of rays arriving at the CPC aperture for a 50MW ground reformer (Segal and Epstein, 2003)

Blackmon (2008) reports some details about a 10MWt “High Concentration Solar Central Receiver Demonstration
Plant” for Zaafarana (Egypt) based on ideas from the Weizmann Institute. The system involves a tower-mounted
reflector and CPC on the ground passing to volumetric air receivers, with quartz windows, coupled to a Brayton
turbine system. This type of volumetric receiver is capable of operation at high concentrations of 2,000 to 10,000
suns. They determined that smaller heliostats were needed and selected 9.2 m² to achieve the required high
concentrations at the receiver. Appendix C (Blackmon 2008) has the power from the solar field as 12.1 MW having
10.0 MW at the secondary reflector and 9.6 MW at the collector (presumably the CPC inlet). The equivalent
concentration is 58.7 kW/m² at the secondary reflector and 1,013 kW/m² at the collector. Appendix E (Blackmon
2008) reported flux density at the aperture of the real CPC of 54 kW/m² (0.054 MWt/m²), ranging from peak of 95
to edge of 30 kW/m². Blackmon designed and patented a number of features including the tripod-tower, the secondary
reflector frame with heat recovery.
Circa 2007, Masdar Institute built 100 kW pilot plant based on a design from the Tokyo Institute of Technology
(Hasuike et al., 2009). The total heliostat field aperture is 280.7 m², using small flat heliostats of 8.5 m² each, a
hyperboloidal tower reflector composed of 45 flat mirrors mounted on a 19m tower. The original receiver was a
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4.88mx4.88m (16’x16’) near-lambertian ceramic tiled surface located 2.3m above ground to allow performance
measurement (Mokhtar et al., 2014).
Mokhtar et al. (2014) report experimental analysis of the original Masdar system. They measure the optical
performance in terms of flux, then compute the optical efficiency as well as both the receiver intercept factor
(spillage) and thermal efficiency based on a model to determine optimum receiver aperture for a desired temperature.
For a large receiver aperture of 1.71m (9.186m²), the peak optical efficiency appears ~48%, with the daily average
over ~10 hours of sunshine given as 37%. The daily average mean flux density was given as 9.422 kW/m²,
corresponding to power of 86.55 kW, presumably at 300°C.
For a small receiver aperture of 1.06m (3.53m²), the peak optical efficiency appears circa 42%, with the daily average
given as 32%. The daily average mean flux density was given as 20.9 kW/m², corresponding to power of 73.77 kW,
presumably at 600°C. The higher temperature, at 2.2 times the concentration, results in a 15% loss of power.
Moktar (2011) calculated both the flux density and accumulative power with radius at the receiver plane. The peak
flux density was 110 kW/m², decreasing to about 50 kW/m² at a radius ~0.75 m and decreasing to about 20 kW/m²
at a radius ~1 m (Figure 6). The accumulative power is 80 kW at 0.75m and 105 kW at 1 m, reaching 130 kW at 3
m (Figure 7). However the large the receiver aperture, the greater the heat loss, so the useful radius is likely to be 1
m.

Fig. 6: Typical flux distribution [W/m²] at the receiver plane
[distance in cm] (Moktar, 2011)

Fig. 7: Accumulative power [W] with radius at receiver
plane at different times of the day (Moktar, 2011)

Grange at al. (2015) simulated the system giving an efficiency, from 77 % to 22 % depending on the solar zenith
angle, appearing to be circa 68% at 40°. The simulated concentration was stated as ~150 suns at zenith angles of
<40°. To improve the concentration, both a CPC and a cone were considered as a third-stage non-imaging
concentrator. The power at the inlet to this final optical element was 143.2 kW at midday and 104.1 kW at 10am,
being 71 and 52 kW/m² respectively. The 0.385 m² CPC led to a power loss of 5.2% at midday and 6.4% at 10am,
but increased the concentration to 353 kW/m² and 253 kW/m² respectively. The 0.636 m² cone led to a power loss
of 4.5% at midday and 5.5% at 10am, but increased the concentration to 215 kW/m² and 155 kW/m² respectively.
Thus the CPC gave higher concentration, but also increased the power loss.
In 2012 Magaldi built a 100 kW thermal experimental system at Buccino (SA), Italy. CSP Today (2014) described
the system concept being multiple 500 kWe modules. A photograph shows a hyperboloid type secondary reflector,
being a 4-sided inverter pyramid on 4-legged tower system, with the receiver being directly underneath. The
heliostats appear flat, but there are no optical details.
In 2016 Magaldi started operating a 2MW thermal system at S. Filippo Del Mela (ME), Italy. This is designed to
produce 20.5 tons of steam daily, using 786 heliostats on a site of 2.25 hectares. The website says each module can
store 8.2 MWh of thermal energy. Several modules can be combines to produce superheated steam at circa 500°. It
indicates the 270 ton sand receiver-fluidised bed operates at 550-650°C.
Each module has 390 heliostats of 7m² each, or 2,730 m² (on a site of 12,000 m²), giving a thermal input of 1.05
MW, which equates to 0.384 kWt/m².
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Circa 2012, the University of Miyazaki (Japan) built a 100 kW experimental system (Kodama et al., 2014). The
system has an elliptical secondary reflector, 4.6m diameter, mounted on a 16m tower. The heliostat field is a half
circle around the tower. Each of the 88 heliostats units consists of 10 small mirrors with 50 cm diameters, giving a
total area of mirrors is 176 m². The sunlight being beamed-up to the elliptical secondary reflector pass through the
first focal point at 14 m height and returns to a second focal point plane 10 m above ground level (Figure 8).
Kodama et al. (2014) report using 78 of 88 heliostats, DNI was about 0.9 kW/m², 113 kWt solar power was
concentrated within an area of 1.3m × 1.3m at the second focal spot, being ~59 kW/m². Of this, 70 kWt was
concentrated within area of 0.6m × 0.6m, or 194 kW/m² (Figure 9). However, laboratory results suggest that a flux
>1000 kW/m² is required to get 1400°C. Thus a CPC was proposed with a 0.75m inlet and 0.44m outlet, length of
1.525m, to achieve this. Kodama et al. (2016) reported testing this system on a fluidised bed of sand that had been
pre-heated to 600°C. They achieved central bed temperatures of 1100°C, albeit with a non-uniform flux distribution
(Figure 10a). They subsequently proposed that canting the CPC by an angle of 6-12 ° will provide a more even flux
distribution (Figure 10b) and, with smaller particles, higher temperatures can be achieved.

Fig. 8: University of Miyazaki (Japan) tower with elliptical
secondary reflector (Kodama et al., 2014)

Fig. 9: Flux density from elliptical secondary reflector at
CPC inlet (Kodama et al., 2014)

Fig. 10: Flux density 25 cm below CPC outlet (a) uncanted (b) canted (Kodama et al., 2016)

In 2013, Seigel and Ermanoski proposed a thermochemical water splitting system using a flat secondary reflector.
This system places the particle-based receiver-reactor close to the flat secondary reflector to minimise image
magnification and not need a terminal (CPC) concentrator for high concentration. In considering a 3MW thermal
system capable of temperatures of 1500°C, they propose that the annual average collection efficiency can be 43% or
more. They note the secondary reflector design will need to consider non-uniform incident flux of 20-140 kW/m².
They emphasise the need for accurate, and possibly individually focused mirrors, choosing small heliostats of 1m².
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Fig. 11: Flux density from flat secondary reflector at
receiver reactor inlet (Seigel and Ermanoski, 2013)

Fig. 12: Flux density, average flux and power with receiver
reactor radius (Seigel and Ermanoski, 2013)

Hoffman (2011) also considered a flat secondary reflector and concave converging heliostats for a 1 MW, 1000 suns
concentration, showing 2 MW and 4,000 suns concentration is achievable. He considers performance details for 4
days of the year, being solstice and equinox. The peak power output ranges from 1-2 MW, with peak concentrations
of 2,000-4,000 and peak optical efficiencies of 39-50%.
In 2012, Leonardi undertook a detailed analysis of a beam-down central receiver system. The system has a
symmetrical surround field, flat heliostats of either 5m or 1m radius, hyperboloidal secondary reflectors with
eccentricities 1.5, 2.0 or 3.0 as well as considerations of a CPC. Ray-tracing to examine the sunshape at the upper
and lower focus, she considers a conic bundle of perfectly rays reflected from the heliostat centre to the aim point
(F1). At low eccentricity, the sunshape is most spherical and the magnification is largest, resulting in the lowest
concentration. At high eccentricity, as the secondary reflector becomes more flat, the sunshape is more elliptical and
the magnification is unity, resulting in little concentration. Leonardi (2012) found that simplifying the optical analysis
to only one conic bundle per heliostat results can lead to drastic approximations; with errors up to 35%.
Leonardi (2016) compares the use of flat and concave heliostat in beam-down systems, considering the secondary
reflectors as hyperbolas with significant concavity (eccentricity, e=3), or flat (e=∞). The system has a symmetrical
surround field with heliostats of 5m radius. The design point is solar noon at equinox, but also considers the annual
efficiency. She finds that concave heliostats are beneficial, even when a hyperbola of small eccentricity (e=3) is
considered. Concave heliostats provide a higher concentration, ~ 10 times, over a smaller receiver area, offering the
possibility of avoiding a CPC. She deems that it may not be practical to have each heliostat with its own concavity
in large solar fields (Figure 13).

Fig. 13: Receiver flux density for (a) Flat heliostat, hyperbola eccentricity = 3 (b) Concave heliostat, hyperbola eccentricity = 3
(c) Flat heliostat, hyperbola eccentricity = ∞ (b) Concave heliostat, hyperbola eccentricity = ∞ (Leonardi, 2016)
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A convex or hyperboloidal secondary receiver provides a higher annual energy collection than a flat secondary,
particularly at low receiver radius (Figure 14). The relationship between concentration, black-body temperature and
annual energy collection is shown in Figure 15. In this system, at the low receiver radius and high concentration, the
field efficiency based on annual energy is 66.37 % in the case of concave heliostats and only 19.30 % in the case of
flat heliostats. The field efficiency at the design point is 80.1 % for concave heliostats and 15.8 % for flat heliostats.
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4. Discussion
CST systems are often simple in concept and complex in detail, with subsystems that integrate to optimise power,
energy, concentration and ultimately cost. CST beam-down systems have the added complexity of a secondary
reflector. This paper has focused on central receiver tower systems and the following analysis considers the field,
tower, secondary reflector and receiver, as well other CST beam-down systems.

Field
The literature reviewed in this paper suggests heliostat size plays an important role the design of CST beam-down
systems with small heliostats giving less beam magnification. Reducing the size of the heliostats implies increasing
the number of individually controllable heliostats in a heliostat field. While the number of heliostats may be
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decreased by having different sized heliostats in the field, it is noted the greatest linear magnification occurs from
the most distant heliostats.
The style or concavity of heliostats has been explicitly considered by Leonardi (2016). Concave heliostats provide a
higher concentration over a smaller receiver area, offering the possibility of avoiding a CPC. She deems that it may
not be practical to have each heliostat with its own concavity in large solar fields. . While increasing the number and
concavity of heliostats increases the total cost, this may be offset by a system cost benefit.
Heliostat pedestal height has not been considered in this paper but it is noted that it is normally the minimum height
to match the heliostat size. It is further noted that the heliostat height might need to be considered in terms of the
height of the receiver.
The size of the heliostat field is normally dictated by the power sizing of the system. Where an application involves
heating particles to heat a heat transfer fluid, it is possible to design multi-tower systems where a number of small
fields are closely packed. This packing may be to (1) keep the size of each system small, (2) have the heat transfer
fluid from each system accumulate to produce a large system and/or (3) have heat from one system pass to one or
more systems to increase the temperature of the system.
In addition to the outer size of the heliostat field, a zone around the tower will be void of heliostats. While this zone
will house the receiver, it may also need to house ancillary equipment such as pumps, heat exchangers and turbine,
although these may also be sited underground.
The literature reviewed in this paper considers a range of heliostat field styles, being asymmetric surround, symmetric
surround or polar wedge. While asymmetric surround fields are common for large solar thermal electricity plants, it
is likely this will remain the case for large single-tower beam-down systems, while the other options remain under
consideration for small multi-tower systems.

Tower
The tower height relative to the outer size of the heliostat field gives a rim angle, with a small rim angle having a
relatively tall tower to field radius. This may also be considered in terms of the optical f-Number, which is the focal
length divided by twice the field radius. Thus decreasing the field radius, whist keeping then focal length constant,
decreases the rim angle and increases the f-Number. As shown by Vant Hull (2014, decreasing the field radius
decreases the receiver incident power whilst increasing the concentration (Figure 4).
This paper has not considered the tower design options but notes that the tower may need to be a significant structure
to support the secondary reflector to prevent imparting wind loads onto the mirror, thereby increasing aberration
errors. Consideration should also be given to preventing soiling of the secondary mirrors as well as potentially
needing to capture and/or dissipate heat to cool the secondary reflector.

Tower Reflector
The literature reviewed in this paper covers hyperboloidal, flat and ellipsoidal secondary reflectors. It is most
common for researchers to consider the hyperbola. Leonardi (2012) compared different eccentricities and found that
at low eccentricity, the sunshape is most spherical and the magnification is largest, resulting in the lowest
concentration. At high eccentricity, as the secondary reflector becomes more flat, the sunshape is more elliptical and
the magnification is unity, resulting in little concentration. In 2016 she found a convex or hyperboloidal secondary
reflector provides higher annual energy collection than a flat secondary, particularly at low receiver radius.
Thus Leonardi and Vant Hull are both clear that there is a trade-off between either power or energy collection and
concentration.
Seigel and Ermanoski (2013) considered flat secondary but located the receiver close “up the tower” close to the
secondary. While this avoids losses due to magnification, it negates some of the common drivers for beam-don to
have the receiver close to the ground. In this case the receiver aperture is the entrance to a reactor and having a CST
particle reactor facing upwards has some advantages over a particle reactor facing downwards.
Kodama et al (2014) considered an elliptical secondary reflector but did not achieve the desired flux density. They
added a CPC to increase the concentration by ~4-5 and then found they needed to cant the CPC 6-12° to provide
more uniform flux distribution. Since they are using a semi-circular field, further consideration is required to
determine whether canting the secondary reflector, more concentrating heliostats or a surround field provide
alternative solutions.
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Receiver
In this paper, the receiver is taken to be the focal or aperture plane. It is noted that CPCs are often considered as part
of the receiver to increase the concentration. CPC may also provide a means of minimizing heat losses from the
receiver by shielding the cavity from aperture wind and/or reducing convection currents.
It is noted that Leonardi (2012) proposes that concave heliostats offer the possibility of avoiding a CPC. Seigel and
Ermanoski (2013) propose to locate the receiver close “up the tower” close to the secondary to avoid needing a CPC.
The height of the receiver is an important consideration to avoid introducing additional shading of the solar field.

Other CST beam-down systems
Although this paper focuses on central receiver tower beam-down systems, the general concepts can also be applied
to
x

linear Fresnel systems, where a longitudinal receiver might be fixed and located near the ground

x parabolic trough systems, where longitudinal receiver might be integrated into or onto a torque bar at the
vertex
x

parabolic dish systems, where a cavity receiver might be integrated into or onto the structure at the vertex

A brochure in 2009 describes the CNRS solar furnace in Ordellio, France. This furnace has a more horizontal beamredirection and is intended for research purposes. The heliostat field reflective area is given as 2136 m², with the
elliptical secondary reflector area as 1830 m² and the receiver area as 0.29 m². This equates to a heliostat-to-secondary
geometric concentration ratio of 1.17 and heliostat-to-receiver geometric concentration ratio of 7321. The thermal
output is stated as 600 kW, equating to an average flux of 2026 kW/m². This flux equates to a black-body radiation
temperature of 3371 K. Assuming a peak insolation of 1 kW/m², the thermal output relative to the heliostat area is
28.1%.
The peak and annual optical efficiency of a “conventional” CST collectors in large solar thermal electricity plants
are
x

parabolic dish: peak 94%, annual 87%

x

central receiver tower: peak 63%, annual 51%

x

parabolic trough: peak 72%, annual 59%

x

linear Fresnel: peak 64%, annual 41%.

It is noted that the most significant proportion of the cost for large solar thermal electricity plants is for the CST
collectors (Fernandez-García et al., 2016). The beam-down system increases this cost by adding the secondary
reflector whilst reducing the overall optical efficiency. The beam-down system also either (1) reduces power and
concentration or (2) requires more complex concentrating heliostats and/or more complex receiver by including a
CPC. Thus the potential applications for beam-down systems must be able to tolerate thermal energy costs that are
higher than equivalent large solar thermal electricity plants. These applications are likely to include solar
thermochemistry where the additional cost is warranted by the value of the products.

5. Conclusion
Although beam-down systems will have a lower optical efficiency than an equivalent tower system, there is also a
trade-off between either power or energy collection and concentration. The power or energy collection and
concentration can be improved by using small, individually controlled heliostats, and keeping the rim angle and
heliostat field outer radius small, with options of asymmetric surround, symmetric surround or polar wedge fields
being options for small multi-tower systems. Convex or hyperboloidal secondary reflectors provides higher annual
energy collection than a flat secondary, particularly at a low receiver radius. CPCs are often considered as part of the
receiver to increase the concentration.
The beam down concept may be applied to CST systems other than central receiver tower systems. . The application
of beam-down systems may be suited to applications, such as solar thermochemistry, where the cost of the additional
plant is warranted by the value of the products.
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7. Nomenclature
Symbol

Description

F1
F2
hhel
hrec
rhel
Rmin
Rmin
rsec
rsec
zmin
zmin
Δ1
Δ2
Δ3

Upper focal height
Lower focal height
Heliostat depth/height
Receiver height
Heliostat radius
Inner heliostat field void radius
Outer heliostat field limit radius
Secondary reflector radius
Receiver radius
Secondary reflector minimum height
Secondary reflector maximum height
Canted heliostat effective height
Canted heliostat effective width
Focal height of top of furthest heliostat

Units, range and sign
convention
m
m
m
m
m
m
m
m
m
m
m
m
m
m
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Figure 1. Spectral response of a dichroic filter for separating light into bands optimized for PV (blue) and CSP (black) receivers
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Figure 2. Prototype hybrid CSP-CPV collector using standard PTC architecture and adding dichroic filter and PV receiver as a bolton retrofit.
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Figure 3 Design structural integrity and compliance with IEC 62817 uses simulated wind loading and finite element modeling 

!, '%2,, 0+ ., -( "'/,-" - "+'- &(.'-"'  ('" .+-"(', ' /%.-
/+"(.,," '('" .+-"(',(+-!&(.'-"' (-!+"/+'"!+(""%-+8,
+,.%- ( -!", )+(,, ,/+% !' , 0+ & -( "&)+(/ ,-+.-.+% ,.))(+- ( -!
+"/+, 0!"% %,( '%"'  -!& -(  +"%2 ,+/" ' +)% "' -! "% ?'
"&)(+-'-(',"+-"('(+()+-"(''&"'-''@8!",0,!%%' .-(-!
--!--!+",-+(-0'"' ,-+.-.+',!"' -!)+"&+25'-!-
-!-0!"%-!+"/+","'-+&"--0'-!-(+*.-.'-! 5,.))(+-
-!- 1-', .) +(& -! -(+*. -. ,.))(+-"'  (-!  '  ,!(.%  % -(
.'-"(' 0!"% "-!+ (' ", +&(/8  ! .)- ('" .+-"(' (+ &(.'-"'  -! 
+"/+&-"' -!,+*."+&'-,",,!(0'%(08


162



M. Orosz / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Figure 4 Updated mounting configuration with an HCE support that allows for the CPV receiver (shown beneath the HCE and
dichroic secondary) to be removed for servicing from the side 




  

SunPower Maxeon back contact cells are deployed in the Retrosol CPV receiver as a low cost
option that avoids the shading losses from dense front contacts (needed to convey increased
current at concentration) of specialized concentrator cells. The solid copper substrate is suitable
for managing the current generated at concentration. Because current increases nearly linearly
with concentration and SunPower panels are nominally fused at 15A, the ~5A Imp Maxeon cell
nominally remains within its specifications if operated up to 10 suns and possibly can be operated
at even higher concentration when e.g. the 125mm semi-square cell is sliced into 1/6th sections
(Nesterenkov et. al., 2016).
The Retrosol prototype under development uses a 50mm width CPV receiver but to facilitate
testing in parallel with construction, a version using the form factor of a Cogenra Solar T14
concentrator receiver was manufactured using 64 SunPower 1/6th form factor cells in series with
customized interconnects made of bus wire and encapsulated using liquid silicones (Figure 5).

Figure 5. T14-type CPV receiver fabricated at TU using 1/6th SPWR Maxeon cells in series
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Figure 6. 64 cell SPWR Receiver benchmarked at 1-sun and ambient temperature (electrical data in table above)

Figure 7. Test data for a 6-cell SPWR CPV Reciever at 1, 7 and 14X and a range of temperatures
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Figure 8 Prototype hybrid CSP-CPV system in on sun operation

Initial on-sun testing of the Retrosol prototype (Figure 8) has been dedicated to experiments that
have benchmarked the durability of the ~65W 0.5m length CPV receiver section installed (no
degradation of maximum power point output after daily use at operating temperatures) under
conditions of 45x concentrated sunlight (reflected in the 500-1000nm band) and evaluating
various power evacuation techniques. The remaining (~23%) of concentrated sunlight not
utilized by the CPV receiver passes through the dichroic filter and is absorbed by the HCE.
Because radiative and convective heat losses to the ambient are a function of operating
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temperature (averaging around 300°C in the collector field) , the diversion of a significant portion
of the solar spectrum to the CPV receiver results in a corresponding reduction in the efficiency
of the HCE due to constant losses and less heat gain per unit length under lower incident
irradiance (Figure 9). The dichroic filter effectively increases thermal losses by up to 30% at
operating temperatures, however, this thermal efficiency penalty is compensated by the increased
in-band quantum efficiency of the CPV receiver.

Figure 9 HCE performance pre (solid blue line) and post (dashed black line) retrofit
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Abstract
In this work, mathematical model of molten carbonates electrolyzer (MCEC) has been developed for its
integration into concentrating solar power (CSP) plant. MCEC modeling has been based on electrochemical and
thermodynamics approach using experimental information from a testing device. Despite the high temperature
requirements for MCEC operation (above 500 ºC), heat generation during the electrolysis process reduces the
requirement of external heat addition. Energy optimization approach using ASPEN HYSYS pointed out that
MCEC stable operation could be achieved for a wide temperature range of the feeding steam by using smart
heat recovery diagram. Temperature conditions that are covering from exothermal to thermoneutral working
conditions have been explored depending on the input thermal and electrical requirements. MCEC model
described in this work has been encoded into TRNSYS platform for transient performance evaluation. Optimal
integration scheme of MCEC coupled to linear-Fresnel solar plant has been proposed and sized for the hydrogen
production of a refueling station.
Keywords: High Temperature Electrolysis, Molten Carbonates, CSP Modeling, Hydrogen Production

1.

Introduction

Concentrating Solar Power (CSP) consists in producing electricity through thermo-mechanical transformation
by heating a working fluid using concentrating solar technologies (parabolic through, solar tower, parabolic dish
or linear Fresnel (Lovegrove and Stein, 2012)). Later this fluid is expanded inside the turbine of a power cycle
converting the thermal energy into mechanical power and electricity by its self-mounted generator. CSP
deployment has been growing over the last few years as it is seen as one of the most promising energy options
for the upcoming years. This is mainly due to its high flexibility on energy dispatch thanks to use of thermal
energy storage (TES).
Apart from the wide variety of TES systems mainly focused on short- medium term thermal storage, an
alternative way is considered based on production of energy carriers like hydrogen. In this case, hydrogen can
be used either for compressed storage, transportation, electricity production using a fuel cell (Carrette et al.,
2001), engine powering (Dimitriou and Tsujimura, 2017) or as a valuable product for chemical and oil
companies. Despite the high interest and number of applications for hydrogen, its production is still considered a
costly and high greenhouse gas emission process since most of hydrogen is still produced from fossil fuel
sources. However, for becoming a true zero-emission energy carrier, hydrogen should be produced from
renewable energy sources such as wind, solar energy (Sanz-Bermejo et al., 2014b) or biomass (Dincer and Acar,
2015). Several technologies can be used for hydrogen production from renewable energy sources such as
biomass gasification, solar-driven direct water splitting, solar-driven high-temperature thermochemical water
splitting, bio-derived liquids reforming or water electrolysis using renewable electricity (Ibrahim Dincer, 2012).
Water electrolysis is based on water splitting into its components (hydrogen and oxygen) inside an
electrochemical device (electrolyzer) by applying an electrical current. Low temperature water electrolysis is a
mature technology and hydrogen plants based on alkaline or proton exchange membrane (PEM) electrolyzers
are very common. Nevertheless, power consumption is relatively high (Zeng and Zhang, 2009). Therefore high
temperature steam electrolysis is being developed as an alternative because it shows a decrease on the electrical
power requirements in spite of an increase of thermal energy demands as steam temperature increases
(Laurencin and Mougin, 2015). This is explained from kinetics point of view, since higher temperature is
promoting electrode activity while reducing cell overvoltage what is translated into lower energy losses and
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more efficient process (Schiller et al., 2009). Two main electrolyzer technologies can be distinguished for high
temperature electrolysis; these are Solid Oxide Electrolytic Cell (SOEC) and Molten Carbonates Electrolytic
Cell (MCEC). These devices operate at temperatures above 500 ºC at higher power density than conventional
low temperature electrolyzers. These characteristics allow more compact components and less number of units.
SOEC and MCEC can work either as electrolyzer or as fuel cells improving grid stabilization in a near and
likely future with high penetration of renewable energy sources.
In this work, an electrochemical and thermodynamic model for molten carbonates electrolyzer (MCEC) has
been developed and validated with experiments from small lab demo prototype (Frangini et al., 2014). Due to
the small size prototype, scaling-up design has been proposed and applied for larger power plants corresponding
to commercial application of 400 kg/day for hydrogen production. This scenario corresponds to hydrogen
requirements for municipality refueling station (Sanz-Bermejo et al., 2014a). Proposed model has been used to
investigate the effect of working operative conditions (current density, steam temperature, conversion ratio…)
on MCEC performance. Trends and limits found from that analysis will help choosing best operative conditions.
Later, proposed model has been encoded as a TRNSYS component (Trnsys, 2007) for the dynamic analysis.
Integration scheme for MCEC coupling to the solar plant has been proposed and energy recovery network
optimized for system efficiency maximizing. Finally, solar plant requirements have been discussed for linear
Fresnel coupling assessment.

2.

Molten carbonates electrolyzer (MCEC) description

One of the main differences between SOEC electrolyzers and MCEC is the requirements of the second one on
CO2 feeding together with water steam. Water and carbon dioxide molecules decompose into H2 and carbonate
ion (CO3-) at electrolyzer cathode. Simultaneously CO32- diffusion occurs through the alkaline electrolyte made
of lithium, sodium and potassium towards the anode resulting into CO2 and O2 (Hu et al., 2014). Chemical
reactions occurring inside the MCEC are summarized in Table 1.
Table 1 MCEC involved reactions

Cathode

H2O + CO2 + 2e- ↔ H2 + CO32-

Anode

CO32- ↔ CO2 + ½ O2 + 2e-

Full conversion

H2O + O2 ↔ H2 + CO2 + ½ O2

ΔHr (298 K)

285,8 kJ/mol

Nickel-based alloy with chromium and aluminum rate between 2-10 % is employed for the cathode due to its
sintering resistance and mechanical properties (Bodén, 2007). The anode is made of NiO with lithium and MgO
intercalated (Antolini, 2011; Hu et al., 2014) in order to avoid short-circuits into the cathode. Ceramic matrix
made of LiAlO2 (Hu et al., 2014) separates the cathode from the anode and supports the electrolyte LiNaK,
which is a ternary eutectic mixture of molten carbonates Li2CO3-Na2CO3-K2CO3 (Frangini et al., 2014; Hu et
al., 2014).
MCE concept is quite flexible and apart from H2 and O2 production as it is discussed in this work, it could
operate for oxy-fuel combustion processes or methanation as it can be observed from Figure 1.

Figure 1 Applications of MCEC electrolyzer
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2.1 Experimental device
Small lab-scale MCE was designed, developed and tested by ENEA (Frangini et al., 2014). This electrolyzer
was made of a gold electrode with surface area of 0.2 cm2 and a standard oxygen electrode of gold immersed in
molten electrolyte and hold by alumina tube with a small hole at the bottom part. CO2 and O2 mixture in a
relation of 2:1 with gold sheet of 1cm2 surface was employed as counter-electrode. A mixture composed of
alkaline molten carbonates Li2CO3-Na2CO3-K2CO3 with 43.5-31.5-25.0% molar ratio was used. This mixture
has its melting point at 397 ºC. Several steady-state galvanostatic and cyclic voltammetric tests were performed
for a temperature range between 500 ºC and 600 ºC as it can be seen on Figure 2. Experiments were performed
by introducing different gas compositions of dry CO 2 and wet mixture in a 50:50 composition (pCO2=0.5 atm;
pH2O =0.5 atm) at 120 ºC with a flow rate of 60 mL/min (Frangini et al., 2014).

Figure 2 Applied voltage dependency according to experimental results at different temperatures (Frangini et al., 2014)

3.

Mathematical model

MCE model was based on the electrochemical equations shown below.

3.1 Potential calculation: Nerst, reversible and thermoneutral
Reversible potential exchanged in a cell (eq. 1) depends on Gibbs free energy that changes with cell temperature
T according to (eq. 2) (Brouwer et al., 2006; Petipas et al., 2013)
EREV

' rGT0
2F

(eq. 1)

Where F is the Faraday’s constant equal to 96485.33 C mol-1.

'r GT0

244800  49.18  T  2.72 103  T 2

(eq. 2)

Nernst potential (eq. 3) depends on gases partial pressure in cathode and anode, according to electrolyzer
operating pressure and spices composition (Brouwer et al., 2006).

EN

EREV 

1/2
R  T ª pH 2 ,cat  pO2 ,an  pCO2 ,an º
ln «
»
2  F «¬ pH 2O ,cat  pCO2 ,cat »¼

(eq. 3)

Thermoneutral potential can be derived from (eq. 4)
ETN

'r HT
2 F

(eq. 4)

Where 'rHT is the reaction enthalpy (eq. 5) given by (Petipas et al., 2013).

' r HT

238200  13.12  T  3.53  103  T 2

(eq. 5)

3.2 Mass balance
Streams flow and composition can be determined using the following mass balance equations (eq. 6-10). On the
first hand, hydrogen molar flow can be estimated according to Faraday’s electrolysis law (eq. 6) (Petipas et al.,
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2013).
jS
2F

nH 2

(eq. 6)

Hydrogen production is proportional to current density j (A/cm2) and electrodes active surface S (cm2). Once
hydrogen molar production has been determined, composition of involved species in the cathode can be
determined by taking the standard conversion steam rate of the cell (xH2O). Molar flow for cell feeding (nH2O)
can be calculated from (eq. 7).
nH 2O ,cat

nH 2

(eq. 7)

xH 2O

Considering that cell feeding is equimolar (0.5 H2O + 0.5 CO2) (eq. 8) can be derived (Frangini et al., 2014).

nCO2 ,cat

nH2O ,cat

(eq. 8)

In a similar way, mass balance applied to electrolyzer anode results into (eq. 9) and (eq. 10).
nO 2,an

nCO 2,an

nH 2·0.5

nH 2

(eq. 9)
(eq. 10)

3.3 Overpotential calculation
Electrolyzer working potential (E) can be determined as the sum of all system irreversibilities (eq. 11) (Brouwer
et al., 2006) and includes ohmic losses (Eohm), activation overpotential (ƞ) and Nernst potential (EN).
E

EN  Eohm  η j

(eq. 11)

Ohmic losses can be determined from Ohm law while the overpotential (ƞ) is determined from Butler-Volmer
expression (eq. 12) (Brouwer et al., 2006).
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(eq. 12)

Where j is the exchanged current (A/cm2), αc, αA are transfer coefficients for cathode and anode while j0,an and
j0,cat are the exchange currents of anode and cathode respectively. Due to the complexity on parameters fitting
from Butler-Volmer equation and its later model programming (Sanz-Bermejo et al., 2015) simplified (eq. 13)
has been proposed (Ulleberg, 2003) instead of (eq. 11).

E

EREV  r  j  s  log10 t  j  1

(eq. 13)

Where r, s and t parameters are referring to the ohmic resistance (r) and electrolyzer overpotential (s, t) that are
depending on temperature.

3.4 Applied power
Electrical applied power (P) can be determined multiplying cell voltage (E), current density (j), surface (S) and
the number of cells (N).

P

jN ES

(eq. 14)

3.5 Cell geometry
Cell dimensioning was addressed according to the following equations and considering that cells were arranged
in a stack (Petipas et al., 2013; Yu et al., 2007). Unit volume depends on cell length (l), cell thickness (ecell),
endplate thickness (eplate) and the number of cells (N) (eq. 15).

V

l 2  N  ecell  2  e plate

(eq. 15)

Number of stacks (eq. 16) are depending on unit volume and length.
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§ 3V ·
N stack | ¨
¸
© l ¹

(eq. 16)

Number of cells per stack (Ncell/stack) can be calculated dividing the number of cells (Ncell) and stacks (Nstack).
From abovementioned parameters, unit surface (Sunit) can be determined from (eq. 17).

4  N stack

Sunit

1/2

 l  N cell / stack  ecell  2  eendplate  2  N stack  l 2

(eq. 17)

3.6 Energy balance
Energy balance for the electrolyzer can be expressed according to (eq. 18).
Ks 

dT
dt

E  j  S  1 η 

T  25
 nH2O  c p H O T  TIN  nCO2  c pCO T  TIN
2
2
R

(eq. 18)

Left-hand side of the equation accounts for the temperature variation of the electrolyte whose thermal capacity
was already characterized (An et al., 2016). On the right-hand side of the expression, the first term represents
the gained thermal energy while the other terms are representing the energy losses. T is referring to the cell
temperature while TIN corresponds to the feeding temperature. Cell efficiency is determined as the ratio between
thermoneutral potential (ETN) and total potential (E).

3.7 Iterative solving method
MCE electrolyzer model has been derived from standard electrochemical and thermodynamics equations that
are solved following the flow diagram presented on Figure 3. Design input parameters such as cell current
density and steam conversion are needed for electrolyzer modeling, these parameters can be estimated from
lessons learnt during experimental testing device (Frangini et al., 2014). Steam flowrate required for the
electrolysis process was determined accordingly to the chosen conversion and desired hydrogen production.
Main design criteria for MCE was based on hydrogen production rates for its later application, while from
modeling results the number of cells, stack geometry, electricity consumption, production rates (CO 2, H2, steam),
cell temperature and the thermal energy released will be determined by solving material and energy balance
equations (Petipas et al., 2013; Ulleberg, 2003).

3.8 Model fitting
Proposed model for MCEC has been calibrated using experimental data shown in Figure 2 what resulted into a
series of fitting parameters for r, s and t (eq. 13). Family of coefficients was obtained due to temperature
dependence of r and t. This allowed temperature-based equations definition shown in Table 2.
Table 2 Fitting coefficients proposal

Parameter
2
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Value
5

r (Ω cm )

7.58  10  T  8.19 102

s (V)

2,18·10-2

t (cm2/mA)

5.69 108  T  6.62  105  T  1.91 102
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Figure 3 Solving diagram for MCEC characterization

4.

Sensitivity analysis

MCEC performance has been explored using the model described above. Effects of conversion ratio, current
density and feeding temperature on cell temperature and electrical power have been investigated by means of
the sensitivity analysis shown on Figure 4. Data were obtained for 400 kg/day production of H 2 by fixing
feeding temperature at 100 ºC (when not modified) and 60% conversion (when not modified).

a. Given feeding temperature (100 ºC)

b. Given conversion rate (60%)
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c. Given feeding temperature (100 ºC)
Figure 4 Working conditions effect on MCEC performance. Power consumption (top). Cell temperature (bottom)

As it can be observed from Figure 4-a, higher conversion rates and lower energy density currents would be
desired in order to reduce electrical power consumption of the electrolyzer. Those conditions correspond to
intermediate cell temperature range (400 ºC – 500 ºC) as it can be observed from Figure 4-c. This figure also
gives an idea about the working range for the electrolyzer, since lowest cell temperature is limited to 400 ºC to
avoid molten carbonates electrolyte freezing. Figure 4-b shows the effect of MCE feeding temperature (steam
and CO2) into electrical power consumption for a given conversion rate. As it can be observed, the lower is the
feeding temperature of streams, the higher is the electrical power consumption for the electrolysis process. In
other words, higher thermal input energy will be compensated with lower electrical power consumption of the
electrolyzer which is the design target. Optimum working conditions for the electrolyzer should meet low
density currents, with high conversion rates and high feeding temperatures.

5.

Plant integration

As it was observed on Figure 4-b, high temperatures of the feeding streams to the electrolyzer are desired due to
the lower electrical power consumption. In addition, MCE can operate under exothermal conditions which are
increasing the temperature of the electrolyte cell. Thermal energy generated during the exothermal process can
be mostly recovered using a heat exchangers network; the objective of this regeneration process is two-fold. On
the one hand, it would increase the temperature of feeding streams (steam and CO 2) what will reduce electric
power consumption of the MCEC. On the other hand, hot streams out of the electrolyzer will be cooled-down
what is required for H2 and O2 separation processes whether using amines process or membranes.
Figure 5 shows the energy recovery network proposed for MCEC operation, this network was optimized using
pinch-point methodology (Das, 2005) on ASPEN Energy Analyzer (AspenTech, 2017). This optimization was
based on energy recovery maximizing from hot products streams (electrolyzer output) for input streams
preheating (steam and CO2) by using network of heat exchangers named as E-101, E-103, E-104, E-105 and E106. Water from the network will be pumped into the system and firstly preheated by low temperature products
stream at heat exchanger E-101. Later, water stream will be heated-up using external heat addition at E-102 in
case of the electrolyzer operation cannot cover the thermal demand. This thermal power could be provided by
external process heat as for example from concentrating solar power (CSP) plant. After external heat addition,
heat exchanger network will be used for reaching the operation temperature of the electrolyzer. As it can be
observed, membranes separation process (M-101 and M-102) has been proposed for CO2 separation from
products streams (H2 + CO2 for stream marked as 7 and O2 + CO2 for output stream 8). Separated CO2 is
recirculated back for electrolyzer feeding mixed with pumped water. Demister (component V-101) is considered
for downstream cathode line for water droplets separation in those cases where the electrolyzer is operating with
a conversion ratio lower than 100%. Condensed water is pumped back and mixed with feeding water stream. As
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it can be observed, cathode stream (7) is cooled down while preheating feeding water through heat exchanger E101; this will favor water droplets separation while reducing external heat addition on heat exchanger E-102.
Furthermore, suitable temperature for membranes separation process M-101 will be expected after E-101
cooling down. Additional heat exchanger E-107 has been included as a heat sink for cooling down anode stream
(8) to ensure low temperature for CO2 separation on membrane M-102.

Figure 5 Energy recovery network of the MCEC

As it has can be observed on the diagram from Figure 5, feeding water stream mixed with CO2 was separated
into two streams (4 and 5) for optimizing preheating process what will reduce the external heat addition and
optimizing heat exchangers network design. Mass flow splitting factor was optimized according to ASPEN
HYSYS Energy Analyzer tool resulting into a ratio of 60% through the branch 4 and 40% trough branch 5
which optimized the annual cost of the system. Later, both streams were mixed again for electrolyzer feeding
(branch 6). Electrolyzer feeding using separated branches was considered as well, but this option was discarded
due to less efficient energy utilization resource according to pinch-point analysis.

6.

TRNSYS integrated model

MCEC model described above has been programmed as a TRNSYS component (own created Type203) which
will allow for performance evaluation under transient conditions and its coupling to a solar power plant. Mixer
component numbered as Type210 was also developed to precisely account for energy balance when mixing
streams with different fluids and with temperature dependent specific heat capacities.

Figure 6 TRNSYS layout for MCEC developed model and auxiliaries

TRNSYS integrated model allowed to investigate the dynamic effect of warming-up the electrolyzer or its
response to fluctuating temperature of feeding streams as it can be observed from Figure 7. Warming-up
scenario is described on Figure 7-a, in this case the electrolyzer is fed at 1 bar and 100 ºC while molten
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carbonates electrolyte are kept at initial temperature of 400 ºC (below that temperature will froze). As it can be
observed, cell temperature will increase due to the exothermal electrolysis process till converging to 539 ºC cell
temperature. Electrical power reduction as cell temperature is increasing is observed based on kinetics
improvement and reversible potential reduction (Mazloomi et al., 2012). Figure 7-b shows electrolyzer time
response against a change on feeding temperature according to sinusoidal temperature oscillation. As it can be
seen, amplitude signal of 50 ºC on the feeding stream was dumped to less than 10 ºC for the electrolyte due to its
thermal capacity. Similar effect on the time delay of temperature signal for the electrolyzer cell was found when
varying the feeding temperature.

Figure 7 Time response of MCEC model programmed into TRNSYS. Electrolyzer warming-up (a). Fluctuating response (b)

7.

Modelling results

Modelling results for commercial application using MCEC concept studied in this paper are presented on Table
3. Two different cases have been modelled, one corresponding to exothermal MCEC behavior with low feeding
temperature and another one for thermoneutral working conditions. Working conditions for the exothermal case
were taken from lessons learnt from experimental test data (Frangini et al., 2014), considering conversion ratio
of 60% for current density of 0.014 A/cm2 and low feeding temperature. Thermoneutral working conditions
were determined from (eq. 4) considering cell temperature of 550 ºC. As it can be seen, the exothermal working
mode consumes higher electrical power for the electrolysis process than thermoneutral mode (23% more).
However, external thermal power requirements are one fourth of the thermoneutral needs at a lower temperature
(40 kW at 110 ºC instead of 160 kW at 550 ºC from thermoneutral mode).
Table 3 Modelling results for commercial application

H2 production
Assumptions

Model calculation

176

Units

Exothermal

Thermoneutral

kg/day

400

400

2

Current density

A/cm

0.014

0.0073

Conversion rate

%

60

60

Feeding temperature

ºC

110

550

Cell temperature

ºC

539

550

Feeding steam

kg/h

248.2

248.2

Feeding CO2

kg/h

606.4

606.4

Applied voltage

V

1.62

1.34

Number of cells

-

319000

616000

Electric power
consumed

kW

726

593

Required external
thermal power

kW

40

160
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According to results shown on Table 3, exothermal mode is suitable for low temperature applications since
small amounts of thermal heat at low temperature are enough for hydrogen production using molten carbonates
electrolyzer. For example, it could be coupled to low temperature CSP applications such as linear Fresnel
collector according to diagram shown on Figure 8. In that case, dedicated linear Fresnel CSP plant is considered
for external heat generation required for increasing temperature of feeding streams to the electrolyzer (heat
exchanger named E-102 on Figure 5).

HOT TANK

EVAPORATOR

CO2 SEPARATION
PROCESS

COLD TANK

H2 (g)

H2O (g)

O2 (g)

CO2 (g)

ELECTROLYZER
CO32-

H2
COMPRESSION STAGES
CO2 (g)

H2 (g)

CO2 (g) + ½ O2 (g)

H2O (l)
PRESSURIZED
VESSEL

FEEDWATER PUMP

Figure 8 MCEC coupling to dedicated linear Fresnel CSP plant

8.

Conclusions

In this paper it has been analyzed the application of molten carbonates electrolyzer cell (MCEC) for hydrogen
production. Mathematical model has been developed based on electrochemical and thermodynamics equations
and encoded as TRNSYS component for dynamic performance evaluation. MCEC model was completed
considering experimental data from lab-scale demonstrator which also contributed to determine model
assumptions (conversion ratio and operative cell temperatures). Sensitivity analysis performed on MCEC model
demonstrated that operative conditions corresponding to high conversion ratios and low density currents were
preferred due to the lower electricity requirements for the electrolysis process. However those conditions were
leading to low cell temperatures what could damage the electrolyzer by freezing the electrolyte. It was also
found that smart energy recovery network was required for input streams pre-heating for reducing external
thermal power requirements, and in this case, splitting the mass flow into two streams (60% and 40%) will be
beneficial according to pinch-point methodology. Dynamic response of TRNSYS model simulation showed how
the electrolyzer was able to dump temperature fluctuations of the input streams while shifting its response due to
molten carbonates thermal inertia.
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Abstract
Recently the novel concept of solar convective furnace based on open volumetric air receiver is proposed and
evaluated for metals processing. The use of open volumetric air receiver is motivated by the need of hot air at
about 750 K. It is well-accepted that the dust deposition will be a major challenge for implementation of open
volumetric air receiver in the arid deserts, worldwide. In this paper, some of its detrimental consequences
pertaining to flow instability and absorber temperature are presented. A pressure-drop correlation for straight
pore based absorber is developed for analyzing the flow instability. A two-dimensional validated approach is
adopted for analyzing the receiver overheating as a result of dust deposition forming a so-called insulation-type
layer on the inner surface of absorber pore. The findings show stable flow regime with a uniform thickness of
the deposited dust layer (100 µm & 200 µm) on the inner surface of a pore. The thickness of dust layer is more
detrimental in view of substantial rise of absorber temperature and thus, the sustainability of the open volumetric
air receiver needs to be addressed. The presented details are both encouraging and alarming, addressing some of
the gaps and outlining the need of an in-situ cleaning approach for operating such a system in the arid deserts of
India and worldwide.
Keywords:open volumetric air receiver, solar convective furnace, dust deposition, heat flux distribution

1 Introduction
Rajasthan and Gujarat in India are prosperous in terms of direct normal irradiance. This can be converted to heat
or power using the concentrated solar thermal technologies. As an application, the concept of solar convective
furnace system is being developed at IIT Jodhpur (Patidar et al., 2015). A three-dimensional view of this furnace
for heat treatment of aluminum is shown in Fig. 1a. Here, the obtained hot air from an open volumetric receiver
is introduced limiting the required temperature to 750 K for annealing of aluminium. The open volumetric air
receiver based central receiver systems fulfill the same and even beyond 750 K (Romero et al., 2002). The
desired volumetric heating effect may be manifested by applying a uniform heat flux thro ughout the
absorber length. In such a case, the absorber temperature at the inlet will be lower than that of the outlet.
Achieving such an ideal operating condition on the field condition is not possible. This is referred to nonvolumetric heating and is a manifestation of heat flux non-uniformity along the axial and radial direction.
For evaluating an open volumetric air receiver, which is open to atmosphere, the solar air tower simulator
facility is installed at IIT Jodhpur as depicted in Fig. 1b. The porous absorbers of this receiver are exposed to
concentrated solar irradiance with simultaneous cooling basing on the forced convection of air. The installed
foot-piece, anchor-plate and nozzle ensure thermal uniformity of hot air at its outlet. The designed receiver aims
to provide (a) a uniform outlet air temperature, (b) a stable flow condition and (c) the long-term operation in
dusty environment. An open volumetric air receiver comprising of circular straight pore based cylindrical
absorber is developed to fulfill these requirements, as far as possible, and is discussed subsequently. A review
and challenges in achieving the volumetric effect in such a receiver is presented in e.g. (Gomez-Garcia et
al.,2016; Capuano et al., 2015).
Even with volumetric or more so with a non-volumetric heating the desired stable flow limits the targeted
high air temperature in an open volumetric air receiver (Kribus et al., 1996; Pitz-paal et al., 1997). The
combined effect of high temperature and its non-uniformity leads to flow instability beyond a critical heat
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flux level. This is associated with the thermo-physical properties of air and in particular, the offered flow
resistance at a high temperature. The concentrated solar irradiance on the open volumetric air receiver
aperture is known to be quasi-Gaussian and thus centrally located absorbers are more prone to such an
unwanted situation (Becker et al., 2006; Roldán et al., 2014). One way of mitigating the same is the use of
an absorber with high thermal conductivity to reduce thermal gradient and the resulting change in fluid
properties. Another challenge pertaining to its operation in the arid desert region is the deposition of dust
having a low thermal conductivity of about 1-2 W/mK in absorber pores. This is likely to limit its installation
in such areas of high potential, worldwide, and in particular the Thar-desert of India and the great desert of
Middle-East. The deposition mechanism and a dust removal process were analyzed by Singh et al., (2016). The
possible consequences of dust deposition are (a) the flow instability even at a low heat flux concentration, (b)
the local or wide-area hot spot and (c) an eventual failure of open volumetric air receiver. Considering these
aspects (a) the effect of uniform and non-uniform heat flux distribution on an absorber pore and (b) the
detrimental consequences of the dust deposition in an absorber pore are discussed in this paper.

(b)
(c)
(a)
Fig. 1: (a) Schematic of solar convective furnace,(b) Solar air tower simulator facility at IIT Jodhpur, (c) Schematic of an
open volumetric air receiver

2 Modeling and simulation
In this section the derived new pressure-drop coefficient based correlation is presented. Subsequently, the
validated two-dimensional computational approach is used to address the above-mentioned objectives.

2.1 Pressure-drop Correlation
The porous absorbers in an open volumetric air receiver are made of metals, alloys and ceramics that are of
foam or straight pore –type (Avila-Marin, 2011). The straight two-dimensional pore based absorbers offers a
lower pressure-drop in comparison to that of a three-dimensional structures, which can be easily inferred in
comparison to the Ergun equation. Thus, the straight pore based receiver is attractive for pressure-drop and are
also less prone to the dust accumulation. There are a number of correlations to predict the pressure-drop (∆p)
across the foam-type absorbers, which may not be applicable for the straight pore based absorber (Edouard et
al.,2008). Therefore, several experiments and detailed analysis are performed to deduce a realistic correlation
for ∆p across the designed circular straight pore based open volumetric air receiver (Sharma et al., 2015a,
2015b). The employed cylindrical absorber and the receiver assembly are shown in Fig. 2b and 2c. The
schematic of experimental setup for measuring the pressure-drop across an isolated absorber is shown in Fig. 2a.
This consists of a blower, two connecting pipes each of length ~0.83 m, an absorber of length (~ )ܮ0.0254 m,
pore hydraulic diameter (݀~ ) 0.002 m and porosity (ߝ) ~52%, a differential pressure transducer (Dwyer 475
mark III with an accuracy of about ±1.5%, a rotameter and a hot-wire anemometer (Fisher scientific make with
an accuracy of about ±1%). The detailed analysis is presented in Singh et al. (2018). The authors’ have also
reported three dimensional numerical analyses with absorbers having porosities of 42, 52 and 62%. The
obtained correlation based on these investigations is as follows:
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(eq. 1)
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where,kp is the pressure drop coefficient, ρf is the density of air, Rep is the Reynolds number based on the
hydraulic diameter (dp) of circular straight pore and vp is the average speed of air inside an absorber pore. The
derived correlation is expressed in terms of Rep, which includes fluid properties. It is well known that

ቀοΤߩ݂  ʹݒቁ ݂ ן൫ܴ݁ ൯ for an incompressible fluid flow in a smooth straight pore (Fox et al., 2011). This can be
also be inferred from the fact that a blower of large capacity is required to achieve a high mass flow rate through
a given porous geometry. Thus, with the increasing velocity/mass flow rate of air or the corresponding Reynolds
number the pressure-drop increases. This is also evident from eq. (1) in which including the proportionality
constant kp (a function of Reynolds number) the pressure drop scale with ͳݒǤͶͳʹ .

(b)

(a)

(c)

Fig. 2: (a) Schematic of experimental setup showing 1:blower, 2:pipe, 3:absorber, 4-5:differential pressure transducer with probes,
6:valve, 7:rotameter; (b) a circular straight pore based cylindrical absorber; (c) the receiver assembly.

2.2 Two-dimensional analysis: clean and partially blocked pore
The deposition of dust will enhance the thermal resistance in an absorber pore and as a consequence the
temperature difference between solid and air will be higher than that of a clean pore. The thermal resistance
between solid and air for a clean and partially blocked pore can be easily estimated as follows:
Rth _ cl

1
hcl Aps _ cl

Rth _ bl

ln dcl dbl
1

2S kd L
hbl Aps _ bl

½
°
°
¾
°
°
¿

(eq. 2)

where, Rth is the thermal resistance in the pore, h is the convective heat transfer coefficient in the pore, Aps is the
wetted surface area of the pore, d is the hydraulic diameter of the pore, subscripts cl and bl stands for clean and
blocked pores, L is the length of the circular straight pore and kd is the thermal conductivity of dust. In eq. (2)
the offered conductive resistance by the absorber solid material is ignored basing on its high thermal
conductivity (~ 100 W/mK) in comparison to that of dust (~ 1-2 W/mK). The porosity (ε) of absorber in terms
of dust layer thickness can be obtained as

H

Ac u nc  Ab u nb
, where Ac
Acs

S d p2
4

and Ab

S (d p  2t )2
4

(eq. 3)

where, Ac is the cross section area of a clean pore, Ab is the flow cross section area of a partially blocked pore, t
is the thickness of dust layer, nb is the number of partially blocked pores, nc is the number of clean pores and Acs
is the cross section area of absorber. Therefore, if dust deposits then the porosity of absorber will be lower than
that of a clean pore. This will offer higher resistance to flow and heat transfer for a given mass flow rate. For a
simple analysis the uniform layer of deposited dust along the pore length is assumed. Because of the identical
geometry only one pore will suffice to estimate its effect on the heat transfer. This is manifested as the rise of
mean temperature difference between absorber material and air with thickness of dust layer as summarized in
Table 1. The digits are rounded off to the first decimal point. In these calculations an average convective heat
transfer coefficient is used, which ideally should vary along the length. Thus, the numbers are only
representative in nature. The Table 1 confirms that the mean temperature difference between absorber solid and
air will increase with the dust layer thickness as a result of the enhanced conductive resistance and decrease with
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Rep as a consequence heat transfer coefficient for a given thickness of dust layer. Thus the need for a more
detailed analysis is realized. As the next step, a two-dimensional analysis, based on axisymmetry is performed
with Ansys-Fluent.
Tab. 1: Mean temperature difference between solid and fluid in a partially blocked pore with a uniform dust layer thickness

Dust layer thickness (Porosity in %)
Rep

100 µm (42%)

200 µm (33%)

300 µm (25%)

100

103.5 K

104.7 K

106.3 K

200

92.8 K

94.8 K

97.2 K

300

84.7 K

87.1 K

89.8 K

Assuming that all the pores are identical and are exposed to the same condition suffices modeling a single pore.
The modeled single pore geometry comprises a fluid (air) domain with temperature dependent properties and a
solid (brass) domain with constant thermo-physical properties for a clean pore. For a partially blocked pore the
dust layer is introduced as a solid domain with thermo-physical properties of sand. This is sandwiched between
the absorber and fluid domain (see Fig. 3a). Thus the dust-air and dust-solid interface is suitably modeled with
consistent thermal boundary condition. The deposition of dust, in an ideal case, will be uniform along the length,
however, in reality, a non-uniform profile is expected. To simulate these different scenarios, uniform dust layer
(UDL) and non-uniform dust layer (NDL) distributions are assumed (Fig. 3a). Moreover, both the ideal volumetric
and real non-uniform heating effects are modeled with uniform and non-uniform heat flux distribution on the
circumference of pore. The solved continuity, momentum and energy equations are given in eq.(4) and the
numerical setup is summarized in Table 2. This describes the adopted numerical scheme and the convergence
criteria.
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(eq. 4)

Tab.2: Numerical setup for two dimensional analysis

Mesh-type

Mesh-size (in mm)

Numerical Scheme

Convergence

Structured

0.015 mm -0.05 mm

First-order Upwind with SIMPLE algorithm

10-6

The schematic in Fig. 3c and depicts (a) volumetric heating effect with a uniform heat flux and (b) non-volumetric
heating effect or a field condition with a non-uniform heat flux distributions along the axial direction, ignoring the
radial variation with a single pore. The latter is adopted from Roldán et al.(2014) as eq. (5) and is implemented as a
user-defined function.

I ( z)

I 0e[ z with [3d

3(1  H )
dp

(eq. 5)

where, I(z) is the heat flux at a given axial position along the flow direction, I0 is the irradiance at the front face,
ɛ is the porosity of an absorber, ξ3d is the extinction coefficient (Wang et al, 2013; Wu et al, 2011). Also, the
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radiation based heat loss from the front surface of absorber is introduced as a boundary condition using a user
defined function. Different cases are analyzed with a dust layer thickness up to 200 µm depicting one to four
successive layers of deposition (see Yadav et al., 2014). Each absorber pore is subject to the same ∆p inferring
the applied same suction by a blower. This assumes that a common blower for suction through a receiver
comprise of several porous absorbers. The same is depicted with a schematic of a clean and a partly blocked
pore in Fig. 3b. In the two-dimensional simulation, a total pressure of 15.8 Pa corresponding to ݍሶ Ȁ݉ሶ ܽ ~200 kJ/kg
for a power (ݍሶ ) of 1.03 W is employed as the inlet boundary condition. Zero gage pressure is applied at the
outlet. Thus the flow inside a clean and a partially blocked pore is driven by the same pressure-drop as in a real
absorber. The resulting Rep is about 175, 70 and 19 for the clean and partially blocked pores with uniform dust
layer thickness of 100 μm (ε ~ 42%) and 200 μm (ε ~ 33%), respectively. The lower value of Rep is a
manifestation of the offered higher resistance to the flow by the blocked pore in comparison to the considered
clean pore. Thus, the flow and thermal development length (~0.05 Rep with Pr ~ 1) will be shorter in the
partially blocked pore as compared to its clean counterpart. In realistic conditions, the dust deposition is
generally non-uniform. To estimate the effect of such a distribution, the simulations with non-uniform dust
layers are also performed. Here, the dust layer thickness is maximum (100 μm or 200 μm) at the inlet and
reduces to zero at the outlet as shown in Fig. 3a.The generated coarse and fine meshes in a dust deposited pore are
shown in Fig. 3e. The finest mesh having a resolution of 0.05 mm is preferred for further analysis based on a grid
independence test.
∆p
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Solid
Air
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Solid
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Absorber material
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Absorber material
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Fig. 3: (a) Geometries of A- clean pore, B.-pore with uniform dust layer (UDL), C- pore with non-uniform dust layer; (b) A
schematic showing the same pressure drop across all absorber pores due to suction (c) Uniform distribution of heat flux on an
absorber pore and (d) Non-uniform heat flux distribution on an absorber pore; (e) The generated meshes
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3 Results and discussion
3.1. Two-dimensional analysis:validation and flow-instability with dust deposition
The employed axisymmetric numerical model is validated with the measured values of air temperature at the
absorber outlet (Tout) with uniform or volumetric-type heating in laboratory bySharma et al., (2015a, 2015b).
The comparative assessment in Fig. 4a shows a variation of less than 5% between the measured and computed
values confirming the acceptability and quality of the performed analysis. The pressure-drop correlation as in
eq. (1) is derived using experiments/computations under ambient condition and its applicability with heat input
remains a question. To answer the same, simulations are performed using the validated numerical setup with
uniform heat flux boundary conditions and Rep < 300. A comparison between the computed and correlation
based ∆p is shown in Fig. 4b. This depicts that (a) the ∆p increases with decreasing Tout that corresponds to a
high mass flow rate of air or Rep, (b) the derived correlation compares within 10-25% with the performed
simulations for a Tout up to 900 K. One of the reasons for this error is the measurement uncertainty of about 2
Pa. This is substantial at a low mass flow rate and thus, differences are observed between experiment and
computed values. Furthermore, the measured values will be affected by the curved streamlines at the inlet and
outlet. Also, a comparison between the installed- rotameter and hot-wire anemometer based ݉ሶܽ values showed
an uncertainty of about 5%. These are some of the possible encountered errors. Also it is noted that a 5% of
uncertainty in ݉ሶܽ corresponds to 10% uncertainty in pressure drop. Thus, the realistic pressure-drop correlation
with its known limitations is used for flow stability analysis.

28

490

∆p (Pa)

Tout (K)

520

460
Experiment
2D-Simulation

430
400
50

100 150 200 250 300
. .
q/ma (kJ/kg)

1000

Simulation
Correlation
T_out

900
800

21

700

14

600

Tout (K)

35

550

500
7

400
300

0
0

100

200

300

Rep

(a)

(b)

Fig 4: Comparison between (a) computed and measured air temperature at the absorber outlet and (b) computed and correlation
(eq. (1)) based pressure-drop with different heat flux condition

For flow stability analysis the well-known quadratic pressure across the absorber is deduced by adopting the
approach from Becker et al. (2006) and is presented in eq. (6). The detailed derivation of this expression
considering a clean circular straight pore and the underlying assumption are reported in Singh and Chandra
(2018). The instability is envisaged by the oscillatory nature of the difference between quadratic pressure-drop
at a critical heat flux level. The investigation of the obtained expression clearly show that the non-existence of
the same. The effect of dust deposition may be implicitly evaluated by updating the porosity of a partially
blocked pore in eqn. (6) at the steady state.
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(eq. 6)

A variation of the derived expression for ∆p2 as in eq. (6) with respect to Tout and ݉ሶܽ is shown in Fig. 5. This
illustrates that the pressure-drop decreases with mass flow rate of air or the corresponding Reynolds number for
a circular straight pore. As a result, the outlet air temperature increases for the considered temperature
dependent thermo-physical properties of air. Unfortunately, the analysis is not performed for the large scale
receiver as the absorber design needs to be optimized. The work on the same is in progress. It is also inferred
that for a given Tout the ο ʹincreases with the dust layer thickness or the decreasing effective absorber porosity
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at a given mass flow rate of air. This is indicated by a dotted arrow. It must be emphasized that the estimated
value of ∆p2 with eq. (6) compares well with that of the numerically analyzed values. This serves as an
alternative validation of the derived expression. The difference between analytically and numerically obtained
values of ∆p2 decreases with the mass flow rate of air, which is also inferred with the increasing values Tout. This
is desirable in view of analyzing the flow instability. Higher values of ∆p will lead to an elevated parasitic loss
and the reduction in an overall efficiency, which is defined by Boddupalli et al. (2017). Thus, one of the
consequences of dust deposition is the reduction of open volumetric air receiver performance or efficiency.
Interestingly, with the uniform layer of dust deposition and the manifested volumetric heating effect no
signature of flow instability is found, which is encouraging for implementing such a receiver design in desert
regions and is a step towards optimization. The effect of non-uniform- dust deposition and heat flux distribution
on the same will be investigated at a later date.
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Fig. 5: Computed and eqn. (2) analyzed ∆p2 with clean and partly blocked pores.

3.2. Effect of dust deposition and heat flux distribution: air and absorber temperature
The simulations are performed with the clean and partly blocked absorberpores with an imposed fixed pressure
drop across the absorber inlet and outlet (see Fig. 3b). This will allow one-to-one comparison between a clean
and a partially blocked pore that are operating under an identical suction. The axial temperature variation of
fluid and absorber material is shown in Fig. 6 for the cases with uniform and non-uniform heat flux
distributions.
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Fig. 6: Axial temperature profile of fluid and solid with uniform and non-uniform dust layer thickness along the absorber pore

185

G. Singh / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

With the numerically imposed uniform heat flux along the pore length the desired volumetric heating effect is
observed. This is inferred with an increasing solid temperature from the absorber inlet to outlet. Whereas with
the employed non-uniform heat flux distribution along the pore length as in eq. (5) the highest absorber
temperature is obtained at the inlet. This confirms the non-volumetric heating effect. The partially blocked pore
shows a substantial increment in temperature with the applied pressure-drop attributed to the reduced mass flow
rate. The temperatures of solid and air increase with the thickness of dust layer as expected. For the uniform dust
layer a temperature rise of about 150 K and 580 K is found, which correspond to the thickness of 100 μm and
200 μm, respectively. For the non-uniform thickness of dust layer a temperature rise of about 40 K and 150 K is
found, which correspond to 100 μm and 200 μm at the inlet, respectively. This is attributed to the decreasing
mass flow rate of air in blocked pore for the applied pressure-drop and is substantiated by a shorter thermal
development length (~ 0.05 RepPr) in blocked pore compare to its clean counterpart as depicted by the dotted
vertical lines in Fig. 6a. Thus, it is concluded that the dust deposition is detrimental to long-term sustainable
operation and also increases parasitic losses. Moreover, high surface temperature will lead to an elevated
radiation based heat loss, which adds up to the losses. In essence, both the efficiency and durability of an open
volumetric air receiver will be a concern in arid deserts.

Clean pore

Inlet

Pore with dust deposition (UDL_100 μm)

Fig. 7: Temperature contours for a clean pore and for a partially blocked with uniform dust layer (UDL) thickness of 100 µm and
the applied uniform heat flux along the pore length

The numerically analyzed solid and fluid temperature contours for a clean and a partially pore is shown in Fig.
7. The scale is preserved for a better visual comparison. As observed, the contours depict parabolic distribution
of fluid temperature and its value increases with the axial position. As explained in Fig. 6a, it is clear that the
fluid attains the solid temperature closer to the inlet for the blocked pore case in comparison to that of the clean
pore. Thus, it may be inferred that the absorber solid will be exposed to a high temperature over a wider length
with the blocked pore in comparison to the clean pore under a given operating condition. Thus, the need of insitu cleaning is a must for mitigating the failure of such a system in arid deserts.

4 Conclusions
This paper aims at demonstrating the detrimental effect of dust deposition in an absorber pore of an open
volumetric air receiver. A validated two-dimensional numerical approach is adopted for this purpose. The
analyses reveal the following:
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a.

The uniform dust deposition may not encourage flow instability in the considered absorber. This is
encouraging and allows expecting a stable operation of such a receiver in desert regions.

b.

The dust deposition will increase parasitic and radiation based losses that are detrimental to overall
efficiency of such a receiver. These can be easily inferred from the reduced pore diameter based
Reynolds number and the computed higher temperature with a partially blocked pore in comparison to
a clean pore.

c.

The dust deposition will lead to an elevated temperature and thus the flow resistance. This will limit the
operation of such a receiver in desert regions and confirms the need of an in-situ cleaning device.
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6. Nomenclature
c pf

Specific heat at constant pressure for air (J/kgK)

Re p

dp

Hydraulic diameter of the pore (m)

Hf

Total enthalpy (J)

I

Heat flux along the z-direction (W/m2)

I0

Heat flux on the inlet surface of absorber (W/m2)

G
V

Velocity of fluid (m/s)

kp

Pressure-drop coefficient (-)

vP

Average speed in an absorber pore (m/s)

kf

Thermal conductivity of fluid (W/mK)

H

Porosity of absorber

L

Length of absorber (m)

[

Extinction coefficient (m-1)

m a

Mass flow rate of air (kg/s)

Uf

Density of air (kg/m3)

p

Static pressure (Pa)

P0

Dynamic viscosity of air at inlet of
absorber (kg/ms)

T

Reynolds number in an absorber pore
Temperature (K)

T0

Temperature of air at the inlet of an
absorber (K)

Tout

Temperature of air at the outlet of an
absorber (K)

Power on aperture (W)

6

Emissivity of brass

qscc

Concentrated solar irradiance on the receiver
aperture (W/m2)

V

Stephan-Boltzmann constant (W/m2K4)

R

Gas constant of air (J/kgK)

ݍሶ
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Abstract
This paper focuses on the evaluation of the potential benefits arising from the integration of concentrating solar
systems with coal-based Ultra Supercritical (USC) power plants with post-Combustion CO2 Capture (PCC). In
this study, the USC-PCC plant was integrated with a concentrating solar field with or without a thermal energy
storage section. Different collector technologies (parabolic trough and linear Fresnel) and heat transfer fluids
(direct steam generation and molten salts) were analyzed and compared. The performance of both solar field and
power plant were evaluated by means of specifically developed models, by using data sets of a typical
meteorological year for two sites in Italy and Morocco. A preliminary cost analysis was finally carried out.
Keywords: CSP plant, USC, CO2 capture, parabolic trough, Linear Fresnel

1. Introduction
Worldwide, the Concentrating Solar Power (CSP) plants installed capacity is around 5000 MW, generated using
parabolic troughs (83 %), solar towers (13 %), linear Fresnel reflectors (3.4 %) and single dish engines (0.02 %)
[1]. Moreover, it is rapidly increasing with about 4000 MW of additional capacity under construction or
development. [2]. Nowadays, different technologies and configurations are available for solar field (parabolic
trough, linear Fresnel, solar tower and solar dish systems), power block (steam Rankine and ORC, Stirling engines,
combined cycles, etc.), heat transfer fluid (thermal oil, molten salts, steam, etc.) and thermal energy storage (TES)
systems (active, passive, two-tank, thermocline, etc.) [3,4]. Currently, parabolic trough collectors (PTC) are the
most commercially proven technology for the solar field. Linear Fresnel collectors (LFC) are a viable alternative,
despite a lower optical efficiency but requiring less land availability and capital costs [5,6]. Thermal oil is usually
used as heat transfer fluid (HTF), but the maximum allowable temperature for these fluids is limited to about
400°C. For this reason, one of the main R&D activities in this field aims to overcome this limit by replacing it
with Molten Salts (MS) or by using Direct Steam Generation (DSG) solar plants [7,8].
One of the most interesting options is represented by the integration of the solar field with a conventional power
plant fed by fossil fuels through hybrid CSP plants [9]. A solar hybrid plant can utilize the existing infrastructure
of a conventional power plant, thereby, reducing the investment cost and, consequently, the costs of electricity
production. In addition, solar contribution in fossil plants allows to reduce fuel consumption and therefore CO2
emissions [10]. Hybrid CSP plants can be found in North Africa and Middle East countries, where solar system
have been integrated with combined cycles [11,12]. Moreover, with the aim to reduce CO2 emissions,
conventional power plants should require their integration with Carbon Capture and Storage (CCS) systems. In
particular, coal-based steam plants require Post-Combustion CO2 Capture (PCC) processes based on chemical
absorption, especially with amine-based solvents, leading to a remarkable net efficiency penalty [13], in the order
of 10-11 percentage points for the usual target of most CCS projects (90% CO2 removal) [14,15]. Since low and
medium temperature thermal energy can easily be produced by solar radiation, in recent years, several interesting
options for integrating solar energy and CCS technologies have been studied aiming to mitigate the energy penalty
generated by the large heat consumption required for solvent regeneration [16]. In particular, two main approaches
are proposed: the first is the production of low-pressure steam for the solvent regeneration process (at about 130140 °C). The advantage of using this approach is that, for a given fossil fuel input, steam production from solar
energy reduces the extraction from the low-pressure (LP) turbine increasing its power output. The second
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approach is the production of high or intermediate pressure steam for the high-pressure (HP) and intermediatepressure (IP) turbines. In this case, for a given fossil fuel input, steam production from solar energy raises the
mass flow of the steam turbines and therefore increases the overall power output. Obviously, from a
thermodynamic point of view, the latter is undoubtedly the preferred approach [17,18], although the best option
also depends on climatic conditions and solar collector technology. The integration of solar systems both based
on parabolic trough collectors and linear Fresnel collectors with PCC has been studied [18–20], demonstrating
that solar integration improves the economic feasibility of CCS, especially for decreasing collector costs and
increasing CO2 emission prices [21,22].
In this framework, the present study evaluates the performance improvements of an Ultra Super Critical (USC)
steam power plant with PCC integrated with concentrating solar collectors. USC systems represent the state of
the art in the field of coal fired power plants, with conversion efficiencies above 45-46%, more than 5 percentage
points greater than those of conventional steam power plants [23]. Firstly, the USC-PCC plant was integrated with
a solar field based on LFC or PTC with DSG, without considering a thermal energy storage. Subsequently, the
results were compared with those of an USC-PCC plant integrated with PTC using Molten Salts (PTC-MS) as
HTF and a two-tank direct TES. The comparative analysis aims to evaluate the increase in USC-PCC energy
production and global efficiency due to the solar energy contribution by considering two different locations:
Sardinia (Italy) and Morocco. Finally, a preliminary cost analysis was also included, evaluating the levelized cost
of energy (LCOE).

2. Configuration and performance of the solar field
As mentioned, a solar field based on parabolic trough (PTC) or linear Fresnel collectors (LFC) is considered in
this paper. For both options, PTC and LFC collector line includes several modules connected in series and the
different lines of linear collectors are connected in parallel to achieve the required thermal power output. Two
different solutions based on direct steam generation or molten salts are compared. Table 1 reports the main
geometrical and performance parameters assumed in this study [24].
Table 1 - Main characteristics of solar collectors.

Module length/ width
Focal length F
Module collecting area େ
Modules per line
Reference optical efficiency
Cleanliness efficiency
Inlet/outlet steam conditions
(p=80bar)
Receiver thermal losses

LFC (DSG)
44.8/16.56 m
7.4 m
513.6 m2
16
0.665
0.98

PTC (DSG)
100/5 m
1.8 m
470.3 m2
8
0.745
0.98

PTC (MS)
100/5 m
1.8 m
470.3 m2
8
0.745
0.98

175°C/500°C

175°C/500°C

175°C/500°C

0.056¨T+2.13E-4¨T2 (EVA) 0.056¨T+2.13 E-4¨T2 (EVA)
0.013¨T+6.251E-10¨T4
0.013¨T+6.251E-10¨T4 (SH)
(SH)

Forristall model
[25]

The performance of PTC and LFC are evaluated on a yearly basis and compared by means of a specifically
developed simulation model starting from hourly data of Direct Normal Irradiation (DNI), solar position, air
temperature and wind speed. Firstly, the actual thermal power incident into the receiver ሶ ୍େ is calculated
according to the following equation:
ሶ ୍େ ൌ  ή େ ή Ʉǡୖ ή  ή Ʉୈ ή Ʉୗୌୈ ή Ʉେ

(eq. 1)

where Ʉǡୖ is the reference optical efficiency, the Incidence Angle Modifier, Ʉୈ the end-loss optical
efficiency, Ʉୗୌୈ the shadow efficiency and Ʉେ the surface cleanliness efficiency. Figure 1 shows the two IAM
components in function of the longitudinal and transversal components șL and șT of the solar incidence angle ș.
End loss optical efficiency is evaluated in function of collector length, focal height and longitudinal component
șL. Shadow efficiency is considered only for the PTC cases and is evaluated in function of the distance between
module rows and collector width.
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Figure 1 - Longitudinal and transversal IAM components

The thermal power ሶ ୗ actually transferred to the HTF is calculated by applying the receiver energy balance:
ୖ

μ
 ሶ ୖେǡ െ ሶ ୍େ ൌ െሶ ୗ ൌ ሶୌ ሺ୍ െ  ሻ
μ

(eq. 2)

Where the first term considers the thermal capacity of the HTF inside the tube and ሶ ୖେǡ represents the receiver
thermal losses evaluated according to the specific correlations reported in Table 1 (¨T is the temperature
difference between the HTF temperature and the ambient temperature). A more detailed description of the
simulation model can be found in [26]. Finally, a solar field control is introduced and the mass flow rate ሶୌ is
adjusted to meet the design point value of the loop outlet enthalpy. The latter is set to produce steam at 500 °C
and 80 bar. For the DSG case, the overall steam production directly feeds the USC plant and the rated steam mass
flow rate and the solar field aperture area are determined by setting a desired solar field power output under
nominal conditions.
In case of molten salts as HTF, a direct two-tank TES system is considered: one tank stores the hot fluid while the
other holds the exhausted cold fluid. The TES system is modelled by considering the mass and energy balance of
each tank, as reported in the following equations:
μୗ
ൌ ሶୌǡ୍ െ ሶୌǡ
μ
ୗ

μୗ
ൌ ሶୌǡ୍ ୌǡ୍ െ ሶୌǡ ୗ െ ሶ ୗǡ
μ

(eq. 3)

(eq. 4)

where ୗ is the HTF mass stored in the tank,ሶୌǡ୍ and ሶୌǡ are the inlet and outlet mass flow rate
respectively, ୗ is the average HTF enthalpy inside the tank, ୌǡ୍ is the inlet HTF enthalpy and ሶ ୗǡ are
the TES thermal losses due to a not perfect insulation of the tanks. The HTF stored in the hot tank is then used to
produce steam in a heat exchanger, simulated by considering a constant pinch point temperature difference (set to
10°C) and by applying a steady-state energy balance:
ሶୌ ൫ୌǡ୍ െ ୌǡ ൯ ൌ ሶୗ ൫ୗǡ െ ୗǡ୍ ൯

(eq. 5)

Where ሶୗ is the steam mass flow rate, ୗǡ and ୗǡ୍ are the outlet and inlet steam enthalpy respectively.
Therefore, thanks to the introduction of a TES system, the PTC-MS configuration slightly differs from the DSG
case, as the steam mass flow rate produced is constant and does not depends on the solar energy availability. The
thermal storage capacity (CTES) is here expressed in terms of equivalent full-load hour of TES, which indicates
the number of hours that the thermal storage section can supply energy to the heat exchanger to produce steam at
nominal conditions. Moreover, in order to better exploit the TES storage an increase of solar field aperture area
respect to the rated one is often recommended. Solar multiple (SM) is therefore used to represent the actual solar
field thermal power as a multiple of the solar field reference thermal power. It is worth noting that the solar
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multiple in case of DSG is always equal to one in this study. Two locations characterized by different DNI
availability are considered in order to compare the energy performance and the cost-effectiveness of the solar field
in different weather conditions. In particular, a site with a high DNI availability (Ouarzazate, Morocco, 2444
kWh/m²y) and one with a lower DNI (Cagliari, Sardinia, Italy, 1720 kWh/m²y) are evaluated. The data set for a
typical meteorological year was obtained from the Meteonorm software, including DNI, solar azimuth and
elevation, air temperature, relative humidity and wind velocity. Table 2 reports the main meteorological data of
the chosen sites and the corresponding design conditions assumed for the solar field.
Table 2 - Meteorological data for the sites of Italy and Morocco and solar field design assumptions.

Available DNI
Average ambient temperature
Average wind velocity
Design DNI
Design elevation/azimuth angles
Design ambient temperature

kWh/m2y
°C
m/s
W/m2
°
°C

Italy
1720
17.2
3.96
800
74.2/0.0
22.5

Morocco
2444
18.8
3.80
900
82.5/0.0
30.0

For both sites, Table 3 reports the main performance of a single line in terms of reference thermal power output
and reference efficiency, as well as annual thermal energy production and average efficiency (the ratio of annual
thermal energy production and annual available DNI), considering both LFC and PTC with DSG and PTC-MS.
A decrease of about 9 percentage points in the reference efficiency and 17 percentage points in the average
efficiency is observed in the LFC case compared to PTC with DSG. This is mainly due to the lower reference
optical efficiency of the linear Fresnel collectors together with the effect of the transversal IAM, which is not
present in the parabolic trough collectors. A reduction of about 3 percentage points in the reference efficiency is
also detected by using PTC with molten salts instead of DSG, due to the higher HTF average temperature inside
the receiver tube and the consequent increase of the receiver thermal losses. A more important decrease is
observed in the annual performance due to both the higher receiver thermal losses and the higher thermal inertia
of the molten salts. A reduction of 2-3 percentage points from Italy to Morocco cases is finally observed, because
of different weather conditions and solar elevation. This difference rises up to 9 percentage points in the PTC-MS
case. In fact, this case is characterized by a higher thermal inertia of the molten salts involving in the solar field
due to the presence of a TES section. Consequently, a great increase of the energy spent to warm the molten salts
in the first morning up to the nominal conditions occurs.
Table 3 - Performance of a single LFC and PTC line.

Collecting area
Reference thermal power
Reference efficiency
Solar energy availability
Thermal energy production
Average efficiency

LFC
Ita
Mor
m2
8217.6 8217.6
MW
4.030
4.720
%
61.30
63.82
GWh/y 14.12
20.08
GWh/y 5.85
8.91
%
41.43
44.37

PTC
Ita
Mor
3762.4 3762.4
2.118
2.469
70.36
72.92
6.47
9.19
3.77
5.66
58.3
61.55

PTC-MS
Ita
Mor
3762.4 3762.4
2.020
2.370
67.11
70.00
6.47
9.19
2.53
4.43
39.1
48.2

3. Configuration and performance of the USC plant with PCC
USC power plants are characterized by very hard operating conditions, reaching maximum steam pressures higher
than 30 MPa and maximum steam temperatures up to 600-620 °C [27]. In recent years, several R&D studies
focused on a further increase of the steam pressure and temperature with the aim of reaching overall plant
efficiency as high as 50% [28]. The achievement of higher temperatures and pressures is closely related to the use
of suitable advanced materials to withstand the harshest operating conditions [29,30]. A medium size plant (in the
order of 450-500 MWe) has been considered for this study. This size is lower than typical modern USC plant, but
better matches with the integration with the solar field. The reference plant configuration is based on a superheated
and double reheat steam cycle with ten regenerative steam extractions and four steam turbines: a very highpressure turbine (VHPT), a high-pressure turbine (HPT), an intermediate pressure turbine (IPT) and a lowpressure turbine (LPT). Figure 2 shows a simplified scheme of the USC power plant.
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Figure 2 - Simplified scheme of the USC plant.

Performance of the plant have been assessed referring to a commercial coal, characterized by a carbon fraction
slightly higher than 0.65 and a lower heating value of 25.03 MJ/kg. A coal power input of 1.0 GW was imposed.
The plant is equipped with both a conventional flue gas cleanup (FGC) section (including a selective catalytic
reduction denitrification system, baghouse filters and a low temperature flue gas desulphurization system) and a
low temperature CO2 removal section, based on a post-combustion chemical absorption process with amine-based
solvents (MEA 30%wt), including an absorption and a regeneration column. To match CO2 transport and storage
requirements, the CO2 removal section is also integrated with a conditioning and compression section to provide
a high pressure (11 MPa) and high purity (99.7% by volume) CO2 flow.
As in modern USC units, a maximum pressure of 33.5 MPa has been assumed, leading to a superheated (SH)
steam pressure at the VHPT inlet of about 30 MPa. A minimum pressure of 4.2 kPa has also been assumed at the
condenser. Superheated and reheat (RH) steam temperatures of 600 and 620 °C have been assumed, respectively.
High temperature of the steam extraction allows to reduce to -1.5 °C the minimum temperature difference inside
the high-pressure feedwater heat exchangers, whereas such a difference increases up to 1.5 °C inside the lowpressure feedwater heat exchangers. A deaerator pressure of 0.8 MPa has been assumed. Table 4 reportes the main
characteristics of the plant and Table 5 summarizes its overall performance. The very high pressure of the first
steam extraction (slightly lower than 15 MPa) allows to increase water temperature upstream of the economizer
above 335 °C. The reference USC plant (without CCS) attains a net power output of about 465 MW with a
corresponding net efficiency of 46.64%. The integration with the CO2 removal section largely reduces the USC
performance, mainly due to the large steam extraction (at about 4 bar) for solvent regeneration and to the power
required by the CO2 compression process.
Table 4 - Main characteristics of the USC plant.

Coal chemical power input
SH/RH1/RH2 steam temperatures
SH/RH1/RH2 steam pressures
Cycle maximum pressure (boiler feedwater pump)
Cycle minimum pressure (condenser)
Deaerator pressure
BOP loss as steam turbine power fraction
High/low pressure heat exchangers minimum ǻT
MEA mass fraction
CO2/MEA molar ratio
Reboiler specific thermal energy

MW
°C
MPa
MPa
kPa
MPa
°C
%
MJ/kgCO2

1000
600/620/620
30.0/13.5/5.4
33.5
4.2
0.8
0.02
-1.5/1.5
30
0.28
3.72
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Table 5 - Overall performance of the USC plant.

Coal chemical power input
- Steam turbines
- Pumps
Steam cycle output
- Aux. absorptions and mechanical losses
- Generator losses
Gross power output
- FGC section absorptions
- CO2 capture and compression
Net power output
Net efficiency
Plant availability
Energy production
CO2 emissions
CO2 specific emissions

MW
MW
MW
MW
MW
MW
MW
MW
MPa

h/year
GWh/year
Mt/year
g/kWh

NO-CCS
1000
516.4
16.1
500.0
19.4
5.2
475.4
9.0
466.4
46.64
8760
4085.6
3.00
734.3

CCS
1000
439.7
16.1
423.6
16.1
4.4
403.1
9.0
32.4
361.7
36.17
8760
3168.5
0.300
94.7

In particular, a CO2 removal efficiency of 90% requires about 320 MWt, halving the LPT mass flow and reducing
the USC power output by about 70 MW. This remarkable penalty combined with the power requirements of the
CO2 capture and compression section causes a noteworthy power output reduction of about 105 MW. Overall, the
introduction of the PCC process reduces the energy production by about 25% and the USC efficiency by about
10.5 percentage points (from 46.6% to 36.2%). Obviously, the CO2 specific emissions greatly benefit from the
introduction of the CO2 capture and compression section (decreasing from about 735 to about 95 g/kWh).

4. Performance of the integrated CSP-USC-PCC plant
To mitigate the energy penalty generated by the large heat consumption required for solvent regeneration, the
USC-PCC plant has been integrated with concentrating solar collectors in a CSP-USC-PCC plant. The
hybridization occurs through the production of intermediate pressure steam (80 bar and 500°C). The water is
extracted downstream of the feedwater pump, it is pre-heated, vaporized and superheated in the solar field and
then reintroduced downstream of the high-pressure turbine before entering in the second reheater. In particular,
when solar energy is available, the IP steam produced by the solar field increases the mass flow rate of both IP
and LP steam turbines allowing a greater power production but leading also to an off-design operation mode of
the USC plant with a corresponding efficiency penalty. Moreover, the steam production from solar field causes
both an increase of the LP turbine outlet pressure and a rise in the condenser thermal load, therefore, leading to a
higher cooling water requirement or higher cooling water outlet temperature. Figure 3(a) shows the pressure and
the condenser mass flow rate (the latter in percentage with respect to design conditions) in function of the ratio
between solar field power output (ܳሶௌி ሻ and fuel power input (ܳሶௌ ሻ. The condenser mass flow greatly increases
with solar contribution and, therefore, in order to avoid an excessive increase in the condenser thermal load, a
maximum value of the power ratio equal to 0.2 was considered in this study. The increase in steam pressure and
mass flow leads to corresponding changes in the turbine power output owing to the sliding pressure operating
mode of the steam turbine. Obviously, the USC-PCC-CSP net power output increases with the solar contribution
and annual average performance of the power plant are greatly influenced by annual DNI availability. However,
the USC power plant operates without solar energy integration for a large share of the annual operating hours, as
concentrating solar collectors require a minimum available DNI (100-150 W/m2). Moreover, during most of the
solar field operating hours, the DNI is below its design value. Therefore, in the case of direct steam generation,
the USC plant operates at reference conditions when no solar production occurs, while it operates in off-design
conditions with the introduction of IP steam from solar field, with a corresponding cycle efficiency penalization.
On the other hand, the use of molten salts as heat transfer fluid allows the introduction of a thermal storage at
relative low costs. In this case, the steam production from the solar field is constant along the day with an important
increase of the operating hours at on-design conditions.
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Figure 3 – (a) Relative increase of the condenser mass flow, condenser pressure and (b) power output of the USC-CCS-CSP
plan as a function of the ratio between solar field power output and fuel power input.

USC specific energy [MWh/m2]

USC net energy output [GWh]

The advantages in terms of efficiency and, thus, of net power output by working at on-design conditions instead
of off-design is shown in Figure 3(b) as a function of the ratio between solar field power output and fuel power
input. Figure 4(a) shows the annual performance of the system in terms of USC net energy production as a function
of the ratio between the solar field power output and fuel power input in case of direct steam generation or molten
salts as HTF (storage capacity equal to 4 hours and solar multiple equal to 1). The USC net energy production
linearly increases with the solar contribution for all cases, and, as expected, the highest values are reached by
adopting parabolic trough collectors. By referring to the Morocco case, an increase of 0.715 GWh in annual USC
energy production for an increase of 1 MW of solar field reference thermal power is detected for PTC with DSG,
0.840 GWh/MWCSP for the PTC-MS case and 0.590 GWh/MWCSP for LFC solar field. Similar trends are observed
by referring to the Italian site, although the lower DNI availability results in a lower solar contribution of 0.550
GWh/MWCSP, 0.545 GWh/MWCSP and 0.450 GWh/MWCSP for the PTC-DSG, PTC-MS and LFC configurations,
respectively. It is worth noting that for a given value of solar contribution, the overall collecting area increases by
using LFCs instead of PTCs and by considering an Italian location instead of a Moroccan one.

Figure 4 – (a) Annual USC-PCC-CSP energy production and (b) specific energy production as a function of the ratio between
solar field power output and fuel power input.
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Figure 5 – (a) USC efficiency decrement and (b) specific CO2 emissions as a function of the ratio between solar field power
output and fuel power input.

USC net energy output [GWh]

USC net energy output [GWh]

For instance, for a solar contribution equal to 0.2, the overall collecting areas are about 304750 m2 (81 loops) and
357430 m2 (95 loops) for PTC in Morocco and Italy respectively, while the LFC solar field is characterized by a
collecting area of 345140 m2 (43 loops) in Morocco and 410880 m2 (50 loops) in Italy. For this reason, Figure
4(b) depicts the specific annual energy production in terms of energy produced per unit area of solar field. The
figure shows a marginal difference between the use of DSG and molten salts by referring to the Moroccan case.
In fact, although as reported in Table 3 the average efficiency of the solar field using molten salts was lower than
the use of PTC-DSG, they are substantially balanced by the higher USC efficiency resulting from the constant
steam mass flow rate production of the solar field. On the other hand, the drop in solar field performance detected
for the Italian case by using molten salts as HTF is predominant and the use of the PTC-DSG achieves the highest
specific energy production. The main benefits arising from a solar integration are shown in Figure 5:
x the efficiency penalty due to the CO2 removal section are partially balanced by the steam generation from
the solar field (Figure 5(a));
x a further reduction of the specific CO2 emissions is achieved thanks to the increase of annual energy
production due to solar field without any further production of carbon dioxide (Figure 5(b)).

Figure 6 - Annual USC-PCC-CSP energy production as a function of the ratio between solar field power output and fuel power
input for the Molten Salts case.
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Both these performance indexes follow a linear increment with the increase in the solar field power output.
As mentioned, one of the advantages of introducing a TES system is the possibility to time shift the production of
the solar field. In other words, with a TES system it is possible to increase the time of steam feeding to the USC
by keeping a constant mass flow rate. As mentioned, other two important design parameters for the molten salts
case are the storage capacity and the solar multiple. Figure 6 shows the annual energy production of the USC plant
as a function of the solar contribution for different combinations of solar multiple and TES capacity. For solar
multiples lower than 2, a TES capacity higher than 4 full-load hours do not introduced any benefits in terms of
rising in energy production, independently form the plant location. On the other hand, with the rise in the solar
multiple value, a higher storage capacity is required to store the surplus of energy produced by the solar field,
especially during summer days. In particular, the increase of the TES capacity from 4 to 8 hours in Morocco
results in an increase of about 15% of the annual steam production.

5. Preliminary economic analysis
A preliminary economic analysis was carried out to compare the energy production cost of the reference USC
plant (with and without PCC) and the solar assisted configurations. In fact, the increment in the energy production
with the solar integration also results in a rise of capital and operating costs. The economic analysis is based on
the determination of the levelized cost of electricity (LCOE) for the various configurations considered. The LCOE
was calculated by means of the following equation:
 ൌ
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(eq. 6)

Where  ୗେ ,  େେ and  ୌ are the total capital cost investment of the USC plant, PCC system and the
CSP section (including solar field costs and, if present, TES costs) respectively,  is the annual cost of the fuel,
Ƭெǡௌ and Ƭெǡௌ are the operating and maintenance costs for the USC-PCC plant and solar section,  is
the annual energy production,  is the annual interest rate and  is the expected operating lifetime.
Table 6 - Cost assumptions of the USC-PCC plant, solar field and TES section.

USC specific capital investment
PCC specific capital investment
O&M cost of USC (% of TCI)
O&M cost of PCC (% of TCI)
Coal price
Engineering cost (% of direct cost)
Contingency cost (% of direct cost)
Insurance annual cost (% of TCI)

1300 €/kW
1170 €/kW
3%
2.5%
75 €/t
20%
2%
1%

Solar field specific cost
Piping specific cost
Land cost
TES specific cost (only MS case)
Molten salts cost
O&M cost of solar section (% of TCI)
Annual interest rate
Operating lifetime

100-300 €/m2
30 €/m2
10 €/m2
625 €/m3
0.93 €/kg
1.5%
7%
20

Table 6 reports the main cost assumptions. In particular, the assumption of specific costs for the USC-PCC plant
are taken according to [15], and for the CSP plant according to [31]. The solar field specific cost is not constant
but ranges in the interval 100-300 €/m2. In fact, the present economic analysis aims to evaluate the minimum
capital cost of the solar field that allows to produce electricity at a lower LCOE than the reference USC-PCC
plant. For a solar integration of 20% (that is the ratio between solar field power output and fuel power input equal
to 0.2), Figure 7(a) shows the LCOE for the six different cases analyzed as a function of the solar field specific
cost, as well as the LCOE obtained without considering any solar integration. Obviously, a linear increase of the
LCOE is observed with the increase of the solar field specific costs. The LFC case always attains higher values
of LCOE than PTC and a decrease of the solar field cost of about 60 €/m2 should occurs to becomes competitive
with PTC solar fields. The LCOE with solar integration in the Italian case always exceeds the LCOE of the USCPCC plant even for the lowest solar field specific costs. On the other hand, the solar integration becomes cost
effective for a solar field cost lower than 180 €/m2 for the PTC-DSG case. The use of molten salts and the
introduction of a TES section, despite the enhancement in annual energy production, increase the capital and
operating costs and result less profitable than the direct steam generation.
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Figure 7 – (a) Levelized cost of electricity as function of the solar field specific cost and (b) influence of capital and operating
costs on the determination of the LCOE.

It is worth noting that the influence of the solar field costs on the overall plant costs is marginal. As shown in
Figure 7(b), by assuming a solar field specific cost of 200 €/m2, the capital cost for solar integration contributes
for about 5% of the overall LCOE while O&M costs of the solar section are lower than 1%. Finally, Figure 8
shows the levelized cost of energy in case of molten salts as HTF and different values of solar multiple and TES
capacity. The figure demonstrates the not profitability to increase the storage capacity beyond 8 hours
independently from the location, as the excess energy that cannot be stored due to the complete charge of the TES
section is minimal (only for few summer days in case of CTES=4h). Consequently, the rise in capital costs due to
higher storage and HTF costs is not properly balanced by the increase in the energy production. On the other hand,
an increment of the solar multiple to 1.5 could be a cost-effective solution if the solar field specific cost drops to
160 €/m2 in the Morocco case. In this case, the benefits arising from a higher energy production becomes
preponderant compared to the corresponding increment of the solar field capital costs.

Figure 8 – Levelized cost of energy as function of solar field specific cost using molten salts in case of (a) Moroccan site and (b)
Italian site.
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6. Conclusions
The paper investigated the benefits arising from the integration of low CO2 emission steam power plants with
concentrating solar systems. Different solar field configurations were studied, varying both collector technology
(parabolic trough or linear Fresnel) and heat transfer fluid (direct steam generation or molten salt with thermal
energy storage). The achieved results proved that the energy produced by the solar field reduces the efficiency
penalty due to CO2 capture and compression system from about 10.5 percentage point (reference case without
solar integration) to a maximum of about 8.5% (ratio between solar energy and fuel chemical energy equal to 0.2).
As expected, better performance are achieved in Morocco in comparison to Italian site. The preliminary economic
analysis demonstrated as, in Morocco, the solar integration in a USC-PCC plant becomes cost effective for a solar
field costs lower than 180 €/m2 for PTC-DSG case. A reduction of about 60 €/m2 in solar field cost should occurs
for LFC to becomes competitive with PTC solar fields. The use of Molten salts as HTF and the introduction of a
TES section enhance the annual energy production but increase the capital and operating costs, resulting less
profitable than the direct steam generation.
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Abstract
The actual performances of Building Automation systems are often lower than the ideal
ones. In order to investigate the actual performance of a Building Automation system for
lighting control, a large stock of collected data, including indoor illuminance and absorbed
electric power, have been presented and analysed in this paper. The measures have been
taken during one year, in a laboratory located at the University of Palermo, where different
lighting control systems, produced by two different manufacture companies, have been
installed. As demonstrated in literature, many factors affecting energy savings’ evaluation
in lighting control systems are the position and the typology of the sensors and their
configuration. Furthermore, using the collected data, a set of indices has been calculated. It
is able to test the performance of the systems in terms of energy efficiency and fulfilment
of visual comfort tasks, according to different natural light availability, lighting system
configurations and time scenarios. Finally, the performances of the two above lighting
control systems have been compared.
Keywords: Daylight control system, Building automation system, lighting, indices,
daylight.
1. Introduction
The benefits of Building Automation and Control (BAC) systems are well-known and, for
this reason, their application in both residential and commercial buildings and become very
common. In several studies, potential energy savings due to BAC systems have been
assessed (Ferrari and Beccali, 2017) and calculated by conventional methods sometimes
suggested by technical standards, or by using simulation software. Parise and Martirano
(Parise and Martirano, 2009) proposed a methodology to calculate energy consumption for
lighting systems and the impact of the BAC systems promoting a comprehensive ecodesign. In particular, the method mentioned above allows to satisfy in selected subareas
lighting and energy performances and to provide design elements with a basic efficient
control system suitable for a manual or automatic regulation. Asif ul Haq et al. (2014, a)
developed a new method that is easy to apply but comprehensive at the same time and
gives a good indication as to the potential of energy saving from daylight utilization. They
gave a detailed description for applying it based on a simulated test project as an example.
The same authors (Asif ul Haq et al., 2014, b) investigated the various control system
types, the development of their associated technologies, the savings obtained from their
application and the factors affecting their performance. They also presented a complete
literature review, which demonstrated that lighting control systems can ensure important
energy savings and reduction in electricity costs. Other researchers are beginning to study
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also the problem of an accurate and reliable calculation of these figures. Bellia et al. (2015)
investigated the factors that influence the performance of Daylight-linked controls (DLCs)
and did a review of the several aspects that must be considered during the design,
installation, configuration and operating steps. P. Valíček, et al. (2015) explained the
complexity in setting the system due to the usual different position of the task surface and
the sensor commanding the system' operation. Chen et al. (2016) carried out a cost-benefit
evaluation method for building intelligent systems underlining that the problems, like
sensor faults and control strategy flaws, may result in low performance and that high
energy consumptions and maintenance costs are needed as well. Doulas et al. (2014)
presented a decision-making method capable of estimating the best position of a
photosensor on the ceiling and its proper field of view (FOV) based on multiple criteria
analysis, using three criteria:
• the correlation of the lighting levels between the working plane and the ceiling;
•

the corresponding energy savings and the lighting adequacy (defined as the
percentage of occupied time with total illuminance exceeding design illuminance)

•

the influence of the control algorithm.

Their work is based on a high number of simulations with variable FOV and position of
photosensors, performed to clarify the calculation procedure of the proposed methodology
and on the measurement taken from a prototype photosensor with variable FOV through
the use of a telescopic cylinder.
In general, since there are no standard rules among manufacturers of BAC systems, a trialand-error method is often used by the contractors to obtain reliable dimming response.
Moreover, commercial BACs, installed in residential or small offices to manage several
functions of home services, often include functions of lighting control, acting as DLCSs.
Their hardware and software configurations, as well as inaccurate commissioning, could
not always allow reaching the desired tasks correctly; therefore, the systems could not
work as expected. This lack of metric tools and methods, mainly regarding the assessment
of the actual performances of such DLCs, is the object of the present research which
presents an application and an extension of an original method carried out by the authors
and presented by Bonomolo et al. (2017).
2. Objectives
The method is based on the calculation of a set of indices and has been developed for the
assessment of the energy performance of DLC systems, starting from monitored data and
aiming to consider both the influence of systems characteristics and the daylight
availability in the room. In particular, the index named Over illuminance Avoidance Ratio
(OAR) takes into account the excess of light that could be caused by the position of the
detector. On the contrary, the index named Under illuminance Avoidance Ratio (UAR)
takes into account the defect of light. The Artificial Lighting Demand (ALD) index is
defined to evaluate the rate of lack of natural lighting and, therefore, the rate of required
artificial lighting to achieve appropriate illuminance values on the working plan. Finally,
the Energy Ratio of Illuminance (ERI) index, being the ratio of the electrical consumption
for lighting and the ALD as mentioned above, is used to assess how close the performance
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of the real DLC system is to the one of an ideal system.
In this paper, the application of the above-described method is presented using a broader
set of data, collected during about a one-year-long period and relative to two DLC
systems. The original contributions of the present work are: to further validate the method
with reliable experimental data, to use the here described indices to make functional and
energy performance comparisons between alternative DLCs that could be utilised in the
same room even if these have been tested in different time.
3. Lighting system and daylight control systems
The measurement campaign has been carried out at the Solarlab laboratory (Figure 1),
located at the third floor of the building hosting the DEIM (Department of Energy,
Engineering of the information and Mathematical Models) of the University of Palermo
(Italy) and described in detail in a previous work presented by Beccali et al. (2015). The
laboratory has been equipped by a measurement instrumentation set. For measuring the
indoor illuminance six indoor probes Delta Ohm HD 2021T (measuring range 0.02-20 klx)
have been utilized. Two of them have been placed on two different points of the ceiling,
two on opposite walls and, finally, two at the height of 0,80 m or 0,6. Furthermore, in
order to measure apparent, active and reactive power, current and voltage a SIEMENS
SENTRON Power Monitoring Device PAC3200 (Siemens, 2009) has been used. Data
have been collected through the platform LabVIEW System Design.

Fig. 1: Some pictures of the laboratory, of the sensors used to measure indoor illuminance and the section with their location.

In order to test the DLC systems, four suspended luminaires equipped with LED (each one
with a power of 54 W) have been installed. They are characterized by a power supply unit
with DALI interface and are equipped with micro-lens optics in a polycarbonate cover.
The nominal luminous is 3600 lm, and the initial LED luminaire efficacy is 92 lm/W.
Also, four mono optic LED luminaires have been installed, with an initial luminous flux of
700 lm and with an efficacy of 50 lm/W. Both types of luminaires have a colour
temperature of 3000 K and a colour rendering index ≥80. The lighting power density is
1.86 W/m2 for the whole area and 2.9 W/m2 for the zone considered in this work (where
the three dimmable suspended luminaires are installed). Two different daylight linked
control systems, produced by two manufacturers have been tested. The first one (“System
A”), has been installed, in a first period, on the ceiling at about 1.60 m away from the
window, close to one of the two photosensors Delta Ohm installed on the ceiling utilised
for the measurements. This latter is characterized by an angle view of 180° longitudinally
and 360° horizontally and, as in most lighting control systems, its positioning was not
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optimized with a precise method but was installed simply following the manufacturer’s
suggestions. It is designed for being easily usable by anyone, also by not skilled personnel;
indeed, its interface is very user-friendly. It was composed by a closed loop photosensor, a
scenario programmer, a touch dimmer, three manual actuators and four basic controls
(current switches). The second system (“System B”) is equipped with a look-out open
loop photosensor. It has been installed on the ceiling, following the installation handbook
guidelines. This photosensor has been linked to a DALI electronic control ballast which
send the signal to the luminaires. Figure 2 shows the pictures of the two photosensors.

A

B

Fig. 2: Pictures of the closed loop sensor (A) and the open loop sensor (B).

In the first case, a target illuminance value can be set on the software menu after a “rapid”
calibration of the photosensor, which is made with a remote-control device. After the
measurement of the desired lighting level on the task area with a lux meter, the device
sends a “calibration” command to the photosensor. This procedure has been made once
with only artificial light and once with only daylight (without direct solar irradiance). It
was the only option allowed by the software and naturally led to an approximate
calibration of the system. Generally, it can be observed that with only artificial light or
with diffuse daylight, a particular correlation between illuminance measured on the ceiling
and on the work-plane is reliable only in case of low daylight levels (Bonomolo et al.,
2017). The calibration of the second system has been shorter and more straightforward. It
is based on the “memorizing” of “twilight points” (dimming the lamps to have task
illuminance in the absence of daylight) and “daytime points” (dimming the lamps to have
task illuminance in the presence of daylight). An accurate performance assessment of
lighting and energy figures of a DLC system can be fulfilled by handling separate sets of
natural and artificial illuminance data which together are present in the target area. This
problem is easily solved in case of use of simulation software, which can separately
calculate both the series. When data come from a real monitored space, a photosensor is no
longer able to split the two contributions to the total illuminance. Moreover, provided that
only an “ideal” system is able to ensure a constant illuminance setpoint over time, the
actual contribution of artificial light becomes variable over the time. In assessing the
artificial lighting contribution, it is possible to assume that the luminous flux is
proportional to the power absorbed by the lighting system. The amount of artificial light
has been calculated by applying a W/lx factor derived from measures made during the
night-time. Natural lighting contribution has been estimated as the difference between the
measured total illuminance and the calculated artificial illuminance.
4. Scenarios and configurations
During the measurement campaign, an office end-use has been tested. According to these
case, as already said, several scheduled occupancy times, task level on the work-plane,
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configurations and setup have been checked for each system. For the first part of the study,
the installed luminaires have been controlled by the system A. In the last part, the System
B has been tested. The electricity consumption has been calculated for two different
control strategies: dimming and on-off. For the first case, consumption has been estimated
merely using the measured power. In the second case, the energy consumption has been
calculated assuming that the luminaires turn on when the illuminance value, due to the
daylight contribution, is lower than the set-point value. Therefore, it has been taken into
account the same time when the luminaires were turned on during the dimming case, but
considering the absorbed power always at 100%. All the illuminance values have been
calculated using the average of the measures taken by two pairs of photosensors (two in
the ceiling and two on the work-plane). They have been placed in the task area where a
good uniformity is observed. In total, 47 scenarios have been considered: 26 "office"
scenarios with the system A and 21 with the system B. The illuminance target value has
been set to around 500 lx on the work-plane at the height of 0.85 m.
5. The performance indices
The set of indices that are utilized to analyse and compare the DLC systems has been
previously presented and commented in detail in another work (Bonomolo et al., 2017).
Here, a brief description of them is provided. The first index is the Artificial Light Demand
(ALD) (Eq. (1)) which is defined as the sum, during the operation time, of the differences
between the illuminance target value on task area (Eset) and illuminance due to available
natural light (Enat), when this one is lower than the setpoint itself, times the hours:
ALD = Σoperation time (Eset – Enat) x Δt

if

Enat<Eset

(eq. 1)

This definition ensures that ALD changes according to the sky conditions for a given
setpoint and a given period (for instance a day). Figure 3 shows this concept for two
different days.

Fig. 3. Graphic scheme of ALD for two different days.

A normalization of energy consumption concerning the actual artificial light demand
(ALD) is useful in comparing a DLCs operation with different hardware-software
configurations (e.g. photosensors position) and calibration (Doulos et al., 2017). Moreover,
it would be possible to make a comparison between different lighting systems. They would
consume different amounts of energy according to their lighting efficiency and ability to
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control the illuminance on the task area over time also according to the measured ALD. In
this way, the second adopted index is the Energy Ratio of Illuminance (ERI) (Eq. (2)) as
the ratio between the electricity consumption (ELEC measured in Wh) and ALD (lx·h) as
follows:
ERI =

ELEC
ALD

⎡ Wh ⎤
⎢⎣ lx⋅ h ⎥⎦

(eq. 2)

If we look at an ideal system, the consumption due to lamps operation will be strictly
proportional to the ALD by a factor k (Wh/lx·h) that can be intended to be a characteristic
of the observed system and also a target value for the ERI of a real system. Indeed, in a
real system, measured consumption could result in higher (or lower) than k·ALD and ERI
will have a different result from k. In the tested systems the k value is 0.246 Wh/lx·h.
Anyway, it must be noted that when a system is not able to fulfil over the operation time
the minimum Eset value (under-illuminated space), its electricity consumption is not related
to the expected operating conditions and its low value is not reached thanks to its energy
efficiency. At the same time, it is necessary to consider energy waste due to the quantity of
“excess” of illuminance, which is highlighted by higher ERI values.
Two more indices can also account for values and times when the system provides an
“excess” or a “deficiency” of illuminance for a given target value of illuminance on the
task plane.

Fig. 4: Graphic scheme of the excess or the deficiency of illuminance compared to the illuminance target value on work-plane.

The index named OAR (Over illuminance Avoidance Ratio) is defined as the ratio,
evaluated for an observed time period, between the minimum requirement of artificial light
(ALD) and the sum of it plus the artificial light eventually provided in excess (Eexc).
OAR =

ALD
ALD
=
∑t operation E excess ⋅ Δt + ALD ∑t operation (E tot −E nat )* ⋅ Δt

* only if (E tot > E set )

(eq. 3)

where Etot is the total illuminance due to the contributions of natural and artificial light.
Therefore, for a settled ALD, the higher the over-lighting (low values of OAR), the lower
the capability of the system to fulfil the maintenance of the illuminance target value on
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task area and thus the higher the related energy consumption.
If we want to account the “deficiency” of light, a UAR (Under-illuminance Avoidance
Ratio) (Eq. (4)) index can be calculated. It can be defined as follows:
UAR = 1 −

∑

t operation

(E set − E tot )⋅ Δt
ALD

(eq. 4)

So, when a system does not cause much “under-lighting”, Etot is most of the time close to
Eset and UAR will be close to 1. At the same time the closer Etot to Enat (when Enat < Eset),
the closer UAR to 0 which indicates the system has provided an insufficient contribution
of artificial light..
As a result of previous considerations, to give a complete response to the performance of
an observed system during the monitoring exercise, ERI, UAR and OAR indices must be
considered together. The scheme in Figure 5 shows how several combinations of the
indices values can be interpreted as a system diagnosis checklist.

Fig. 5: Possible combinations of ERI, UAR, OAR and their meaning (Bonomolo et al. 2017).

For example, a system operating with an ERI close to the k value could have further
improvement in its performance by avoiding a period of over illuminance (if the OAR
resulted < 1). On the other side, if the measured UAR was <1 there is some "false"
expectation of energy saving due to the occurrence of some under illuminance period.
6. Result and discussion/Data analysis
Two monitoring campaigns have been conducted from April 2016 to December 2016 and
from May 2017 to July 2017. All the collected data have been analysed and the above
indices have been calculated to test the actual performance of the systems for the different
set-up, configurations and scenarios. In Table 1 some results of this calculation have been
reported. It must be clarified that ALD values characterize the days when the systems
worked. It ranges according to the season, the hours of the occupancy schedules and of the
daily time. The scenarios reported in Table 1 are characterized by ALD values that range
between 315 lx·h and 1797, for the System A, and from 322 and 1613 lx h, for the System
B.
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Tab. 1: Results for selected tested scenarios with dimming and on-off control.

System B

System A

System

Schedules
09:00-13:00
14:00-18:00
09:00-13:00
14:00-18:00
09:00-13:00
14:00-18:00
11:00-15:00
16:00-20:00
8:00-12:00
13:00-17:00
8:00-12:00
13:00-17:00
10:30-14:30
15:30-19:30
07:00-11:00
12:00-16:00
07:30-11:30
12:30-16:30
07:00-11:00
12:00-16:00
10:00-14:00
15:00-19:00
09:00-13:00
14:00-18:00
8:00-12:00
13:00-17:00
07:00-11:00
12:00-16:00
07:00-11:00
12:00-16:00
8:00-12:00
13:00-17:00
10:30-14:30
15:30-19:30
07:00-11:00
12:00-16:00
07:30-11:30
12:30-16:30
07:00-11:00
12:00-16:00
07:00-11:00
12:00-16:00
10:00-14:00
15:00-19:00
09:00-13:00
14:00-18:00
07:00-11:00
12:00-16:00
8:00-12:00
13:00-17:00
8:00-12:00
13:00-17:00
09:00-13:00
14:00-18:00
07:00-11:00
12:00-16:00
09:00-13:00
14:00-18:00
09:00-13:00
14:00-18:00

Date

Dimmer control
ALD
ELEC
ERI
[luxh] OAR UAR
[Wh]
[Wh/lxh]

On-off control
OAR

UAR

ELEC
[Wh]

ERI
[Wh/lxh]

04/10/2016

874

0.36

0.97

653.7

0.75

0.02

1.00

961.3

1.11

05/10/2016

704

0.19

1.00

875.5

1.24

0.01

1.00

996.3

1.42

06/10/2016

1221

0.52

0.97

622.8

0.51

0.03

1.00

824.0

0.68

10/10/2016

1394

0.47

0.93

729.8

0.52

0.03

1.00

874.3

0.63

12/10/2016

315

0.18

0.01

743.1

2.36

0.02

1.00

996.3

0.67

13/10/2016

449

0.16

0.97

715.3

1.59

0.01

1.00

996.3

2.22

17/10/2016

322

0.22

1.00

428.5

1.33

0.01

1.00

764.5

2.38

18/10/2016

180

0.17

1.00

351.1

1.95

0.01

1.00

529.2

2.94

20/10/2016

766

0.29

0.96

679.5

0.89

0.02

1.00

996.3

1.30

21/10/2016

1114

0.61

0.82

460.1

0.41

0.03

1.00

779.3

0.70

25/10/2016

919

0.66

0.93

425.3

0.46

0.03

1.00

745.7

0.81

26/10/2016

561

0.36

0.96

460.2

0.82

0.01

1.00

807.7

1.44

27/10/2016

458

0.38

0.91

300.7

0.66

0.02

1.00

457.5

1.00

31/10/2016

553

0.59

0.84

317.4

0.57

0.02

1.00

710.1

1.28

02/11/2016

973

0.74

0.79

373.5

0.38

0.02

1.00

633.4

0.66

05/06/2017

469

0.62

0.97

195.60

0.42

0.21

1.00

792.7

1.10

07/06/2017

1468

0.90

0.76

304.08

0.21

0.48

0.85

677.0

0.46

06/06/2017

852

0.77

0.95

309.20

0.34

0.33

0.96

612.6

0.72

08/06/2017

929

0.92

0.30

76.15

0.08

0.79

0.23

115.5

0.12

09/06/2017

703

0.99

0.23

115.33

0.05

0.77

0.18

87.4

0.12

10/06/2017

493

1.00

0.20

72.54

0.07

0.60

0.28

116.4

0.24

11/06/2017

1431

0.71

0.61

317.53

0.22

0.58

0.73

457.3

0.28

15/07/2017

457

0.71

0.58

187.70

0.41

0.51

0.53

320.5

0.44

13/06/2017

1072

0.80

0.57

208.77

0.19

0.61

0.56

300.0

0.28

06/07/2017

444

0.55

1.00

246.07

0.55

0.26

1.00

792.7

1.00

12/07/2017

387

0.78

0.46

150.85

0.39

0.51

0.47

792.7

0.53

13/07/2017

576

0.66

0.58

227.06

0.39

0.55

0.54

338.2

0.39

17/07/2017

438

0.47

0.48

140.39

1.42

0.11

0.86

850.5

1.94

18/07/2017

323

0.52

0.88

214.96

0.67

0.26

0.77

320.5

0.99

21/07/2017

645

0.70

0.57

233.43

0.36

0.16

0.96

947.7

1.47

Starting to compare how the two systems worked, it can be noted that in some cases, they
ran in a different way during scenarios with ALD very similar. For instance, there are for
the scenarios with ALD of about 322 lx·h. The first one is related to the system A and
presented an OAR of 0.22 and a UAR of 1. In the second one, for the system B, the
calculated value of OAR was 0.52, and the one of UAR was 0.88. Similarly, for scenarios
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with ALD of about 703 lx·h an OAR of 0.19 and a UAR of 1 have been calculated for the
System A while for the system B the associated value of OAR was 0.99 an of UAR was
0.23. The graphs in Figure 6 show the relation between OAR and ALD indices for the two
systems operated by the two control strategies. In general, high values of OAR
corresponded to high values of ALD. It means that the systems worked better when there
was low a contribution of daylight. So, in general, the higher the ALD, the lower the
possibility of having over-lighting problems. The same is for the ON-OFF control case.

i

ii
Fig. 6: Relationship between A.L.D and OAR indeces calculated in dimming and ON/OFF control for the two systems.

Generally, in dimming operation, system A had OAR lower than System B. For both
systems a specific linear correlation with ALD can be observed. In ON-OFF operation
(Figure 6ii) System A had a maximum of OAR equal to 0.07 (very poor result), while
figures of System B are generally better, even if not well correlated with ALD. Also,
observing figure 7i and 7ii, it can be noted that the higher ERI, the lower OAR values. It
means that the system wastes energy over-lighting the room. On the other hand, small ERI
values are coupled to low values of UAR (Figures 7iii and 7iv), because such energy
“saving” is affected by an excessive under-lighting. The reason why correlations OAR vs
ERI and UAR vs ERI are not very robust lays on the fact that the system can perform in
under and over-lighting in the same day of operation. It can be noted that the System A in
ON-OFF case did not have problems of under-lighting (Figure 7iv), but it had severe
problems of over-lighting (Figure 7ii). As already noted looking at the calculated values,
the System B had higher performances than the System A. Comparing the two control
strategies, it can be observed that both systems had higher performances with dimmer
control. Anyway, the gap between the performances of the two control strategies is more
significant for System A. Indeed, the cloud of points calculated for the System B with
dimmer control shifted slightly to higher values of OAR (Figure 7i). In the case of ONOFF control, it is much more evident (Figure 7ii). The OAR values are very low for the
System A (the highest value is 0.07). On the contrary, in the case of System B they are
higher reaching value of 0.87), while, UAR are almost every time equal to1. In such a
view it is useful to observe the ratio OAR/UAR vs ERI graphs. The higher the ratio, the
higher is the influence of the under-lighting during the system operation. All the
considerations related to the best performance of System B and the dimming control for
both the systems are also confirmed in graph 7iii and 7iv. Also, the predominant behaviour
of System A to provide exceeds of lighting (OAR/UAR very low) is confirmed.
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i

ii

iii

iv

v

vi
Fig. 7. Relation between ERI index and OAR index calculated in dimming control and ON/OFF control for the two systems.

The correlation between electricity consumption and ALD values (Figure 8) is helpful for
analysing the ALD influence on the system performance. The ideal consumption has been
calculated proportionally to the ALD. For this reason, the correlation is linear. On the
contrary, looking at the actual consumption lines (both of System A and B), the correlation
is not precisely linear as it is in the case of an ideal system (see the "ideal consumption"
plot). It is because, as already said and observed, the control system did not work as
expected and, some cases of incorrect operation associated to low values of UAR and the
OAR have been found so, the consumption swung from the ideal figure. The more the
points are closer to the ideal consumption line, the more a real generic system worked
good. Moreover, the actual consumption regression lines shift from the ideal one by
constant values because of the power absorbed by the control systems (around 18.3 W for
the System A and about 10 W for the System B).
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Fig. 8. Relationships between ALD index and the electricity consumption (systems A and B) and the ones for an ideal system..

7. Conclusions
This paper presents an experimental test of a new method developed by authors to evaluate
the actual performance of two DLCs, based on the calculation of a set of indices. The
index ERI has been used to account for the specific consumption k concerning the artificial
light demand (ALD). Generally, it depends on the efficiency of the lamps, on the features
of luminaries, electric systems and control systems. The indices OAR and UAR have been
used to account their ability to maintain the target illuminance on the task area. The two
systems have been tested under different operating conditions and control strategies
(dimming and ON-OFF). In general, the closer the ERI index to the k factor the more the
observed system works appropriately with very high values of UAR and OAR. The values
of the indices have been calculated in different scenarios characterized by variable daylight
availability and compared to have a picture of how each system performed. Furthermore,
relationships between the indices have been carried out and analysed for large sets of data.
In general, it has been proven the ability of the indices to highlight and analyse situations
where consumptions far from the ideal ones are measured. For instance, it was possible to
have evidence that a low specific consumption can be due to the inability of the system to
fulfil the minimum target illuminance even though occasionally operated in over-lighting.
Likewise, it can be noticed that the highest ERI values correspond to the lowest OAR
values that means system is performing in over-lighting conditions. On the other hand,
low ERI values are also coupled to very variable values of UAR. For this reason, it is
useful to observe it as a function of OAR/UAR ratio. Accordingly, the higher the ratio, the
more prevalent the under-lighting condition. In almost all the observed conditions System
A performed worse than System B with a persistent behaviour characterized by frequent
and relevant over-lighting. For both the systems the relationship between ALD and
electricity consumption was only barely proportional. It was because the control system
did not always work as expected in ideal cases (with UAR and OAR both equal to 1).
Nevertheless, also through this approach, it has been possible to confirm the higher
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efficiency of System B. Therefore, it can be affirmed that such method can be utilised to
assess the system's performance on different days and, consequently, with different
daylight conditions as well as different systems operating in similar daylight conditions.
Further work will deal with the test of other commercial systems aiming also at a
comparison of their performances in different seasons.
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Abstract
This article presents a full-scale survey of the impact of colored/neutral glazing systems on occupants’ visual and
non-visual functions, as well as working performance in a daylit office in Beijing, Ch ina. Five glazing systems
were investigated during a heating season fro m 17 November 2016 to 11 January 2017. Lighting measurements
and subjective assessments were conducted to study the relationship between lighting conditions, glazing types,
and visual and non-visual performances. Several key findings were achieved as follows: 1) According to visual
performances, the blue glazing could be the best solution while the bronze g lazing tends to be less acceptable; both
grey and green glazing systems did not show significant differences fro m the clear g lazing. 2) No clear divergences
of non-visual performances can be found between various colo red/neutral glazing systems. 3) The circadian light
(CL) has an obvious link to occupants’ non-visual performances. 4) Participants’ working performance in a shortterm GONOGO test will become worse when the blue glazing system is applied.
Keywords: Colored glazing; Visual and non-visual performances; Daylit office; Heating season; Beijing

1. Introduction
Daylighting has been recognized as a critical environmental factor in office buildings, due to its significant effects
on workers’ performances such as productivity, psychological and physiological aspects (Veitch et al., 2004; Aries
et al., 2015). Studies of daylight’s impact on occupants have recently become a focus in offices. Using a survey of
ten office buildings in the Netherlands, Aries et al. (2010) found that workers’ visual co mfo rt and well-being can
be substantially lin ked to configurations and installations of the external window, which can determine indoor
daylighting conditions and view. Borisuit et al. (2014) pointed out that office occupants prefer to wo rk with the
occurrence of daylighting in terms of visual and non-visual functions. Another office survey in both winter and
summer periods enhanced the importance of daylight availability and its positive influences on productivity, mood
and sleep quality (Figueiro & Rea, 2016). As highlighted in a new report (Ticleanu & Littlefair, 2017) and a short
commentary (Figueiro, 2013), nevertheless, more proofs would still be required to justify how daylight regulates
sleep and mood, especially in the working spaces.
Due to the application of coated/tinted glass, currently, colored g lazing systems can be broadly found in modern
office buildings across the world (SLL, 2014; BSI, 2011). The primary function of these glazing systems is to
adjust the external solar gains, and therefore help bring in a proper level of indoor thermal/visual co mfo rt. In the
meantime, the effect of those coated/tinted glazing systems on visual and color perception has been noticed
(Bu low-Hube, 1995). A pilot study using scale models indicated that the neutral coated glazing with a high visual
transmittance can receive more acceptances (Dubois et al., 2007). On the other hand, the co lored coated glazing
products in the current market can possibly distort the color appearances of daylight in modern build ings (Matusiak
et al, 2012). Based on scale models and subjective assessments, a study showed that there is a preference for
daylight filtered through colored window glazing and that the glazing color type may have a significant effect on
arousal level of office workers (Arsenault et al., 2012). This study (Arsenault et al., 2012) also revealed that the
bronze glazing receives more preferences than the blue and clear glazing. In the are a of artificial lighting design,
the light color temperature in working places does affect occupants’ performance ( Bellia et al., 2015). An
interesting finding has been produced through a human experiment ( Sahin & Figueiro, 2013): the narro w longwavelength / red light (2568K) can obviously increase alertness and working performance during the daytime.
However, few studies have been completed so far to fu lly exp lain how the broad-wavelength daylight comb ined
with colored glazing works on human’s psychological and biological functions.
Therefore, it is still necessary to carry on more investigations on the relationship between glazing types,
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daylighting and human performance in office buildings. Based on daylighting measurements and subjective
assessment, this article presents a study in a full-scale office roo m with various glazing systems in Beijing, Ch ina.
The aim is to investigate how the colored/neutral glazing affects the human visual co mfo rt , non-visual functions
including mood, alertness, well-being and relaxation and working performance.

2. Methods and materials
2.1. Office room, study design, and participants
During a heating season from 17 November 2016 to 11 January 2017, this study was conducted in an office roo m
at the School of Architecture o f Tsinghua Un iversity in Beijing (Lat : 39.9042° N, Long: 116.4074° E) in China
(Figure 1). W ith a dimension of 6.2×3.2×3.8m, the office roo m has one side window facing south, and four sitting
positions including A1 & A 2 (wo rking places for part icipants), B (for the person who did measurements and
controlled the experiment) and T (for GONOGO test (section 2.4)). The reflectances of the room surface are 0.3
(floor), 0.88 (wall) and 0.88 (ceiling).
S

Fig. 1: Plan, dimensions, and sitting positions of the office room studie d

a)

b)

Fig. 2: Window configurations and dimensions (a); inte rior vie ws of four glaz ing syste ms (blue , bronz e , gre e n and gre y) (b).

Configures and dimensions of the side window can be found in Figure 2 (a). It has a dimension of 2.3×2.3m and a
two-layer structure. The external layer is co mposed of single clear glazing and div iders, while the internal layer
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adopts a removable structure with easily installed/dismantled g lazing and d ividers. Five types of glazing were
studied including clear, blue, bron ze, green and grey. They are typical products that can be found in current
Chinese window market and have been widely used in modern non-domestic buildings. Except for the clear glazing,
Figure 2 (b) d isplays pictures of the interior appearances with four glazing systems in the room. The transition
spectrum of all g lazing systems can be found in Figure 3. Then, overall visib le transmittance (VT) values of them
are 0.91 (clear), 0.55 (blue), 0.37 (bronze), 0.68 (green) and 0.22 (grey).

Fig. 3: Transmission spectrum of window glaz ing syste ms use d in the office

A total of 17 participants were recru ited fro m current students at Tsinghua University, with a mean age of 22.68
(±1.80) years. No part icipants should have medical and psychiatric diseases and sleep disorders. Each participant
attended a five-day experiment, wh ile only one type of glazing has been tested for each day. All participants were
required to attend the experiment during a normal working time (8:30 – 16:00). The daily experiment was divided
into two time -slots: 08:30-11:30 and 13:00-16:00, with a 1.5 hours lunch break in between. In order to control prior
light exposure, each participant was asked to start his/her sleep earlier than 23:00 at the n ight before the testing day.
During the experiment, the participants were just allowed to carry out regular office work in the office roo m, such
as reading, writing, typing, etc. No food and drinks with caffeine or similar content can be taken on the testing day.

2.2. Light measurements and calculations
The experiment has been imp lemented under only daylighting conditions. No artificial lighting can be used in the
experiment, even if the daylighting level was insufficient to meet the lighting standard at the working plane. The
lighting condition was measured by a portable Illu minance Co lor Spectral meter (SPIC-200), in terms of three
types of data: illu minance (lu x), spectral distribution and correlated color temperature (CCT, K). The measured
positions were the table and the vertical plane near the participant’s eyes. Each meter reading was recorded every
10 minutes. Based on the collected light spectral distributions, Circadian Light (CL) and Circadian St imu lus (CS)
were calcu lated according to a reference (Rea and Figueiro, 2016). The two values can be adopted as indicators of
the nocturnal melatonin suppression due to the spectral response of the human circadian system. In addition, the
indoor temperature and humidity were measured as a reference of thermal conditions.

2.3. Visual and non-visual assessment
Two VA S (visual analogue scale (Monk, 1989)) questionnaires were adopted to assess the visual and non -visual
performances of participants. A paper-based VAS was used as a measuring tool for each question (scale range: 0100mm).
The visual assessment questionnaire is composed of six questions : Q1, Lighting is comfortable? (0mm, extremely
uncomfortable; 100mm, extremely co mfortable); Q2, Room is bright? (0mm, very b right; 100mm, OK); Q3, Roo m
is dark? (0mm, very dark; 100mm, OK); Q4, Glare? (0mm, intolerab le; 100mm, no); Q5, Light color is
comfo rtable? (0mm, extremely uncomfortable; 100mm, ext remely co mfortable); Q6, Color appearance is proper?
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(0mm, absolutely not; 100mm, perfect). Four questions were g iven in the questionnaire for assessing non-visual
performances as follows: Q1, Alertness (0mm, ext remely sleepy; 100mm, ext remely alert); Q2, Mood (0mm, very
bad; 100mm, very good); Q3, Physical well-being (0mm, very uncomfo rtable; 100mm, very co mfortable); Q4,
Relaxation (0mm, very tense; 100mm, very relaxed). Each participant was asked to complete the two
questionnaires every 45 minutes. Thus, a total of 16 questionnaires would be collected from each participant in
each testing day. The feedbacks were statistically analyzed using IBM_SPSS(v23).

2.4. Working performance test
Participants’ working performances in this experiment were tested using a computer GONOGO tool. Th is tool was
produced by the authors according to fundamental GONOGO theories (Kreutzer et al., 2011). A GONOGO test is
generally used to measure a participant's capacity for sustained attention and response control (Kreut zer et al.,
2011).
In this study, the GONOGO test totally fo llo wed the method used in a hu man perfo rmance experiment (Sah in et al.,
2014). Based on participants’ responses via a computer mouse, this test lasted around 10 minutes. In each test, a
smiling or frowning face was presented on a black background every 2-10 seconds. Part icipants were instructed to
do the follo wing actions: clicking the mouse when smiling face appears; stopping to respond when the frowning
face occurred. The occurrence of smiling face will be around 70% of test time while only 30% of the time will be
given to the fro wning face. Once the part icipant clicks on the mouse, the face will d isappear and the time fro m the
face ‘appear’ to ‘d isappear’ will be recorded. If the part icipant’s response time is longer than 1 second, the face
will vanish and therefore a ‘miss’ was recorded. In addition, a ‘false alarm’ will be recorded if the participant
clicked the mouse before the face appears. In this study, each participant attended a GONOGO test every 90
minutes.
As mentioned in the experiment (Sahin et al., 2014), four GONOGO scores were adopted to measure the working
performance: overall accuracy, mean response time, mean response time of the best 10% of response times, mean
response time o f the worst 10% of res ponse times. A new value named as Tput was adopted in order to statistically
analyze the co llected data (Sahin et al., 2014), and it can be calculated through the algorith m: 100 × (# of valid
responses) / (# of total responses) / median of the response times. A valid response used in the calculation did not
include ‘miss’ and ‘false alarm of an incorrect face shape’. Therefo re, three Tput values can be achieved such as
for a total test (Tput), the best 10% of response times (bTput) and the worst 10% of response times (wTput).

3. Results and discussions
This section includes results and discussions fro m lighting measurements, subjective assessments of visual and
non-visual performances, as well as wo rking performances using GONOGO in the office with various glazing
systems.

3.1. Daylighting and color conditions
Figure 4 d isplays mean values of vert ical illu minance and CCT near participants’ eyes in terms of varying times
and glazing types. Most of the time the grey and green glazing systems have higher illu minance levels than other
types. The mean values of illu minance are 1454.3lu x (±237.0) and 1407.7lu x (±189.2) fo r grey and green glazing
respectively. On the other hand, the lowest illu minance levels can be found with the blue and bronze glazing as
follows: 701.1lu x (±101.6) and 620.2lu x (±86.3). The daylighting performance of clear glazing is in between
(1025lu x (±190.57)). It can be clearly noticed that a h igher visual t ransmittance of glazing does not necessarily
bring in a higher indoor illu minance. Certain ly, external sky conditions are mo re crit ical. Fro m around 10:00 to
15:00 all the glazing systems see a vertical illu minance above 500lu x, wh ilst a higher illu minance (>1000lu x) can
be only found in a t ime slot of 12:00 -- 14:00. In the late afternoon (15:00—16:00) all the glazing types give rise to
a lo wer illu minance level (<500lu x). In general two peaks of illu minance variat ion occur at 10:45 and 13:45 for
most of the glazing systems.
As for the mean values of CCT of light near part icipants ’ eyes, no big d ifferences can be found in the daily testing
time fro m 9:15 to 16:00. The blue glazing has the highest mean CCT of 5395.1K (±36.0), which could result in a
relatively cold/blue lighting at mosphere. It is normal that the lo west mean CCT of 3986.2K (±54.8) occurs with the
application of bronze glazing. This value will not be considered as ‘warm’, but ‘neutral’ or ‘wh ite’. However, the
use of green, grey and clear glazing systems can lead to mean CCT values between 4000K and 5000K. A light
color in this range tends to be called as ‘cold white’. Interestingly the green and grey glazing systems achieve a
similar CCT value: 4792K (±30.4) for g reen glazing; 4724.5K (±53.0) for grey glazing. The clear g lazing,
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nevertheless, has a slightly lower mean CCT of 4443.9K (±27.2). Accordingly, the three glazing systems might
produce a similar light atmosphere in this office room during the testing time.

Fig. 4: Me an value s of ve rtical illuminance and CCT (me asure d ne ar the e ye s of participants )

3.2. Visual performance
A ‘five glazing types × eight times’ repeated measures of variance (ANOVA) was performed using the feedback
fro m the visual performance questionnaire including six questions (see section 2.3). A Post Hoc method (Least
Significant Difference (LSD)) was used to further compare the main effects and interactions. The planned
comparisons were performed to investigate whether the visual perfo rmances of five g lazing types were
significantly different fro m each other. All statistical analyses were completed using IBM SPSS (v 23.0). The
significance can be achieved based on p < 0.05.
Figure 5 & 6 d isplay the impact of glazing type and times on the six questions of visual performance (ANOVA).
For the visual performance, the assessment of seventeen subjects reveals a significant impact of g lazing types on
Q2 (Brightness) [F(4, 678) = 4.468, p = 0.001], Q3 (Darkness) [F(4, 678) = 9.793, p < 0.001], Q4 (Glare) [F(4, 678)
= 3.196, p = 0.013 ], Q6 (Color appearance) [F(4, 678) = 3.035, p = 0.017]. The visual comfort (Q1) and co lor
comfo rt (Q5) have no clear relationship with the glazing type (p > 0.05). Similarly, the time takes clear effects on
the visual performances of Q2 (Brightness) [F(7, 678) = 11.371, p < 0.001], Q3 (Darkness) [F(7, 678) = 9.465 , p <
0.001], and Q4 (Glare) [F (7, 678) = 12.470, p < 0.001]. No significant influence of time can be found for th e Q1,
Q5 and Q6 (p > 0.05). In addition, no significant interaction effects between glazing type and time were proved
according to the feedback of six visual performance questions.

Fig. 5: Subjective assessments of visual pe rformance (Q 1 --2): the impact of glaz ing type s and time
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Fig. 6: Subjective assessments of visual pe rformance (Q 3--6): the impact of glaz ing type s and time

Table 1 gives the mult iple co mparisons of visual performances between various glazing types (Post Hoc, LSD).
Only the results with a significant difference have been presented (p < 0.05). For Q1 (co mfort), the score of blue
glazing is higher than both bronze and clear glazing (p < 0.05), whilst the score of bronze glazing is significantly
lower than the grey glazing (p < 0.05). Even though the illu minance levels of blue and bronze glazing are similar,
participants feel more co mfortable with the occurrence of b lue g lazing. When co mpared with the clear type, the
blue glazing can still receive a h igher acceptance rate. The first feedback of co mfort would support that participants
in this office were mo re sensitive to the glazing’s color than its visual transmittance and illu minance level. The
questions Q2-4 focuses on the visual comfort and their feedback shows a similar statistical result. Co mpared with
the green and grey glazing, generally, the blue, b ronze and clear glazing would bring in a relatively darker lighting
space and the lower risk to get glare problems in this office (p < 0.05). Taking Q2 (b rightness) as an examp le,
scores of blue, bronze and clear glazing are significantly higher than those of green and grey glazing. Interestingly,
the clear glazing tends to deliver a darker lighting condition than the blue g lazing (p = 0.034), although the former
receives 40% higher illu minances than the latter. For the Q5 (color co mfo rt), the only significant d ifference can be
found between the blue, bronze and green glazing. Both blue and green glazing will g ive the participants a more
comfo rtable colo r environment than the bronze type (p = 0.026 o r 0.04). However, no clear differences of co lor
comfo rt were ach ieved between the clear glazing and others (p > 0.05). On the contrary, the color appearance (Q6)
shows an obvious difference between the bronze glazing and the blue, clear, green , grey g lazing systems. The
participants would agree that the bronze glazing can have a higher possibility to distort a normal color appearance
even compared with the green glazing.
As regards Figure 5, 6 and Table 1, main effects of the time between various glazing systems also have some clear
differences. It can be revealed that participants feel less comfortable (Q1) when the time is at 13:45 than 14:30 (p =
0.023) and 15:15 (p = 0.013). A lso, participants would feel brighter when it is approaching the time 12:00, and
therefore co mplaining o f g lare will start to increase at the same time . Also, the same feedback occurs for the co lor
comfo rt (Q5): participants would feel less comfortable about the light color at 13:45 than other times, such as 10:00
(p = 0.37), 10:45 (p = 0.42), 14:30 (p = 0.18), 15:15 (p = 0.15). These findings indicated that under a higher
illuminance level participants’ comfort may not be linked with glazing color.
Tab. 1: Post-Hoc LSD: multiple comparisons of visual pe rformance s be twe e n glaz ing type s (Sig. p < 0.05)
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Dependent
Variable

Q1-comfort

(I) Glazing type

(J) Glazing type

Mean Difference
(I-J)

S td. Error

S ignificance

blue

bronze

6.00

2.603

.022

blue

clear

5.88

2.603

.024

bronze

grey

-5.13

2.599

.049

blue

green

6.77

2.638

.011

bronze

green

9.88

2.634

.000

bronze

grey

6.71

2.634

.011

clear

green

7.74

2.634

.003

blue

clear

5.96

2.804

.034

blue

grey

-9.23

2.804

.001

bronze

green

-8.49

2.799

.003

bronze

grey

-12.90

2.799

.000

clear

green

-10.79

2.799

.000

clear

grey

-15.19

2.799

.000

blue

green

6.61

2.649

.013

blue

grey

5.53

2.649

.037

bronze

green

6.01

2.644

.023

clear

green

6.98

2.644

.009

clear

grey

5.90

2.644

.026

blue

bronze

5.72

2.563

.026

bronze

green

-5.26

2.558

.040

blue

bronze

5.32

2.368

.025

bronze

clear

-5.46

2.364

.021

bronze

green

-6.21

2.364

.009

bronze

grey

-7.68

2.364

.001

Q2-brightness

Q3-darkness

Q4-glare

Q5-color
comfort

Q6-color
appearance

For the visual assessment, the application of blue glazing can generally benefit the occupants’ performance and
comfo rt, even co mpared with the normal glazing, i.e. clear product. In the contrast, the bronze glazing would
receive the lowest acceptance rate when evaluating the visual performance. Other g lazing types have no clear
differences including green, grey and clear glazing. A higher illu minance level after 12:00 might increase
occupants’ discomfort.

3.3. Non-visual performance
Similarly, an analysis of the subjective feedback under ‘five glazing types × eight times’ were performed using
ANOVA and LSD for the non-visual performance assessment including four questions (Q1-4). In addition, a
correlation analysis (Pearson) was implemented between the circadian light and stimulus (Rea and Figueiro, 2016),
and the four aspects of non-visual function. The significance can be achieved based on p < 0.05.
Figure 7 gives the subjective assessments of non-visual performance (Q1--4): the impact of g lazing types and time.
Different fro m the visual assessment discussed above, the ANOVA analyses exposed that there are no significant
main effects of glazing type or time on the Q1 (alertness), Q2 (mood), Q3 (physical-wellbeing), and Q4
(relaxation). A lso, it has not been found a clear interaction effect between g lazing type and time exists. In Table 2,
the LSD analyses show some differences of non-visual performance between various glazing systems. For the Q3
(physical well-being), scores of blue g lazing are significantly h igher than the clear one (p = 0.035). The blue
glazing could make part icipants feel more co mfo rtable than the clear type. Co mpared with the grey glazing, the
clear glazing scores higher for the Q4 (relaxat ion) (p = 0.046). It could be reasonable that a relat ively lower
illu minance brought by the clear glazing would make occupants feel more relaxed. Based on both Figure 7 and
Table 2, furthermo re, it can be found that the alertness (Q1) can achieve a higher level at the time 11:30 than the
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times 09:15 (p = 0.030), 13:45 (p = 0.14), 14:30 (p = 0.005) and 16:00 (p = 0.003). This indicates participants tend
to be alerted with the time approaching the noon. At the time 13:45, a lo wer physical wellbeing (Q3) occurs
compared with the time 15:15 (p = 0.014). This could be explained by one fact that these Chinese students would
feel sleepy and tired at around 13:45 (a routine nap time for university students in China ). The assessment of visual
performances also shows a similar result as this finding.

Fig. 7: Subjective assessments of non-visual pe rformance (Q 1--4): the impact of glaz ing type s and time
Tab. 2: Post-Hoc LSD: multiple comparisons of non-visual pe rformance s be twe e n glaz ing type s (Sig. p < 0.05)

Dependent
Variable

(I) Glazing type

(J) Glazing type

Mean
Difference (I-J)

S td. Error

S ignificance

Q3-physical
wellbeing

blue

clear

4.48

2.114

.035

Q4-relaxation

clear

grey

3.68

1.843

.046

Tab. 3: Correlations between daylighting conditions and non -visual pe rformance s (Pe arson Corre lation)
Ale rtne ss

Mood
**

Physical we ll -be ing

Re laxation
-.147 **

Circadian

Correlation coefficient

-.041

-.136

light (CL)

Sig. (2-tailed)

.292

.000

.000

.000

N

679

679

679

679

.002

.003

.013

-.066

Sig. (2-tailed)

.962

.942

.739

.085

N

679

679

679

679

Circadian
stimulus (CS)

Correlation coefficient

-.153

**

Table 3 presents a correlation analysis (Pearson) between circad ian light and stimulus (CL & CS) and non-visual
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performances including four aspects. A clear link can be found between the circadian light, and mood ( Q2,
correlation coefficient = -0.136, p < 0.001), physical well-being (Q3, correlat ion coefficient = -0.153, p < 0.001)
and relaxation (Q4, correlat ion coefficient = -0.147 p = 0.001). A higher level of circadian light may ind icate a
lower score of the three aspects. However, the circadian stimulus does not show any significant relevance to the
three non-visual factors above (p > 0.05). In addit ion, the circadian light and stimulus have no clear relationship
with the participants’ alertness (p > 0.05). These analyses supported one fact that the Circadian Light should be
used as an indicator of the non-visual effect of light instead of illuminance and CCT (Rea and Figueiro, 2016).

3.4. Working performances
An analysis of ‘five glazing types × four times’ ANOVA and LSD was performed for the GONOGO results
(Figure 8 & Table 4). It has been found in Figure 8: there are significant main effects of glazing types on the ‘mean
response time’ [F(4, 339) = 2.246, p = 0.064] and the ‘Tput’ [F(4, 339) = 3.142, p = 0.015]; however, no clear
impacts fro m the glazing types can be found for the ‘b-Tput’, ‘w-Tput’, ‘accuracy’, ‘average of best 10% response
time’, and ‘average of worst 10% response time‘. In addition, the main effect of time and the interaction effect
between glazing types and time are not significant according to the working performance. The significance can be
achieved based on p < 0.05.

Fig. 8: Subje ctive asse ssme nts of GO NO GO working pe rformance : the impact of glaz ing type s and time
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Tab. 4: Post-Hoc LSD: multiple comparisons of working pe rformance s be twe e n glaz ing type s (Sig. p<0.05)
(I) Glazing type

(J) Glazing type

Me an Difference (I-J)

Std. Error

S ignificance

blue

clear

-.018846

.0093160

.044

bronze

clear

-.020273

.0093160

.030

clear

grey

.018703

.0093160

.046

mean response time

blue

clear

50.007639

17.2499604

.004

average 10% best
response time

bronze

clear

20.289869

9.1630131

.028

average 10% worst
response time

blue

clear

92.094608

36.0994601

.011

blue

clear

-.014707

.0044735

.001

blue

green

-.010298

.0044735

.022

bronze

clear

-.009767

.0044735

.030

clear

grey

.009216

.0044735

.040

blue

green

-.032999

.0135124

.015

Depende nt Variable

accuracy

T put

w-T put

As shown in Table 4, the perfo rmance differences with various glazing systems are given (on ly results with a
significance < 0.05 are availab le). The accuracy of clear g lazing is higher than blue glazing (p = 0.044), b ronze
glazing (p = 0.030), and grey glazing (p = 0.046). Co mpared with clear glazing, blue glazing has less mean
response time (p = 0.04) and average 10% worst response time (p = 0.011). These ind icate that the blue glazing
helps participants deliver a quicker response, but a lower working accuracy. The clear glazing nevertheless gives
rise to an opposite result. Co mpared to clear glazing, bronze glazing can help to reduce average 10% best response
time. However, no clear d ifference of mean response time can be found in the two glazing systems. As for the Tput,
the clear glazing shows significantly higher scores than blue glazing (p = 0.001), b ronze glazing (p = 0.030), and
grey glazing (p = 0.040); the blue glazing performances worse than the green type. For the green and clear g lazing,
it is still unclear of which one perfo rms better in terms of Tput. Since a h igher Tput value is associated with a better
working performance, the application of clear glazing seems to improve the working performance.

4. Conclusions
A full-scale survey in an office roo m was given in this art icle, focusing on the impact of five various glazing
systems on occupants’ visual, non-visual and working performances across a winter period only under the
daylighting condition. The key findings can be drawn from results and discussions above:
1) For the visual assessments, the blue glazing could achieve h igher performances according to visual/color
comfo rt, glare, and color appearance; while the bronze glazing has been recognized as the least acceptable choice.
The grey and green glazing did not show a significant difference from the clear glazing.
2) Generally, the five glazing systems have no big differences in terms of alertness, mood , and relaxat ion in the
office. However, the blue g lazing seems to bring in more positive effects than the clear glazing accord ing to the
performance of physical well-being.
3) Th is experiment has found some aspects of non-visual performances of occupants have a significant link to the
circadian light (Rea and Figueiro, 2016).
4) The clear g lazing could be considered as the best choice according to the working performance in this office.
Even though the blue glazing would improve occupants’ visual performance, its effect on the working performance
should be paid attention to.
5) It could be exposed that with the occurrence of daylighting the non -visual measurements are very hard to
achieve; a non-linear statistical model would be required. Except for GONOGO, more practical methods to test the
human working performance (e.g. reaction time task) could be considered.
6) Under daylighting conditions, human performances (visual and non-visual aspects) relating to the light color
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could be very difficult to clarify, especially when considering the fact that the color preference is linked to the
cultural and ethnic backgrounds.
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Abstract

Lighting has been identified as a significant environmental attribute responsible for promoting physical and mental
health of the elderly. However, present guide and standard focuses mostly on horizontal illumination requirements
for specific tasks, but less on vertical lighting. This study attempts to evaluate lighting quality of the daytime
activity space in Beijing’s elderly facilities from the configuration of vertical daylighting on the eye by DAYSIM
simulation based on dynamic climate, and to analyze the influence of position orientation on vertical daylight
exposure on the eye so as to explore the possibility and design technology to optimize the non-visual based lighting
quality.
Keywords: daylight; vertical daylight exposure; activity space; elderly facilities;

1. Introduction
With the discovery of ipRGCs (intrinsically photosensitive retinal ganglion cells, a type of neuron in the retina of
the mammalian eye) (Berson, Dunn et al., 2002), the effect of light on human physiological and psychological
health has become research hotpot in the lighting field. Light causes circadian, hormonal and other behavioral
responses, from shifting sleep timing, jet-lag and melatonin suppression to pupil constriction, light adaptation and
physiological activation (Price and Peirson, 2014), and then influences alertness, tension and sleep quality (Münch,
Kobialka et al., 2006).
Lighting has been identified as a significant environmental attribute responsible for promoting physical and mental
health of the elderly (Shikder, Mourshed et al., 2012).With the growth of age, the elderly suffer from evident
overall optical changes that can cause one or more visual diseases and result in reduced visual performance (Weale,
1992). Besides, with the discovery of non-visual biological effects, light can help the elderly defeat depression,
circadian sleep-wake disorder and behavioral disturbances among elderly (Sloane, Figueiro et al., 2008).
Therefore, specialized lighting for the elderly was urgently considered to satisfy their physical needs and to
enhance their psychophysical health and well-being (Shikder, Mourshed et al., 2012).
With non-visual biological effects, researches on elderly’s lighting for physiological and psychological health
(alertness, mood, performance and sleep quality) is taken more seriously. Several studies were made and the
effects of light on alertness and mood has been found that the high-light regime always results in better alertness
and mood than control group (Boyce, Beckstead et al., 1997). Meanwhile it was investigated that lighting during
daytime hours can influence the sleep quality during the night (Riemersma-van der Lek, Swaab et al., 2008). A
significant positive correlation between vertical illuminance at the eye level and sleep quality was shown (Aries,
2005). Many studies, besides mentioned above, indicate that lighting levels of at least 1000 lux on the eye are
needed for biological stimulation (van Bommel, 2006). Besides, the influences of CCT (Correlated Color
Temperature) of light on mental performances was also aimed that the blue-enriched white light experimented
within an office has improved the subjective measure of alertness, mood, performance and other indicators of
wellbeing (Viola, James et al., 2008). The efficiency of good natural light in the architectural context has also
been investigated in several studies (Beauchemin and Hays, 1996).
It has been evident that non-visual biological effect of light is not directly governed by the illuminance on the
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working plane, but by light entering the eye (van Bommel, 2006), namely vertical light exposure at the eye level,
which means that both vertical illuminance at the eye level and its time should be counted. The light entering the
eye causes non-visual biological effect and provides the time information (the moment when the light exposure
exists and its lasting time) at the same time (Bierman, Klein et al., 2005), which will influence the former. However,
levels of illumination for various tasks and spaces are widely discussed in guides and specific values are suggested
in lux (CIEUK, 1997, Light, 2002), while detailed recommendations for vertical illumination and vertical light
exposure at the eye level are lacking in most guides (Shikder, Mourshed et al., 2012).
Therefore, in this study it was suggested that investigation into the effect of vertical light exposure at the eye level
on the elderly’s physiological and psychological health should be carried out on the base of acknowledgement of
the difference of vertical daylight condition in elderly facilities, and then help optimize the non-visual based
lighting quality.
Since China entered an aging society in 1999, aging trend has been presented the characteristics of the huge elderly
population, fast speed of growth and the increasing proportion of the oldest old. People over the age of 60 account
for 16.15% of the country's population of 1.37 billion in 2015, up from 10.3% in 2000, and will be 33.6% in 2050,
according to the National Bureau of Statistics of China (2016). The ageing population has already been recognized
as one of the greatest challenges of the 21st century for housing on both side of quantity and quality. A number
of new elderly facilities for not only housing and health care but also social care services need to be built and the
quality of those existing need to be updated to accommodate the increased service levels the ageing population
will require.
As one of the biggest cities in China, Beijing has many typical conditions and was selected as the location of the
model in this study. Daytime activity space was taken due to its various vertical daylight conditions. Therefore,
this study attempts to evaluate lighting quality of the daytime activity space in Beijing’s elderly facilities from the
configuration of vertical daylighting on the eye and the illuminance on the working plane (UDI) by DAYSIM
simulation (Reinhart, 2011) based on dynamic climate, and to analyze the influence of position orientation on
vertical daylight exposure on the eye so as to explore the possibility and design technology to optimize the nonvisual based lighting quality. It must be illustrate that as a simulation the spectrum of light could not be considered,
and in the simulation the element of time has been simplified.

2. Methodology
2.1 Building model and simulation
The building model was a unit of the activity room in the elderly facilities located in the urban area of Beijing
(39.80 N/ 116.47 W), where there were no obstructions all around. According to the survey of the content and
characteristics of the elders’ activity in elderly facilities in Beijing, the model was built on the widely used standard
column grid of 8.4m×8.4m, with the floor height of 3.6m (Fig. 1). The basic unit was formed as Fig. 1 shows,
with the available space of 16m×16m×2.8m excluding the space occupied by beam, column and other facilities.
According to the survey, the unit consisted of two rooms separated by a hallway. Considering the elders’
requirement of daylight, the depth of the south room (8m) was larger than the north (6m), between which was a
2m-wide hallway to ensure that two wheelchairs could pass through meantime. And French window was used for
more daylight.
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Fig. 1 perspective view and plan of the model

In the unit there were 3 typical furniture layout representing 3 common daytime activities in the elderly facilities
(Tab. 1). The reflectances of the room surface are in Tab. 2.
Tab. 1 the three typical furniture layout

1. Reading Room or Public
Living Room

Type

3. Dining Room or Chess
and Card Room

2. Classroom

Plan

Activity
samples

Tab. 2 Parameters for simulation

Room orientation

South

North

Moulded dimension (Wide/Depth/Height)

16m/8m/2.8m

16m/6m/2.8m

Site description

Beijing_CHN(39.80 N/ 116.47 W)

Hourly occupancy schedule

8:00-18:00 per day
None

Obstructions

None

Mutual occlusion of the elderly

None

None

the Eye height of the elderly

1.15m

1.15m

the Height of work plane for UDI

0.8m

0.8m

Interior white wall

0.5

0.5

Furniture (wood)

0.3

0.3

Ceiling

0.7

0.7

Floor

0.2

0.2

Ground

0.2

0.2

Material reflectance

Material Visual Transmittance
Glazing DoublePane LowE Argon

0.65

0.65

Parameters of simulation precision
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ambient bounces

5

5

ambient divisions

1000

1000

ambient accuracy

0.1

0.1

direct sampling

0.2

0.2

direct relays

2

2

2.2 Daylight simulation
The relative daylight metrics were obtained by annual dynamic daylighting simulation software DAYSIM based
on dynamic climate, with three typical furniture layout and simulation period of 8:00-18:00, according to the
survey of elderly facilities. Two daylight metrics were used: the annual vertical daylight exposure on the eye
(simplified as Hv in this paper) and Useful daylight illuminance (UDI).
In this study, the vertical daylight exposure on the eye instead of vertical illuminance on the space’s surface of
the elderly facilities was selected to reflect the distribution of vertical lighting. This is because the latter of the
seats in space changes between different moments, which cannot be used as an evaluation standard, while the
former is more objective (it considered the effect of time although it supposes that person always sit here). And it
was suggested that higher vertical daylight exposure on the eye is recommended under consideration of UDI
Considering the complexity of vertical daylight situation which changes by time, situation, and orientation, only
the positions of the elderly’s eyes when they sat in the seat instead of the whole room were considered in this
paper. And it was supposed that the elderly would sit on the same seat and look at the front during the whole
daytime activity in a year, so that the vertical daylight exposure the elderly received could be represented by
vertical daylight metrics of the positions of the elderly’s eyes when they sat on the seat.
There's some point must be illustrate that the position of the elderly, namely the seats and tables’ usage periods in
different position, is far more complex than supposed, which are related to the seasons, weather, the horizontal
illumination, layout of activities, etc, and there will significantly influence vertical daylight exposure on the eye.
Therefore, the annual daylight exposure can proximately reflect this phenomenon but not totally.
Useful daylight illuminance (UDI) was invoked to be comparatively analyzed with the annual vertical daylight
exposure on the eye. UDI evaluates luminous environment with the effective horizontal illumination (from 100
lux to 2000 lux) in work plane, which is irrelevant to the face orientation. Therefore, the simulation of the study,
which presents health concept, was treated as an addition to UDI to some extent.
In order to get Hv, a series of vertical working planes including the seats’ position were chosen as calculation
plane, on which the points of 1.15m above the floor (the eye position of a sitting elderly) were finally considered.
As for UDI, the calculation position in the model was at a horizontal working plane height of 0.8m above the floor.
A calculation grid with 1600 points was evenly distributed across the plane. Other detailed parameters for the
simulation were shown in Tab. 2.

2.3 Data analysis
Data analysis paid attention to the effect of position, orientation on Hv, the difference between Hv and UDI, and
the difference between the glass hallway and opaque hallway. Besides, the material of walls, which are the solid
wall (opaque, and reflectance is 0.5) and the glass wall (visual transmittance is 0.65), on both sides of the hallway
was also compared to find how much it would influence the daylight environment.
Statistical analyses were performed using SPSS version 23.0 for Windows (IBM SPSS Inc., Chicago, IL). A twosided p value<0.05 was considered significant. One-Way ANOVA (one-way analysis of variance, a technique that
can be used to compare means of two or more samples) (Howell, 2002) was adopted to determine whether Hv of
different groups (columns or rows) have a significant difference. When comparing Hv with UDI, as for the seats
at one table, visual task happened mainly on the tabletop, so the average UDI of tabletop was calculated to
approximately reflect the level of visual task lighting of the seats at the table. In order to compare easily, the
average Hv of the seats at one table was also calculated similarly.
In order to analysis conveniently, each table and seat in the 3 type of plans was numbered as Tab.3 showed.
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Tab. 3 numbers of tables/seats

Type

Plan

Table numbers

Seat numbers
r8

R4

r7
r6

R3

r5
Hallway

1

Hallway
r4

R2

r3
r2

R1

r1
C1

C2

C3

C4

C5

C6

c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12

r10

R5

r9
r8

R4

r7
Hallway

2

Hallway
r6

R3

r5
r4

R2

r3
r2

R1

r1
C1

C2

C3

C4

C5

C6

C7

c1

c2

c3

c4

c5

c6

c7

R5
R4
Hallway

3

None

R3
R2
R1
C1

C2

C3

C4

3. Results
3.1 Position and orientation
In this part, it was found that position orientation has a significant influence on annual vertical daylight exposure
on the eye (Hv). For analyzing, position and orientation were discussed separately. Position was divided into the
differences of the same row, the same column and whether in south or north, while orientation paid attention to
whether facing or back to windows. And it is similar between the two different material of hallway, so in this part
only the opaque hallway was discussed while the difference between the two hallway was shown in part 3.3.
According to Hv in all 3 types (Fig. 2.1 to 2.3), generally type-1 has the best evaluation (with MN of 4.2×106 lux·h)
while type-2 has the worst (with Mean, simplified as MN, of 3.4×106 lux·h). And the distribution of Hv among
the seats in type-2 is most uniform (with Standard Deviation, simplified as SD, of 2.5×106 lux·h) while the type3 varies most (with SD of 4.4×106 lux·h).
Meanwhile, it was found that orientation of the room makes obvious effect on Hv. Generally the Hv of the seats in
south room is higher than that in north room (with the MN of 5.5×106 lux·h in south vs 3.0×106 lux·h in north in
type-1, 4.1×106 lux·h vs 2.4×106 lux·h in type-2, and 5.2×106 lux·h vs 2.4×106 lux·h in type-3), and varies more
(with the SD of 5.8×106 lux·h in south vs 2.6×106 lux·h in north in type-1, 3.0×106 lux·h vs 9.8×105 lux·h in type2, and 5.2×106 lux·h vs 1.9×106 lux·h in type-3).
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Fig. 2.1 to 2.3 the annual vertical daylight exposure on the eye (Hv, 106 luxg
gh) of each seat with solid walls on the side of the
hallway, layout type-1 to type -3

Besides, there is a big difference among the seats in the same column. From the result of One-way ANOVA (Tab.
4), it was shown that there is a significant difference of Hv among the column (F7=2265.063, p<0.05 in type-1,
F9=312.153, p<0.05 in type-2, and F4=571.305, p<0.05 in type-3). Among the seats of the same orientation in one
column, Hv decreased with the raise of the distance to windows (Fig. 3.1 to 3.4).
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Fig. 3.1 to 3.4: the annual vertical daylight exposure on the eye of each seat (Hv, luxg
gh), layout type-1 to type -3
Note: 3.1 for type-1, 3.2 for type-2, and Hv in type-3 was divided into 2 parts: 3.3 includes seats westwards and eastwards, and 3.4
includes the north and south.

However, the Hv of the seats in the same row is similar according to One-way ANOVA result in Tab. 5 (F11=0.007,
p>0.05 in type-1, F6=0.068, p>0.05 in type-2, and F3=0.006, p>0.05 in type-3). In type-2, Hv among the seats in
the row near the window varies more than those away from the window, and the conclusion is tenable in type-1
and type-3 when considering seat orientation (facing or back to windows). That is to say, within the 3 type plan,
positions perpendicular to windows have more effect on Hv than positions parallel to windows.
Tab. 4 one-way ANOVA results (between columns)

Between Groups
Type1

Type2

Type3

Within Groups

Sum of Squares

df

Mean Square

F

Sig.

2053885838252480.000

7

293412262607497.000

2265.063

.000

129538251360.789

11399366119749.400

88

Total

2065285204372230.000

95

Between Groups

449089154852403.000

9

49898794983600.300

9591226811834.930

60

159853780197.249

Total

458680381664238.000

69

Between Groups

197368045712237.000

4

49342011428059.300

1295508725153.260

15

86367248343.551

198663554437390.000

19

Within Groups

Within Groups
Total











312.153











571.305



.000

.000









Notes: df: degree of freedom; F: F-test; Sig.: Statistical significance
Tab. 5 One-way ANOVA Results (between rows)

Type1

Between Groups

Sum of Squares

df

Mean Square

F

2005104461408.360

11

182282223764.397

Within Groups

2063280099910820.000

84

24562858332271.700

Total

2065285204372230.000

95

2950000602991.090

6

491666767165.181

Within Groups

455730392694777.000

63

7233815757059.960

Total

458680393297769.000

69

226823208655.060

3

75607736218.353

Within Groups

198436731228735.000

16

12402295701796.000

Total

198663554437390.000

19

Type2

Between Groups

Type3

Between Groups

Sig.

.007








.068




1.000





.006

.999


.999









Considering orientation of seats, there is a significant difference in type-1 and type-3 (type-2 has only one
orientation). In type-1 (Fig. 3.1) between the two orientation——facing (r8, r6, r3 and r1) or back to windows (r7,
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r5, r4 and r2), Hv of the former seats is obviously larger than the latter in general, with a difference of 6.4×106
lux·h on average (7.5×106 lux·h vs 1.1×106 lux·h). As for the seats at the same table, Hv between facing and back
to windows differs by 6.1h106 lux·h (r7 vs r8), 2.5h106 lux·h (r5 vs r6), 3.5h106 lux·h (r4 vs r3), and 1.3h107
lux·h (r2 vs r1), among which it showed that the difference between facing and back to windows enlarges with
the distance to windows. Besides, the difference between the two orientations in south room is larger than that in
south.
In type-3 (Fig. 3.3 and 3.4) among the 3 orientation——facing (R1N, R2N, R3N, R4S and R5S), side-facing
(towards west or east) or back to windows (R1S, R2S, R3S, R4N and R5N), generally Hv of the seat facing
windows (8.0h106 lux·h) is the highest compared with side-facing (3.5h106 lux·h) and back to windows (1.3h
106 lux·h). Meanwhile, within the seats side-facing windows, there is no significant difference between towards
west or east generally (differs by 2.5h105 lux·h, about 7.5%). Similar with type-1, in type-3 the difference
between the different orientations increased with the distance to window, and the difference between the three
orientations in south room is larger than that in south (R1 in type-3 is the largest of SD 6.0h106 lux·h).
From the discussion it could be said that as for the elderly at the same table, the one facing windows has the
highest Hv, and the one back to windows has the lowest, and that generally Hv of the elderly in south room is
higher than the one in north. Thus, the elderly sitting in the seats close to and facing windows in south room (r2
in type-1, r1 in type-2 and R1 in type-3) can receive the most daylight, while the elderly in the seats away from
and back to windows (r3 and r6 in type-1, r6 and r7 in type-2, and R3 and R4 in type-1) have the least daylight.
Meanwhile, sitting at the same table, the elderly near windows have more individual differences than those away
from windows.

3.2 Health evaluation by the annual vertical daylight exposure on the eye (Hv) vs Visual task
lighting evaluation by UDI
Based on the comparison, Health evaluation (Hv) differs significantly from Visual task lighting evaluation (UDI).
According to UDI in all 3 types (Fig. 4.1 to 4.3), generally type-1 has the best evaluation (with MN of 82.17%)
while type-3 has the worst (with MN of 79.01%), which is a little different from Hv (type-2 is the worst). And the
distribution of daylight among the seats in type-1 is most uniform (with SD of 9.18%) while the type-3 varies
most (with SD of 17.15%), which is in common with Hv.
Meanwhile, according to UDI in all 3 types the north room is better than the south both in general evaluation (with
MN of 87.04% in north vs 77.30% in south in type-1, 89.90% vs 75.51% in type-2, and 88.40% vs 72.75% in
type-3) and uniformity (with SD of 4.01% vs 10.26% in type-1, 1.78% vs 15.18% in type-2, and 3.33% vs 19.62%
in type-3). However, according to Hv the north has advantages in uniformity but disadvantages in general
evaluation compared with the south (mentioned in Part 3.1).

232

B. Tang / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 4.1 to 4.3 Results of UDI (on left, %) and Hv (on right, 106 luxg
gh), Layout Type-1 to Type -3
Note: UDI refers to the average UDI on each desktop; and Hv is the average of the 4 seats at the table.

Besides, UDI showed that the tables near windows are more disadvantageous than others (with an average lack
of 13.90% in type-1, 16.80% in type-2, and 22.88% in type-3), and those close to windows in the south-facing
room (R1 in all 3 types) are the worst (with the MN of 67.08% in type-1, 54.17% in type-2, and 45.14% in type3). On the contrary, as a result of Hv the seats close to window are more favorable than others, especially in the
south-facing room (mentioned in Part 3.1). Moreover, even at the same table the elderly have a significant
difference between each other because of the orientation of seats (mentioned in Part 3.1), which is not expressed
by UDI, while discomfort and unwanted excessive levels of daylight such as glare is not considered in Hv.

3.3 Material of walls on both sides of the hallway
In general, solid walls on both sides of the hallway help increase the annual vertical daylight exposure (Hv),
compared with glass walls. In type-1 and type-2, solid walls improve Hv on both sides of general level (by 5.8×104
lux·h in type-1 and 1.4×105 lux·h in type-2) and uniformity, while in type-3 the result is on the contrary (decrease
3.5×104 lux·h in type-3) (Tab. 6). Meanwhile, in the north room of type-1 and type-2 the improvement of using
solid walls is better that in south (8.5×104 lux·h vs 4.1×104 lux·h in type-1 and 2.0×105 lux·h vs 9.4×104 lux·h in
type-2). And in the north room of type-3 using solid walls decreases Hv, while in the south it increased. Besides,
in general when using solid walls instead of glass walls, there is no significant difference between facing and back
to windows but on the contrary a difference between near and away from windows (1.4×104 lux·h vs 1.0×105
lux·h in type-1, 1.0×105 lux·h vs 2.0×105 lux·h in type-2 and -1.4×105 lux·h vs 1.8×104 lux·h in type-3).
Tab. 6 descriptive statistics of Hv with the solid wall and the glass wall (106 lux·h), layout type-1 to type-3

Type1

MN

SD

Solid
wall

Glass
wall

Difference

Whole

4.28

4.23

0.05

North

3.04

2.96

0.08

South

5.53

5.49

0.04

Type2

MN

Solid
wall

Glass
wall

Difference

Whole

3.42

3.29

0.13

North

2.38

2.18

0.20

South

4.12

4.02

0.10

Face

7.46

7.40

0.06

Face

/

/

/

Back

1.10

1.05

0.05

Back

/

/

/

Sidefacing

/

/

/

Sidefacing

3.42

3.29

0.13

Whole

4.65

4.66

-0.01

Whole

2.53

2.59

-0.06

North

2.57

2.61

-0.04

North

0.96

0.98

-0.02

South

5.78

5.76

0.02

South

2.98

3.03

-0.05

SD

Face

4.75

4.76

-0.01

Face

/

/

/

Back

0.49

0.55

-0.06

Back

/

/

/

Sidefacing

/

/

Sidefacing

2.53

2.59

-0.06

Solid
wall

Glass
wall

Difference
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Type-3

MN

SD

Whole

4.10

4.13

-0.03

North

2.39

2.53

-0.14

South

5.24

5.20

0.04

Face

8.00

7.89

0.11

Back

1.30

1.18

0.12

Sidefacing

3.55

3.73

-0.18

Whole

4.41

4.38

0.03

North

1.93

1.90

0.03

South

5.16

5.17

0.01

Face

5.83

5.86

0.03

Back

0.68

0.77

0.09

Sidefacing

3.13

3.06

0.07

Note: ‘Whole’ =all the seats in the type; ‘North’ and ‘South’ = the room orientations; the others= the seat orientations.
MN refers to Mean, and SD refers to Standard Deviation.

By comparison of Hv of each row in details, using solid walls instead of glass walls mainly changed seats in r6
(1.9×105 lux·h) and r8 (-3.5×104 lux·h) in type-1, seats side-facing windows in R4 in type-3 (1.3×106 lux·h), and
seats back to windows in R3 in type-3 (1.7×105 lux·h). And remarkably the difference between type-3 and other
types is caused by the large decreasing Hv of the seats side-facing windows in R4 (by 1.3×106 lux·h).
Therefore, in order to improve the daylighting quality of the elder away from windows especially in north-facing
room, the solid walls on both sides of the hallway are recommended.

Fig. 5.1 to 5.3 the annual vertical daylight exposure on the eye (Hv, 106 luxg
gh) of each seat with glass walls on the side of the
hallway, Layout Type-1 to Type-3
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4. Conclusion
According to the discussion above, the main conclusions showed as follows:
x

Position orientation has a significant influence on annual vertical daylight exposure on the eye (Hv);

x

Health evaluation by the annual vertical daylight exposure on the eye (Hv) differs significantly from
Visual task lighting evaluation by UDI, and both have shortage and need to be considered together;

x

Compared with glass walls, solid walls on both sides of the hallway help improve the annual vertical
daylight exposure (Hv) on both side of general level and uniformity.

All above can be applied to improve the daylight conditions for the elderly during activities. On one side, the
layout of daytime activity space can be designed or redesigned to optimize the daylight quality based on nonvisual effects. For example, a suitable room orientation and furniture layout of the space can be chosen according
to the requirement of the activity. On the other side, the regulation of the elderly’s activities can be optimized to
realize the needs of the elderly and to avoid disadvantages.
Limitations and future work: in this paper, the regulation of the elderly’s activities is simplified as a point, while
actually it is more appropriate to describe it as a line. In other words, the movement of the elderly from one seat
to another and from one room to another should be recorded so that the difference between different elderly will
be more comparable. Some work has been made in this paper that if one always sit in the seat with the most/least
vertical illuminance per hour, finally he will receive the Hv of 3.6×104 lux·h /2.0×103 lux·h in one day (for example
in Sep. 23rd) and 1.8×107 lux·h /5.3×105 lux·h in a year (for example in type-1), which can somewhat reflect the
influence of position on vertical daylight exposure on the eye in another view. With the real occupancy schedule
of one’s activities as well as his position record, specialized plan for improving his condition of vertical daylight
exposure on the eye will be drawn up and the result of the improvement will be more efficient.
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Abstract

This paper evaluates the daylighting performance of an integrated skylight and shading dome with natural
ventilation (SDV) for residential buildings in the tropics using the RADIANCE lighting simulation program and
the Energy Plus Weather (EPW) file for Bangkok, Thailand. Indoor illuminance levels at work plane height of a
simulation model with the SDV was compared to that of from similar physical scale model located in natural
environment. A typical unit base case model (1.35 m x 1.35 m x 2.80 m) with a circular translucent opening (60%
transmittance, r = 0.175 m) was developed to relate with sizing of available conventional roofing materials and
typical residence room’s height. Daylighting performance of the base case based on Daylight Autonomy (DA 300
lux) was compared to the original SDV and the modified SDVs, which the skylight plate replaced with different
translucent materials (40%, 50%, and 60% transmittance). The results show that the modified SDVs’ DA are all
above 50%. Four typical units of the modified SVD (60% transmittance) were developed to represent an
application and compare to a conventional translucent sheet in an extended residence area. The results confirm
that the modified SDV has better daylighting quality than the translucent sheet which has similar opening area
and light transmittance value (60%). With proper design and material selection, the modified SDV (60%
transmittance) could significantly reduce direct sunlight, which is the cause of glare and heat problems for
buildings in tropical climates.
Keywords: Daylight simulation, Radiance, Building innovation, Green technology, Sustainable architecture

1. Introduction
In Thailand, most indoor spaces in low rise buildings (e.g. single house, row house, townhouse, etc.) have low
daylight levels. Using electric lighting is costly and not a sustainable solution. Conventional translucent sheets
have been widely used but it is difficult to control the quality of daylight and always be a cause of significance
problems such as heat, glare, and ultra violet, which may be harmful to eyes, artworks, and furniture. Although
many products were developed for the use of natural light such as typical transparent and translucent roof sheets
with optional of external or internal shading devices. There are limitations of thermal resistance and quality of
daylight. Advanced materials and advanced technology devices such as glass reinforced polyester, insulated glass,
double panes, low-e coating, laminated glass with a polymer dispersed liquid crystal (PDLC), hyperboloid
skylights, dome skylights, tubular daylighting devices, with and without sun tracker and reflective materials have
been developed to improve the daylighting performance and thermal insulation. However, the cost of those
materials and products are expensive and may not be cost effective.

Fig. 1: An integrated skylight and shading dome with natural ventilation (SDV)

 
       
  !"  # $  "%  % &''
( ))*!$  + ,#  "(!!"    
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We are proposing an integrated skylight and shading dome with natural ventilation (SDV) (Fig.1), which was
developed from the previous one (without natural ventilation system) (Visitsak et al., 2014) as a sustainable
solution that could reduce significantly problems of heat, glare, and ultra violet. The opening and the shading form
were developed to responds to sunpath (Stein and Reynolds, 2000) for Bangkok, Thailand (latitude 13.76° N,
longitude 100.52° E) in order to protect direct light (100%) throughout the year. The design also allows building
occupants to perceive external view through the opening and be connected with the environment.
The objective of this paper is to evaluate the daylighting performance of the SDVs (original and modified) and
typical translucent skylight using the RADIANCE lighting simulation program (Ward, 1996), which was found
to be the most generally useful software package for architectural lighting simulation program (Reinhart and Fitz,
2006) as well as a highly optimized daylighting and energy modeling plug-in, DIVA-for-Rhino (v.4).

2. Methodology
The SDV consists of two main parts: 1) a circular metal skylight plate (r = 0.175 m, area = 0.096 m2,) on a metal
tube (height = 0.185m) with an opening area to allow only indirect sunlight and the opaque area to obstruct direct
sunlight and 2) a transparent acrylic dome (88% transmittance), which the shading area for protecting direct
sunlight is silver painted. The reflectance values of ceiling, walls, and floor are 70%, 70% and 20%, respectively.
The process of conducting and comparing daylight performance of the original and modified SDVs and typical
translucent skylight using simulation and Bangkok weather comprised 3 steps:

2.1. Calibration of simulation model (original SDV)
A physical scale model with the original skylight and shading dome (SDV) installed on the roof (Fig.2) was
prepared and tested outdoor in Ayuthaya, Thailand (latitude 14.37° N, longitude 100.59° E). The model
dimensions were 1.00 m wide x 1.00 m long x 2.30 m high. Indoor illuminance at work plane (0.80 m) on March
6th at noon, when the outdoor illuminance was similar to that of from Bangkok weather data (EPW), was used to
calibrate with the results of simulation model using Bangkok weather data from Energy Plus Weather file (DOE,
2017).

(a)

(b)

(c)

Fig. 2: Simulation model of the skylight and shading dome (SDV): (a) Plan (b) Section and (c) Perspective

2.2. Daylighting performance: One unit (base case, original SDV, and modified SDVs)
A typical unit base case model with dimensions 1.35 m wide x 1.35 m long x 2.80 m high and a circular opening
equivalent to the SDV’s circular skylight plate (r = 0.175 m, area = 0.096 m2) was developed to relate with sizing
of available typical roofing materials and typical residence room’s height. The daylighting performance at work
plane (0.76 m) based on daylight autonomy (300 lux) during the occupied hours (8:00 a.m.-6:00 p.m.) throughout
the year (Reinhart et al., 2006) of the base case with a circular translucent opening (60% transmittance) (Fig.3a)
was compared to that of from the original SDV and modified SDVs, which the skylight plate (opaque part) was
replaced with an alternative translucent material with different transmittance (40%, 50%, and 60%) (Fig.3b).
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(a)

(b)

Fig. 3: Simulation model: One unit (a) Base case (Circular translucent material, W = 60%) (b) Original SDV & Modified SDVs
(W = 40%, 50%, and 60%)

2.3. Daylighting performance: Four units (translucent sheet vs. modified SDVs)
Four typical units with dimensions 2.70 m wide x 2.70 m long x 2.80 m high represent an application of a
conventional translucent sheet (opening area = 0.38 m2, 60% transmittance) in an extended residence area with
typical cement roof sheets. The daylighting performance at work plane (0.76 m) of the translucent sheet installed
on the roof (Fig.4a) based on Daylight Autonomy (DA300 lux), which represents percentage of annual daytime
hours during the occupied hours (8:00 a.m.-6:00 p.m.) that a given point in the area is above 300 lux, was simulated
and compared with the results from four modified SDVs (Fig.4b) with 40%, 50%, and 60% transmittance, which
have equal opening area and placed 1.35m apart from each other, installed on roof.
The best modified SDV option (60% transmittance) from the previous step was used to simulate and compare
daylighting performance results to the translucent sheet. The daylighting performance results include mean indoor
illuminance on the summer solstices (Jun 21st at noon) when the external daylight is critical and mean Useful
Daylight Illuminance that indicates percentage of occupied hours per year when daylight illuminance falls within
a range from 300-3000 lux (UDI 300-3000 lux) (Nabil and Mardaljevic, 2005; 2006), as well as the daylighting
metrics in LEED v4, which are Spatial Daylight Autonomy (sDA300/50%) (IESNA, 2012) that indicate
percentage of the area that meets or exceeds 300 lux at least 50% of the occupied hours per year, and Annual Sun
Exposer (ASE1000/250) (IESNA, 2012) that identified potential of discomfort and should be no more than 10%
of the area exposed to direct sunlight more than 1000 lux for 250 hours per year.
In addition, simulation glare images for sitting eye level from the corner of the room for the translucent sheet and
the best modified SDV (60% transmittance) as well as glare indices results of Daylight Glare Probability Index
(DGP) (Wienold and Christoffersen, 2006), Daylight Glare Index (DGI) (Hopkinson, 1972), Unified Glare Index
(UGR) (CIE, 1992), Visual Comfort Probability Index (VCP) (IESNA, 1993) and CGI/CIE Glare Index (Einhorn,
1969) on the four representative dates (Mar 21st, Jun 21st, Sep 21st, and Dec 21st) at noon were also simulated and
compared.

(a)

(b)

Fig. 4: Simulation model: Four units (a) Translucent sheet (W = 40%), (b) Modified SDVs (W = 40%, 50%, and 60%)
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3. Data analysis and results
3.1. Calibration of simulation model (original SDV) results
The indoor illuminance at work plane (0.80 m) of the physical scale model with the original skylight and shading
dome (SDV) installed on the roof, which was located in Ayutthaya, (March 6, at noon) was used to calibrate with
the results of simulation model using Bangkok weather file (March 6, at noon). Table 1 shows that the average
indoor illuminance (125 lux) from simulation model, when the outdoor illuminance from Bangkok weather file
(93,400 lux) is similar to the outdoor illuminance from field measurement (93,800 lux), corresponds to the indoor
illuminance (129 lux) measured from the physical scale model. The results confirm that the simulation model is
compatible with the physical scale model and could be used to modify and simulate daylighting performance of
various conditions in the next step.

Tab. 1: Comparison of indoor and outdoor illuminance from simulations and field measurements (Mar 6, at noon)

3.2. Daylighting performance results: One unit (base case, original SDV & modified SDVs)
The simulation results of one unit (1.35 m wide x 1.35 m long x 2.80 m high) in Figs. 5 & 6 show Daylight
Autonomy (300 lux) during the occupied hours (8:00 a.m.-6:00 p.m.) of the base case model with a circular
translucent material (60% transmittance), the original SDV, and the modified SDVs, which the skylight plate
(opaque part) was replaced with translucent material with different transmittance (40%, 50%, and 60%). As
expected, the percentage of DA (300 lux) increases with the transmittance value. The percentages of DA (300
lux) of the original SDV and the modified SDVs (40%, 50% and 60% transmittance) are 0%, 2.44%, 6.72%, and
16.76%, respectively. Although they are all lower than that of the base case (60.4%), an alternative translucent
material with different transmittance (40%, 50% and 60%) is effective and increases the percentage of Daylight
Autonomy.

Base case: Circular translucent material (W = 60%)

(DA = 60.4%)

Original SDV

(DA= 0%)

Fig. 5: Percentage of DA (300 lux) of one unit: Base case (Circular translucent material, W = 60%) and Original SDV
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Modified SDV (W = 40%)

(DA= 2.44%)

Modified SDV (W = 50%)

Modified SDV (W = 60%)

(DA= 6.72%)

(DA= 16.76%)

Fig. 6: Percentage of DA (300 lux) of one unit: Modified SDVs (W = 40%, 50%, and 60%)

3.3. Daylighting performance results: Four units (translucent sheet vs. modified SDVs)
x Daylight Autonomy (300 lux) results:
In Fig.7, the results show that the percentages of Daylight Autonomy (300 lux) during the occupied hours (8:00
a.m.-6:00 p.m.) corresponds to the DA (300 lux) results in Figs. 5 & 6, which increase with the transmittance
value. In addition they also increase with larger space for all cases. The percentages of DA (300 lux) of four units
of the conventional translucent sheet (60% transmittance) and the modified SDVs (40%, 50% and 60%
transmittance) increase to 86.57%, 52.64%, 66.3%, and 73.57%, respectively. Although the modified SDVs (40%,
50%, and 60% transmittance) have percentage of DA (300 lux) lower than that of the translucent sheet (60%
transmittance), they are all above 50% DA (300 lux).
Translucent sheet (W = 60%)

Modified SDV (W = 40%)

(DA = 86.57%)

(DA = 52.64%)

Modified SDV (W = 50%)

Modified SDV (W = 60%)

(DA = 66.3%)

(DA = 73.57%)

Fig. 7: Percentages of DA (300 lux) of four unit: Translucent sheet (W = 60%) vs. Modified SDVs (W = 40%, 50%, and 60%)
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x Mean illuminance results:
Fig. 8 shows the results of mean illuminance on the June 21st (at noon) of the translucent sheet and the modified
SDV with similar transmittance value (60%). Mean illuminance on the June 21st (at noon) of the translucent sheet
is 1551 lux with illuminance level ranging between 1074-2148 lux for 98% of the area, which is much higher than
the standard indoor illuminance requirements and that of the modified SDV with 60% transmittance. The mean
illuminance of the modified SDV (60% transmittance) is 831 lux with illuminance level ranging between 5371074 lux for 97% of the area. The results implies that the modified SDVs in larger space could provide sufficient
daylighting and reduce incoming solar radiation significantly.
Translucent sheet (W = 60%)

98% of area (1074-2148 lux)
Mean illuminance 1551 lux

Modified SDV (W = 60%)

97% of area (537-1074 lux)
Mean illuminance 831 lux

Fig. 8: Mean Illuminance of four units, Jun 21st at noon: Translucent sheet (W = 60%) vs. Modified SDV (W = 60%)

x
Mean Useful Daylight Illuminance (UDI 300-3000 lux) results:
Simulation results in Fig.9 indicate percentages of occupied hours per year when daylight illuminance falls within
a range from 300-3000 lux (UDI 300-3000 lux). For the translucent sheet (60% transmittance), there are 77% to
93% of the occupied hours per year that the partial areas have illuminance in the range from 300-3000 lux and the
mean UDI (300-3000 lux) equals to 86.46%. The UDI (300-3000 lux) of the modified SDV (60% transmittance)
vary from 50% to 85% and mean UDI (300-3000 lux) is 73.99%. UDI (300-3000 lux) of both cases are higher in
the middle of the areas and spread out to lower value in the perimeters and in the corners of the areas.
Translucent sheet (W = 60%)

Modified SDV (W = 60%)

Mean UDI (300-3000 lux) 86.46%

Mean UDI (300-3000 lux) 73.99%

Fig. 9: Mean Useful Daylight Illuminance (UDI 300-3000 lux) of four units: Translucent sheet (W = 60%) vs. Modified SDV
(W = 60%)
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x Spatial Daylight Autonomy (sDA300/50%) and ASE (1000/250) results :
In Fig.10, the simulation results show that 100% the translucent sheet (60% transmittance) room area and 98% of
the modified SDV (60% transmittance) room area have a Spatial Daylight Autonomy at 300 lux value for more
than 50% of the occupied hours. For both cases, none of the areas are exposed to direct sunlight more than 1000
lux for 250 hours per year, which qualify for 3 LEED points in LEED v4.
Translucent sheet (W = 60%)

sDA (300/50%) 100%, ASE (1000/250) 0%

Modified SDV (W = 60%)

sDA (300/50%) 98%, ASE (1000/250) 0%

Fig. 10: Spatial Daylight (sDA 300/50%): Translucent sheet and Modified SDV (W = 60%)

x Glare Evaluations (DGP, DGI, UGR, VCP, CGI)
In (Figs.11-12), the simulation glare images and glare indices (DGP, DGI, UGR, VCP, CGI) for sitting eye level
from the corner of the room on Mar 21 st st, Jun 21 st st, Sep 21 st st, and Dec 21st (at noon) are presented. Green,
Yellow, Orange, and Red colors that correspond to glare value ranges represent the levels of glare, which are
imperceptible, perceptible, disturbing, and intolerable, respectively.
The results show that the glare value ranges of Daylight Glare Probability Index (DGP) and Daylight
Glare Index (DGI) on all selected dates for the conventional translucent sheet (60% transmittance) and the
modified SDV (60% transmittance) are imperceptible glare. Base case has higher DGP glare values and lower
DGI glare values than the modified SDV, except on Dec 21st.
The results are different for Unified Glare Index (UGR), Visual Comfort Probability Index (VCP) and
CGI/CIE Glare Index, which in general the modified SDV has better glare values than the translucent sheet (60%
transmittance) for all selected dates. It implies that the modified SDV (60% transmittance) has less glare problems
than the base case, especially on Dec 21st when the sun ray is lower. For base case, the results show significant
problem of intolerable glare on Mar 21st , Jun 21st , and Sep 21st as well as disturbing glare on Dec 21st for the
Visual Comfort Probability Index (VCP).

4. Conclusion
Daylighting performance of an integrated skylight and shading dome with natural ventilation (SDV) for the tropics
and alternative materials were investigated using the RADIANCE lighting simulation program and the weather
file (EPW) for Bangkok, Thailand. The daylighting simulation results show that, with proper design and material
selections, the daylighting performance of the modified SDVs with part of the skylight plate replaced with an
alternative translucent materials (40%, 50%, and 60% transmittance) are above 50% daylight autonomy (300 lux).
The modified SVD with 60% transmittance provides appropriate indoor illuminance with mean UDI 73.99% of
occupied hours in the range of 300-3000 lux as well as 98% of the area have a Spatial Daylight Autonomy at 300
lux value for more than 50% of the occupied hours without any of the areas are exposed to direct sunlight more
than 1000 lux for 250 hours per year, which qualify for 3 LEED points. The modified SVD (60% transmittance)
has better daylighting quality than a conventional translucent skylight with similar opening area and light
transmittance value (60%). In addition, the modified SDVs could reduce glare problems and incoming solar
radiation that exceeds indoor illuminance requirements, which is the cause of heat problem for buildings in tropical
climates.
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Fig. 11: Glare evaluations: Translucent sheet (W = 60%)

Fig. 12: Glare evaluations: Modified SDV (W = 60%)
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Abstract
This work discusses a MATLAB/Simulink-based modelling approach for the simulation of bidirectional flow in
district heating systems with decentralized solar thermal plants. Based on the results of a monitoring campaign of
an operational district heating network with decentralized solar thermal plants, a simulation model of the system
is validated. Modified components for pipes, thermal storages and network junctions are derived from the
CARNOT toolbox and additionally validated by laboratory tests. These components are used to enhance the model
for the simulation of a reversed flow in the district heating pipes. Based on this modification, a study is conducted
to examine the performance of a return-supply feed-in compared to a return-return feed-in for different dimensions
of solar thermal plants in the network. The comparison shows that for small plant sizes and low solar fractions, a
pure return-return feed-in can be suitable, whereas for higher solar fractions, a return-supply feed-in increases the
solar yield of the decentralized plants.
Keywords: district heating, modelling, bidirectional flow, decentralized solar thermal plants

1. Introduction
The integration of solar heat into district heating systems is a promising approach for the reduction of carbon
dioxide emissions from domestic hot water and space heat consumption in urban areas. While large contiguous
collector arrays are a cost effective way of supplying newly built areas and large ambitious renovation projects
with solar heat, existing buildings and district heating networks in densely built-up quarters require adapted
solutions to deal with the limited space. The decentralized integration of solar collectors and diurnal heat storages
is one possible answer to this challenge. However, as this approach transforms the connected buildings from pure
consumers to prosumers, a detailed planning of the design and operation of multiple plants interacting in one
energy supply system is required. The simulation-based optimization of the hydraulic layout, the dimensioning
and the control strategy is an essential step towards the realization of such projects.
Four major hydraulic schemes can be identified for the decentralized integration of solar heat. These are returnreturn (RR), supply-return (SR), supply-supply (SS) and return-supply (RS) feed-in (Schäfer et al. 2014). While
the first three concepts do not lead to a change in the flow direction of the water circulating in the district heating
pipes, the RS feed-in causes a reversed flow in the branches where decentralized heat generators are in operation.
This operation mode is shown in Fig. 1, where the upper scheme represents the flow distribution when the central
heating plant is the sole heat supply. The bottom scheme shows the same system while a decentralised heat
generator is additionally active, which allows partly supplying other consumers in the system with the necessary
nominal flow rate. While this feed-in strategy is very attractive due to the parallel operation of decentralised heat
generators on the same supply and return temperature level as the central heating plant, it is on the other side more
complex in terms of hydraulic layout and system operation. In some existing systems, additional solar pipes are
used in parallel to the district heating supply and return pipe, allowing additional hydraulic design parameters (so
called 2+1 or 2+2-systems). Examples can be seen in Mies and Rehrmann (2007) or Paulus and Papillon (2014).
However, this leads to additional costs. Furthermore, for most existing district heating systems, it may be difficult
to add another pipe in the ground. As this paper aims at renovation projects, this approach is not further discussed
and the connection of the solar thermal plants to the existing district heating pipes is the focus of the work.

 
       
  !"  # $  "%  % &''
( ))*!$  * #  "(!!"    
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Fig. 1: Change in flow conditions during activation of a decentralized RS feed-in. Top scheme: solely supplied by central heating
plant; bottom scheme: additional decentralized feed-in by solar thermal plant (numbers show nominal flow rates)

The CARNOT-toolbox in MATLAB/Simulink provides a block library with all necessary components to model
heating systems – including district heating – for the conceptual design of these systems (Hafner et al. 1999). Due
to the unidirectional information flow between Simulink blocks, it is, nevertheless, not straightforward to model
the reversed flow in pipe connections between components like boilers, storages and heat exchangers. A
modification and extension of the available CARNOT library is, therefore, necessary to enable the design of a
district heating system with decentralized solar thermal plants utilizing an RS feed-in. One approach of such a
modification is presented in this paper, validated by measurements and tested in a district heating network model.

2. Description of the existing district heating network
The basis of the system simulation is the metrological investigation of an existing, operational district heating
network in Ingolstadt, Germany, which is shown in Fig. 2. The network was built in the 1970´s and was equipped
with four decentralized solar thermal plants in 2016. It was decided to use single-cover flat-plate collectors in this
case, to keep the investment costs on a low level. The standard CARNOT toolbox was used for designing this
renovation project and all plants were equipped with comprehensive metrological equipment to measure the
temperatures and volume flows in the systems as well as the heat flows in each branch continuously. While three
plants have the same collector area of 71 m² and orientation, the hydraulic integration concepts differ. The similar
sizing allows a comparison of the different utilization concepts:
x One solar thermal plant was installed on the roof of the main building (Hindenburg 57 – HB57), where the
central heating plant is located. As the building has 85 residential units and, therefore, a high domestic hot
water consumption, there is no need to feed in heat from the solar thermal plant into the network. Due to the
high ratio of heat consumption to collector area and the resulting low operation temperatures, the plant can
achieve a high annual yield of 42.5 MWh at the average local climate.
x Another system (Hindenburg 36 – HB36) is designed for pure feed-in and is very simple regarding the
hydraulic layout and the control strategy. In addition, it has only small space requirements in the building,
as it does not require a thermal storage, making it easy to integrate into the existing quarters. The feed-in
strategy is a pure RR feed-in. The plant is directly connected via a plate heat exchanger to the main return
pipe of the network passing by the building. Measurements show an average annual yield of 16.9 MWh at
the current operation parameters of the network.
x Finally, there are two systems for a combined use, meaning that in a first step the solar heat is consumed
directly in the building for domestic hot water preheating. Only if there is excess heat and the storage
temperature reaches a certain level, the feed-in to the return of the network is activated. The plants achieve
an annual yield of 26.6 MWh for the south oriented roof (Schubert 21 – SB21) and 31.8 MWh for the west
oriented roof (Schubert 12 – SB12), where 21 m² vacuum tube collectors are additionally in operation. These
collectors were already installed and integrated to the new plant. Local solar fractions for domestic hot water
of the two plants are 73 % and 49 % respectively. During summer, this fraction increases up to monthly
values of 140 %. The installed excess heat feed-in reliably transfers the heat into the district heating return.
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Fig. 2: Scheme of the existing district heating network with decentralized solar thermal plants

3. Description of the simulation model
Fig. 3 shows the layout of the complete district heating network model. The single components used in this model
are introduced in the following section.

Fig. 3: Depiction of the district heating network simulation model with consumers (orange), producers/prosumers (yellow),
pipes (blue) and network junctions (grey)

3.1 Pipe model
For the simulation of a district heating network with decentralized feed-in, four properties of the pipe model are
particularly of interest:
x
x
x
x

Calculation of the heat losses
Calculation of the stored energy due to the thermal capacity of pipe and fluid
Calculation of the time delays of the fluid flow in the network
Ability to simulate a reversed flow in the pipe

To cope with these demands, a new setup of pipe model was developed based on Simulink. As the buildings and
other system components are modelled in CARNOT, the thermo-hydraulic vector (THV) was the basis for the
new calculation procedure. Besides the temperature and the mass flow, the THV contains several data, which are
not relevant to the energy balance of the district heating network and can be simplified without losing accuracy in
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this application. As the fluid is always pure water and pressure loss calculations are only of interest for the detailed
system design but not for the conceptual layout and control strategy, only the temperature and the mass flow were
selected and structured in a 2-component vector for all calculations in the network. To realize the reversed flow
in Simulink, the pipe model consists of a Supply- and a Return-pipe, merged in one block. Fig. 4 shows the
structure of this block. It is connected via the Supply_in, Supply_out, Return_in and Return_out ports to the
superior model. Depending on the sign of the mass flow (positive = heat generation, negative = heat consumption),
the Switch blocks conduct the information from the Supply_in port to the Supply pipe and the Supply_out port for
standard operation. During a decentralized feed-in, the Return pipe is connected to the Supply_in and Supply_out
ports to establish the reversed flow. The Memory blocks are used to break algebraic loops by adding a one
integration step time delay. As the time step is always below 10 s (approximately 3 s in average), this does not
lead to a significant error in the simulation.

Fig. 4: Pipe block with Supply and Return pipe and Switches for change of the flow direction

Inside the Supply and Return blocks, several calculations are performed to emulate the pipe behavior (Fig. 5). The
Delay sub-model takes the current mass flow of the fluid in the pipe, calculates the fluid velocity and, based on
the pipe length, the transport delay from the inlet to the outlet. The temperature information at the inlet is then
kept for the calculated delay duration until the fluid is conducted to the Q_loss and the E_pipe block. These blocks
represent the energy balance at the pipe (losses through insulation, stored internal energy due to fluid, pipe wall
and insulation capacity). Integrating the sum of these two terms after multiplication with the total pipe capacity
leads to the time-dependent outlet temperature. The same calculation is performed in the Return pipe of the block.

Fig. 5: Layout of a single pipe component with time delay, energy loss, energy balance of inlet and outlet
and thermal node of the pipe

Some simplifications are introduced in this pipe model. Firstly, the heat capacity of the water is assumed to be
constant at 4,188 J/(kgK). This is justified as the maximum deviation of the real value within the temperature
range between 0 °C and 100 °C is less than 0.5 %. Secondly, the temperature of the pipe wall is assumed to be the
same as the fluid temperature, which is acceptable if the thermal resistance of the pipe insulation is much higher
than the thermal resistance of the pipe wall and the convective heat transfer between fluid and pipe wall. For
thermal conductivities of the insulation material around 0.04 W/(mK) and thicknesses in the range of the pipe
diameter, this assumption is sufficient. For the calculation of the insulation capacity, an average insulation
temperature has to be defined. This results from the fact that when assuming a linear temperature gradient along
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the insulation thickness, more than half of the insulation material mass is closer to ambient than to fluid
temperature due to the increasing lateral surface at larger distances from the pipe wall. For a pipe with an insulation
thickness equal to the inner diameter, this results in a weighted temperature of 37 % of the inner temperature
compared to ambient, meaning that e.g. at 80 °C fluid and 20 °C ambient temperature, the average insulation
temperature is only at 42 °C. To cope with this fact, 37 % of the total capacity of the insulation are added to the
fluid capacity and set to fluid temperature whereas the other 63 % are neglected. Fig. 6 illustrates this correlation.

Fig. 6: Real (left) and discretized (right) temperature distribution across the pipe cross-section with equal stored energy

As the thermal conductivity of insulation materials can be highly dependent on the temperature, a temperatureconductivity function is introduced using a set of temperature-conductivity pairs and a linear interpolation between
the known values. Equation 1 gives the heat loss of the pipe:
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The thermal capacity of the fluid, the pipe wall and the insulation can be calculated by:
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The delay time of the fluid particle and temperature information between inlet and outlet of the pipe is given by:
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The change of the internal energy of the fluid in the pipe is:
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With the change in internal energy and the loss, the new outlet temperature of the pipe can be calculated by:
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mass flow in the pipe
mass times thermal capacity of the pipe wall, fluid or insulation
length of the pipe
inner diameter of the pipe
wall thickness of the pipe
relative insulation thickness based on pipe diameter
density of the pipe wall material, fluid or insulation
specific thermal capacity of the pipe wall material, fluid or insulation

(eq. 7)

kg/s
J/K
m
m
m
m
kg/m³
J/(kgK)
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Another simplification is to define the pipe as a one-node capacity along the pipe length. This results in the fact
that a temperature gradient along the pipe length cannot be simulated in detail. In addition, the heating and cooling
process of the pipe wall and insulation are neglected, as the temperature of these parts is assumed to be
immediately at fluid temperature.

3.2 Network junctions
A dedicated Junction component is used for the pipe couplings of the network. As at every point in the network,
there is a supply and a return temperature, this component has an “upper” and a “lower” node, representing these
temperatures. The upper temperature is calculated as the mass-flow-weighted mean value of all incoming supply
flows, whereas the lower temperature represents the mass-flow-weighted mean value of all incoming return flows.
The decision of whether an incoming flow is directed to the upper or lower node depends on the sign of the mass
flow. Similar to the pipe supply and return component, this is performed by Switch blocks in the Junction. As on
the network level, the mass flows are calculated in a bottom-up approach from the single buildings back to the
flow at the central heating station, the flow in branch one, connected to the junction is the sum of branch two and
branch three. Fig. 7 shows the junction sub-model.

Fig. 7: Sub-model of a network junction

3.3 Substations
The connection of the modified network model to the CARNOT-based building models is realized by a hydraulic
compensator that is based on the CARNOT storage model. Fig. 8 shows the sub-model with the relevant
connections for space heating, domestic hot water storage, solar thermal plant and the bidirectional connection to
the district heating network. Inside this block, the same Switch-based decision is performed like described for the
pipe and the junction components, if there is currently a consumption from or a feed into the network. By selecting
the storage connection heights either to a flow from top to bottom or vice-versa, the bidirectional flow is
implemented.
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Fig. 8: Substation between modified district heating network model and CARNOT-based building model

4. Validation of the model
4.1 Description of the laboratory test
While the network junctions and the connections between district heating network and buildings can be solved by
a purely logical approach, the pipe model includes physical properties, which need to be examined in detail. Due
to the choice of a one-node model for the pipe, the question arises of how the pipe performs under a sudden
temperature change e.g. caused by a reversion of the flow direction. To answer this question, a laboratory test was
set up to validate the pipe model. The layout of the test rig is shown in Fig. 9. Main component of this test was a
2.12 m long copper pipe with an inner diameter of 20 mm and a wall thickness of 1 mm. The pipe was equipped
with five thermocouples along the length and insulated with a 19 mm EPDM foam insulation. The parameters of
the components are listed in Tab. 1. A computer-controlled thermostat maintained a constant inlet temperature at
the pipe. A pump and a motor valve were used to set the volume flow in the circuit. To get an immediate
temperature load on the pipe, the heated water was conducted through a bypass tube in the first step (green arrow),
while cold water was flowing through the pipe (blue arrow). After starting the data logging, valve 2 and valve 1
were closed while valve 3 was opened and the 3-way-valve 4 set to connect the inlet with the pipe sample and to
start the temperature load (red arrow). The temperatures of the inlet and outlet sensors as well as the five
temperatures along the pipe and the ambient temperature were logged in a one-second interval. In addition, the
volume flow was monitored with a magnetic flow meter (MID).
Tab. 1: Parameters of the laboratory test for validating the pipe model

Length of pipe in mm

2,120

Inner diameter of pipe in mm

20

Wall thickness of pipe in mm

1

Thickness of insulation in mm

19

Thermal conductivity of insulation in W/(mK)
Temperature sensor inlet / outlet
Pipe temperature sensors

0.04
PT100 4-wire 1/10 DIN
Thermocouple type T
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Fig. 9: Layout of the test rig for validating the pipe model

Several measurements were conducted to validate the model at different conditions. The conditions of the
presented tests are listed in Tab. 2. In the test Step Response, the step response of the pipe was tested at a volume
flow of 150 l/h and a sudden inlet temperature change from 22 °C to 47 °C. In the test Heat Loss, the pipe was
heated up to 70 °C and then the volume flow set to zero to observe the cooling behavior.
Tab. 2: Conditions of the laboratory test for validating the pipe model

Test name

Initial temperature in °C

Inlet temperature in °C

Volume flow in l/h

Step Response

22

47

150

Heat Loss

71

-

0

4.2 Validation of the pipe model
The most interesting results of the first test are the time delay of the temperature change along the pipe length and
the shape of the temperature curve after the heating process starts. Fig. 10 shows the comparison of the temperature
sensors of the measurement compared with the outlet temperature of the simulation model for the scenario of a
sudden inlet temperature increase from 22 to 47 °C. “Tin_measured” describes the measured temperature step at
the inlet. “Tout_measured” is the measured value of the temperature at the outlet of the pipe. For the CARNOT
pipe, two models were simulated. The first one has only one node (Tout_CARNOT_1). This leads to an instant
but slow temperature increase at the outlet. The second model with 100 nodes (Tout_CARNOT_100) describes
the time delay very well but shows a too steep temperature increase, when the hot fluid reaches the outlet-node.
No node number could be found, where the time delay and the slope of the curve fitted the measured data. For the
newly set up model, two variants were simulated, where the first one (Tout_w_I) includes the fractional capacity
of the insulation and the second one (Tout_wo_I) only includes the fluid and pipe wall capacity. Due to the fast
heating process, the model without insulation capacity fits the measured curve better than the other one. But still,
the pipe including the insulation capacity is very close to the measured value and has a more realistic behavior
than the CARNOT pipe model in this comparison. The fractional capacity of the insulation was also added to the
capacity of the pipe wall in the CARNOT models for better comparison.
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Fig. 10: Temperature curves over time for the step response from 22 to 47 °C

Another important information when discussing the control strategy of the district heating network is the stored
energy in the pipes. Fig. 11 shows this energy for the measured pipe, the CARNOT pipe (1 node and 100 nodes)
and the new model with insulation capacity. As expected from the faster temperature increase at the outlet, the
CARNOT pipe model stores less energy than the measured pipe. The new model calculates slightly higher
energies within the period of observation due to the overestimated contribution of the insulation but differs by
only 6.3 % in this case.

Fig. 11: Stored energy over time for the step response from 22 to 47 °C

The third important point is the calculation of the heat losses in the district heating network. The pipe in the
laboratory test was heated up to a constant temperature of 71 °C and then cooled down by the losses through the
insulation for approximately 50 minutes. As convection losses in the fluid at the ends of the pipe cannot be
completely excluded, only the temperature sensor in the center of the pipe is evaluated. It could be seen that both
models are within acceptable tolerance and the temperature loss is 0.8 % too low and 1.7 % too high for the new
model and the CARNOT model respectively.
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4.3 Validation of the system model
The validation of the complete network model is presented by two exemplary weeks (week 16 and week 20) in
2017. These two weeks represent both, higher and lower ambient temperatures as well as high and average
irradiation in the collector plane (Tab. 3). This ensures that sufficient accuracy of the models is achieved under
different conditions. The individual components, the overall system and the real control devices were validated in
the model. The same collectors and solar stations are installed in all buildings. A distinction is only made in the
length of the collector array piping, the array connection and the orientation of the collectors. In addition, the
downstream components, e.g. buffer storage, and the connections to the existing local heating or hot water system
in the basements are of different designs.
Tab. 3: Average ambient temperature and irradiation on the collector plane for two weeks in 2017

Week

Average ambient temperature in °C

16

4.6

Irradiation on collector plane in kWh/m²
23.9

20

16.1

46.1

In order to be able to make a reliable statement about all different concepts of solar thermal systems, the three
different types of installations "local hot water use", "network supply" and "combined solution" are presented
using the buildings HB57, HB36 and SB21. Of particular importance are the deviations of solar yields between
measurement and simulation over a week, which are defined as follows:
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(eq. 8)

The measured network temperatures, cold water temperatures and domestic hot water consumption as well as the
irradiation in the collector plane and the ambient temperature were set as boundary conditions for the simulations.
Tab. 4 shows the results of the metrological investigation and the simulation. It can be seen that the deviations are
below 4 % for all considered configurations. Therefore, it can be stated that the accuracy of the model is sufficient
for further simulation studies and optimization of the existing network.
Tab. 4: Measured and simulated solar yields for the three plant concepts

Measurement in kWh

Simulation in kWh

Deviation in %

Solar yield week 16 HB36

253

251

-0.8

Solar yield week 20 HB36

1,033

1,041

0.8

Solar yield week 16 HB57

671

693

3.3

Solar yield week 20 HB57

1,492

1,499

0.5

Solar yield week 16 SB21

386

381

-1.3

Solar yield week 20 SB21

591

611

3.4

5. Simulation study on decentralized feed-in
As the goal of this work is to define a Simulink-based model for the investigation of RS feed-in concepts, a
simulation-based comparison based on the operational network is discussed. While in this network, only a RR
feed-in could be implemented and the collector area is limited, the simulation model allows additional
investigations of the influence of a RS feed-in and larger solar thermal plants. The following designs are compared
based on a one-year simulation of the complete network:
x
x
x
x
x
x
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Type 1: Model of the real network and RR feed-in based on CARNOT toolbox
Type 2: Model of the real network and RR feed-in based on new components
Type 3: Model of the real network and RS feed-in based on new components
Type 4: Model with optimized network operation and RR feed-in based on new components
Type 5: Model with optimized network operation and RS feed-in based on new components
Type 6: Model with larger collector arrays, optimized network operation and RR feed-in based on new
components
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x Type 7: Model with larger collector arrays, optimized network operation and RS feed-in based on new
components
Type 1 represents the existing, operational network, using only CARNOT components. The operation strategy
and the solar thermal plants are designed like in reality. Type 2 is the same but using the modified components
for the network. Type 3 is based on type 2 but includes the change from a RR feed-in to a RS feed-in for the plants
with combined utilization, while the pure feed-in plant (HB36) keeps the RR concept. Nevertheless, the network
operation and plant dimensions are still the same. In type 4, the operation of the district heating system is improved
in a way that reduced flow rates are set at the substations to keep the return temperature at an average value of
60 °C during the year, while using a 5 K lower supply temperature during summer. In the existing network, this
is not yet implemented but would be possible. Type 4 uses the same RR strategy like type 1 and type 2 but includes
a lower feed-in temperature threshold to adapt to the lowered return temperature. Type 5 is again the same as
type 4 but with RS feed-in from type 3. Types 6 and 7 contain larger collector arrays as compared to types 4 and
5. The flat-plate-collector areas on the buildings HB57 and SB21 are tripled, as this would still be a feasible design
in the existing network. Due to limited roof space, HB36 is kept at 71 m². SB12 has a large available roof area.
For these types, the removal of the vacuum tube collectors and a flat plate collector area of 142 m² on the east and
142 m² on the west roof is discussed. This results in a total collector area of the network of 781 m² compared to
305 m² for the other types.
For the simulation study, average climate data for Ingolstadt were used. The thermal loads in the district heating
network were derived from measurements of the load profile at the substations in combination with yearly energy
consumption data. For the space heat demand, simulations of the buildings were included in the CARNOT model.
Tab. 5 shows the solar yields for the plants of all types and their contribution to the heat production of the complete
network.
Tab. 5: Annual solar yields and solar fraction of decentralized plants of the simulated system types

Type

Annual solar
yield HB57
in MWh

Annual solar
yield HB36
in MWh

Annual solar
yield SB12
in MWh

Annual solar
yield SB21
in MWh

Fossil heat
production
in MWh

Solar
fraction
in %

1

42.5

16.9

31.8

26.6

4,289

2.67

2

42.5

16.6

31.1

25.9

4,299

2.63

3

42.5

16.6

31.6

26.2

4,294

2.65

4

42.5

21.2

31.6

26.4

4,261

2.78

5

42.5

21.2

32.4

27.8

4,254

2.83

6

81.2

19.1

57.8

60.1

4,189

4.95

7

79.9

18.8

62.4

70.2

4,165

5.26

Several conclusions can be drawn from the simulation results. Firstly, due to the modified pipe components and
resulting variations in the temperatures of the network, there is a difference of the solar yield between the pure
CARNOT model and the modified model of 1.6 %. This is considered as acceptable within the scope of this work.
Secondly, a RS feed-in has no benefit over the less complex RR feed-in in case of small solar fractions. For the
existing network, it increases the solar fraction from 2.63 % to 2.65 %, which cannot compensate for the higher
investment costs. The same applies for the existing network with reduced supply temperatures and optimized flow
rates. For larger plants, the benefit increases. Type 7 produces 231.3 MWh of solar heat compared to type 6 with
218.2 MWh, meaning an increase of 6.3 %. Thirdly, it can be seen that the pure feed-in concept in HB36 produces
less solar heat, when larger plants are connected via RS instead of RR feed-in. This is due to the reduced volume
flow passing by the building, when the decentralized plant in SB21 is in operation and supplies the north-west
part of the district. Therefore, a combination of the different feed-in concepts is to be avoided. Fourthly, the
optimized system operation slightly increases the yield of the plants with partial feed-in but distinctly increases
the yield of the pure feed-in plant, which only depends on the return temperature of the network.
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6. Conclusions and outlook
For the simulation of district heating networks with decentralized solar thermal plants, a new MATLAB/Simulinkbased model was set up. While for the solar thermal plants and the buildings, the standard CARNOT library was
used, the network pipes, junctions and substations were modified to allow reversed flow in the network, as is
necessary for the simulation of RS feed-in. The pipe model was validated in a laboratory test and shows satisfying
performance, which is, in terms of the dynamic behavior of the pipe, closer to reality than the CARNOT pipe.
Solar thermal plant models with different hydraulic concepts where validated based on a real district heating
network in Germany and also show adequate accuracy. Based on the validated plant and pipe models, a simulationbased comparison was done, showing the difference between RR and RS feed-in for different plant sizes and
network operation modes. It can be seen that small plants work well with RR feed-in, which is a simple and
reliable configuration for the retrofit of a district. If higher solar fractions are desired, it is beneficial to use RS
feed-in to increase the plant performance. Based on the introduced model, further simulation studies will be done
to derive recommendations for decentralized solar thermal plants in different districts and to show the possible
improvement in performance by an intelligent control strategy for the interaction of the plants.
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Abstract
The FLEXYNETS project on low-exergy district heating and cooling systems has been started in summer 2015 in
the framework of the European H2020 program. The project aims to develop a new generation of intelligent district
heating and cooling networks that reduce energy transportation losses by working at temperature levels lower than
40 °C. Reversible heat pumps and chillers are used at laboratory scale to exchange heat with the DHC network on
the demand side. In this way, the same network can provide contemporary heating and cooling. FLEXYNETS
solutions integrates effectively multiple generation sources (including high- and low-temperature solar thermal,
biomass, cogeneration and waste heat) where they are available along the DHC network. Two network types are
considered in simulation: the classic supply-return type and the single-pipe system. This paper describes possible
operation strategies and some control aspects related to the second network type.
Keywords: district heating/cooling, low temperature, low exergy, solar thermal feed-in, waste heat

1. Introduction
Traditional District Heating and Cooling (DHC) networks distribute energy from a centralized generation plant to a
number of remote customers. As such, actual DHC systems suffer from significant heat losses, highly unexplored
integration potential of different available energy sources into the same DHC network and high installation costs.
Lowering the network temperature and including multiple distributed sources could reduce these issues. However, a
distributed energy generation approach would also introduce issues for heat marketability and management. Hence,
a true change of paradigm is needed to move from the “monopolistic” structure (for generation, distribution and
trading) implemented in today’s DHC networks, to a structure where multiple actors can play the role of energy
providers and where even the final consumers can economically profit from their waste heat rejected to the network.
Centralized/High-level control solutions integrating multiple energy generation sources and sinks within a DH
network are today under evaluation in a number of research and demonstration projects (ehub 2016, EnEff:Stadt
2016). However further innovations as the use of very low temperatures within the network loop, exploitation of
pipelines storage capacity and bi-directional communication among multiple energy sources and sinks require further
research at simulation level.
FLEXYNETS aims to develop a new generation of district heating and cooling networks, which will combine (i)
multiple energy sources at different temperature levels, (ii) systems capable of using that heat efficiently (such as
Organic Rankine Cycle (ORC) based polygenerative systems, absorption cooling systems) (iii) a low-temperature
(<40°C) DH, and (iv) devices able to exploit such low temperature energy in residential buildings, like reversible
heat pumps (see fig.1).
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Fig. 1 The FLEXYNETS concept with several prosumers connected to the main loop
Depending on the substation needs, heat is supplied to or removed from the network

The Flexynets concepts considers the low temperature network as infrastructure for storage and heat exchange
between geographically dispersed (renewable) prosumers with different sizes. The decentralization of heat and
cooling sources as well as the linking of several small networks to independent large systems are topics of high
interest. While supplying energy to consumer substations is common in today´s systems, the reverse flow from
prosumers into the network remains one of the challenging tasks.
In this paper we briefly go through state-of-the-art concepts for feed-in substations. We comment some weaknesses
related to the return-supply feed-in strategy. The Assumption is that in order to facilitate the energy exchange within
the system and to increase the share of renewable and waste heat sources, one needs to adapt/optimize the network
side. Targets of the adaptation should be high distribution efficiency, high effectiveness of feed-in, less auxiliary
energy for better primary energy factors.
In this context we propose the FLEXYNETS concept as an option for new ‘liberalized’ DHC networks where
prosumers can easily feed (excess-) heat and enhance the primary energy balance of the whole system. The discussion
of the results at the end of the paper is related to district heating and will be extended to cooling networks in the
future.

2. Heat feed-in into DH systems
The substation
In accordance to SDH (2012) 0 “distributed” or “decentralized” means that the feed-in plant is not closely located to
another major heat generator like a biomass or fossil fuel fired plant. These substations generally make use of the
network fluid content instead of providing own storage capacities. Their size is mostly small with regard to the whole
district heat demand. Among the feed-in principles described in 0 (2012) and Bucar et al. (2005), two concepts have
been realized in the past twenty years: the return-return (RR) and the return-supply (RS) concept as shown in fig. 2.
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Fig. 2 The most common feed-in layouts

The solar collectors shown in fig. 2 are generally representative for every decentral heat source (waste heat
incinerator, heat recovery etc.). The feed-in principles remain the same. In the RS case, the return temperature of the
network remains low which is more advantageous/efficient for operating central CHP units. Among the nine
European plants assessed in Schlegel (2014), seven are of RS type. In Hamburg Berne (Germany) a combined feedin substation has been realized (Großmann, 2015) to work in winter and summer mode. In addition to the
shortcomings of the RS concept that were discussed in Schlegel (2014), we want to highlight another aspect related
to the control.
Due to the dynamic behavior of the network (consumers´ regulating valves, variable speed pumps), the control of
RS substation becomes challenging. The pressure difference in two pipe networks changes by more than 30% within
short fractions of time. The feed-in substation itself adds through head rise new dynamics to the whole system. The
difficulty of regulating the flow under a fluctuating ‘resistance’ is demonstrated in fig. 3 (Gunnar 2014). The
measurements show how the flow changes from no flow to maximum flow in the range of few percent of the pump
speed.
4

feed-in flow, m³/h

3,5
3
2,5
2
1,5
1
0,5
0
0

20

30

40

50
60
% pump speed

70

80

90

100

Fig. 3 Example of feed-in flow dependency on pump speed from a Swedish network

The problem is more relevant for small feed-in substations because they are generally equipped with (relatively)
small feed-in pumps that are not able to cope with the network dynamics, at least not as able as high pressure/high
flow pump stations which are common for large supply units. In substations without storages, supply interruptions
due to too low or too high temperatures are common (Gunnar (2014), Eicker et al (2012)). Bucar (2005) reported
about longer feed-in outages in Austrian networks due to too high pressure differences in the network.
This –among other reasons- may explain the decline of the reported solar gains in small size installations which is
plotted in fig. 4.

261

I. Ben Hassine / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 4 Specific solar gains of seven European installations from Schlegel (2014)

The network
In conventional 2-pipe networks, the pump illustrated in fig. 2 needs to overcome the pressure difference between
return and supply lines. This makes the feed pump power and rate depend on two factors: the governing network
head and the substation location. Fig. 5 shows how much power is needed to supply approx. 200 kW of heat into a
6.3 km long DH network under different governing pressure differences. Fig 6 presents the pressure difference in a
13.5 km long network in the south of Germany. Halmdienst et al (2014) expect that substations which are closer to
the main supplier need more power to provide the same heat amount to the network than those outside. However, we
recognized in recent investigations within the FLEXYNETS project that the dimensions of the existing pipes as well
as the flow direction (opposite or inline with main flow) are affecting.

Fig. 5 Power requirements as function of lowest pressure difference
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Fig. 6 Pressure profile in a tree-type network

3. The case study
With regard to the difficulties encountered in regulating feed-in substations, the following question arises: can the
network be adapted/designed to facilitate (excess-) heat supply from decentralized prosumers with limited capacities?
Keeping the auxiliary energy consumption low while assuring stability of supply is of course of high interest.
In the context of the FLEXYNETS project, two new network topologies were proposed as alternative to an existing
2-pipe system in the city of Aarhus in Denmark. The network contains -as part of the city DH system- more than 500
consumer substations and was aggregated to 23 nodes for the current study. The systems are simulated afterwards in
TRNSYS and compared using some performance indicators.

The system aggregation
The map of the Aarhus south west area is shown in the left hand side of fig. 7. In order to aggregate the demands to
23 nodes, an affiliation function in the software program Termis is used. Termis is a hydraulic modeling tool that
simulates the behavior of flow directions, pressure, and thermal conditions in a DH or Cooling network. The network
from the geographic information system (GIS) tool and the demand points from the Heat Atlas is loaded in Termis
as shape files. To affiliate the demand, the nodes are placed on different locations in the network chosen strategically
for the affiliation of demand to be dependent on typology type. The nodes are placed manually by the best individual
ability and evaluation in each case. The purpose of this process is to estimate the sum of the capacity of the collected
demands in each of the chosen nodes for further analysis in TRNSYS.
In this way, the demands from the reference towns can be used in the analysis. The demands from Heat Atlas is an
expression of actual demands for each building from these reference towns, in this case Aarhus. The Heat Atlas is
developed by Aalborg University. It is designed to explore the possibility of development and application of a
detailed mapping of the buildings' heating needs in Denmark. The Heat Atlas is developed for use in GIS software
with the purpose to extract building data from the Building and Housing Register (BBR) and a number of heat
consumption specifications that are developed by the Danish Building Research Institute (SBi). The Heat Atlas
includes data such as construction year, building area and heat demand for each building.
The Danish reference towns are divided in areas according to the FLEXYNETS typologies, as seen in the figure. A
GIS software is used as tool to establish the town or city boundary and the boundaries for the different typologies.
For this purpose, municipality planning and the Heat Atlas is used. In Denmark, the data from the Heat Atlas, local
planning and municipality planning is available for all towns and cities. Each reference town is divided into the
different typologies based on the specific use category in the municipality planning.
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Fig. 7 Map of Aarhus SW (left), tree-type and loop-type network (right)

The network types
Additionally to the tree-type network of the south west of Aarhus (fig. 7), two additional models have been designed
out of the loop-type system presented in the same figure. As can be seen in fig 8, the first model incorporates two
loops (each for low and higher temperature) that are connected through a stratified storage tank. The system is called
low-pressure type due to the low head difference between supply and return line. Storage inlets and outlets generally
cause minor head losses in the range of <10 mbar. Feed-in substations inject hot water into the supply loop. In case
of low demand, the injected heat can be stored in the central tank. The energy balance of the whole system is
performed in the storage level, where heat can be removed or added via heat exchangers.
The operation of the feed-in pump is favorized by the fact, that other consumer substations circulate water in the
same direction of flow. However, in real installations two aspects should be taken into account: a) the formation of
small loops between two neighboring substations (one consumer and one producer) which may result in too low
supply temperatures. b) the overflow of the feed-in pump due to high pressure rise in the consumer substations.
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Fig. 8 Simple layouts of the loop-type networks

The second loop-type network contains a single circuit for both removal and feed of heat. At least one substation is
needed to balance the network. The main loop pump recirculates water at high flow rates to e.g. compensate for the
water cooling after each substation (in case of heat consumers). The feed-in concept is similar to the RR layout of
fig. 2 where a part of the circulating volume is heated up and reinjected in the loop. Large differences between the
inlet temperatures of the different substations are expected. If the consumers are equipped with heat pumps, their
coefficients of performance (COP) will vary. The pump power requirements of the individual substations are
assumed to be very low: the major head losses are due to the heat exchanger and service pipe friction.

General design and operational aspects
The modification from a conventional 2-pipe network to the proposed systems has some advantages for the operation
of feed-in substations. Not only the power consumption of the decentral pump decreases, but also the flow control is
expected to be more stable. This can be deduced from the open-loop behavior of the system. In fig. 9 the heat demand
of the considered network is varied from full to partial by keeping both main and feed-in pumps at constant speed.
If only 1/3 of the consumers are supplied, the decentral feed-in flow drops by 24% in the tree network compared to
11% in the low-pressure one. The same tendency is seen in the case of small variations. The single loop system
exhibits the most robust behavior towards these variations. The substations are almost ‘decoupled’ from each other.

Fig. 9 Feed flow variation depending on demand decline

We also calculated the power needed to feed 32kW of heat into the three network types at different nodes. Head
losses associated with mountings like heat meters and gate valves or pipe connections are not considered in this
paper. The power requirements in the 2-pipe network are higher by a factor of five to ten than in the other two loopbased systems (see fig. 10). Also in the 2-pipe case, no clear dependency between the pumping power and the distance
to the main supply node can be recognized. The power requirements logically depend on the distance to the
consumers to be served, which can be variable depending on the current flow/demand situation. In the loop-based
systems, the power consumption depends on the distance to the main loop. In other words, pipe friction in the service
pipes presents the major head loss independent on the flow situation.

265

I. Ben Hassine / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 10 Power requirements of feed-in pump at different nodes

The fluctuating (wavy) temperature profile in the case of single loop system made the control of the substations
unstable. The heat pump model used was valid for a certain temperature range on the evaporator side. Many heat
pumps would not be able to run adequately in case of too low temperatures. The study was therefore limited to the 2pipe and low-pressure systems. The pipes were designed to a maximum velocity of 0.65m/s. The following table
summarizes the obtained network sizes:
Table 1 Network dimensions

2-pipe system

Low-pressure system

Length of pipes, m

6365.5

7313.5

Av. size of pipes

DN 150

DN 200

Total volume, m³

129.7

289.8

4. The simulation results
The system setup
The systems simulated in TRNSYS are the district heating networks of fig. 7. They distribute heat at low temperature (in
a range between 20 °C and 30 °C) to decentralized heat pumps, which have to fulfil the heat demand of the buildings in
the given area. The yearly heat demand is approximately 20.7 GWh with a peak load of approximately 6.0 MW. The
network manager NM of the considered system is responsible for balancing the energy flows and owns the central supply
station of the district heating grid that consists of a 2.2 MW gas-fired reciprocating engine that produces combined heat
and power (CHP) and a 2.3 MW auxiliary gas boiler (GB) assumed here to have a constant efficiency of 80%. The NM
is placed at the red dot of fig. 7. A 330 m³ central storage tank is used to buffer the heat supply by the CHP unit- Figure
11 shows the layout of the central heat supply station. In the low-pressure case, the central storage CS is directly connected
to the network without any pump. The flow direction on the network side can be from top to bottom or reversed depending
on the amount of feed-in. The CHP unit covers the base load whereas the gas boiler GB is operated during peak phases.
Two decentral substations supply heat to the network, that is gained out of two solar collector fields of different sizes
(200 and 2000m² aperture). The solar pump is run in high flow mode (30l/hm²) and the feed-in temperature is regulated
to 5K above the network temperature. The corresponding integration nodes are colored in orange in fig. 7.
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Fig. 11 Layout of main heat supply station in a) 2-pipe and b) low-pressure system

The water-to-water heat pumps use R407c as refrigerant and provide water to the buildings at 55-65°C. The performance
of the heat pumps is affected by the temperature of the water supplied by the DH network. A higher network temperature
increases the COP of the heat pumps, which turns into a lower power consumption of the compressors for a given heat
demand of the buildings. As long as the power consumption is reduced, a higher amount of heat is extracted from the DH
network.

Results
The two systems composed of the network, the main supply station, the consumer heat pumps and the solar feed-in
substations were simulated over one year with a time step of 15 minutes. Due to the fact that the time constant of the
hydraulic system is much lower than the simulation time step, continuous control of the feed-in pumps would be time
intensive. We decided to run the pumps with an offset value that allow them to overcome the pressure difference at any
time. The simulation study lead to the results of table 2.
The network pipe losses of the low-pressure system were higher than those obtained in the 2-pipe one. This can be
explained by the larger size of pipes used as indicated in table 1. The main loop pipe with DN300 causes the major part
of the losses. The average network temperature is slightly lower, which is reflected in the average COP of the heat pumps.
The CHP unit produces more electric energy and enhances the primary energy balance of the system (lower PER). The
solar gains of both small (200 m²) and large (2000m²) collector fields are comparable in the low pressure network. In the
pressurized case, the larger installation feeds less heat than the smaller one. Further investigations are needed to find out
if the feed-in flow is at nominal level in the 2000 m² installation.

Table 2 Simulation result summary

2-pipe system

Low-pressure system

Users´ end energy, GWh

20.77

20.77

Net delivered energy, GWh

16.52

16.33

CHP thermal energy, GWh

13.74

13.42

CHP electric yield, GWh

13.48

13.22

Network heat losses, MWh

17.02

458.8

Average COP

4.88

4.67

Solar irrad., kWh/m²

1204

1204

Solar gains small, kWh/m²

446.16

462.56

Solar gains large, kWh/m²

427.61

460.28

Network pump consumption, MWhel

71.98

24.45

Feed-in pump consumption, kWhel

2519.8

288.1

Primary energy factor PER

0.638

0.648
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When coming to the electric pump consumption, the low-pressure system is more advantageous and requires around one
third of the energy needed in the other case. At feed-in substation level, the power requirements are much lower (1/9th)
which confirms the results presented in fig. 10. Here we need to repeat that only the heat exchanger and the pipe friction
are considered to calculate the pressure drop. In reality, other substation mountings and pipe connection will lead to higher
electric consumption.

5. Conclusion and outlook
The paper focuses on feed-in substations as measure to enhance the share of renewable and waste heat in DH networks.
The weaknesses related to the flow stability in conventional 2-pipe systems are shortly discussed. In the context of the
FLEXYNETS project, two alternative (loop type) topologies were suggested out of which the low-pressure one was
considered in simulation.
The simulation results of the low-pressure system show some advantages related to the pump power demand. Considering
the open loop response, the low-pressure system is expected to operate with higher stability and to reach higher feed-in
rates over the whole year. This can be assessed by testing the dynamic flow behavior under real conditions and with
discrete controllers. The Energy Exchange lab established by the project partner EURAC in Italy will allow to perform
this kind of investigations. The lab recreates on a small scale the various stages involved during the operation of
district heating and cooling systems, from heat generation and distribution to consumption by end customers. This
enables it to investigate the best network management solutions as well as the supply of heat from several sources.
The flexible lab infrastructure allows various configurations as well as hardware and control software to be tested.
Higher heat losses were calculated in the low-pressure system and were explained by the larger pipe size. It is planned
to redesign the main loop taking the head losses (and not the flow velocity) into account and to check if the system
can be optimized in both investment and operational costs.
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Abstract
District heating is one major approach to increase the overall energy efficiency in urban areas and an important
platform to increase the share of renewable energies in the heat supply. Solar thermal energy is emission-free,
available everywhere and offers stable operating costs for decades. Together, they can play an important role in
the energy transition of the heating sector in Europe and beyond.
The integration of solar thermal systems into district heating offers different technical solutions, whereof some
are applied since decades, some others, like decentral direct feed-in, are in evaluation. Generally, solar thermal
systems are sensitive to the levels of the supply and return temperature and the detailed system integration, here
especially regarding the hydraulics and the control strategy.
In the case that the solar thermal system is applied to combined heat and power productions, the overall system
can be designed to the best economics if the electricity market, the dynamics in the heat consumption and the solar
thermal production etc. are considered. The integration of a large heat storage volume might be helpful to separate
production and supply powers and therefore can lead to a system with lowest heat cost, although the investment
cost can be quite high. At least such complex systems ask for dynamic system simulation during the design phase
to ensure best economics and to enable a risk analysis for varying prerequisites.
Keywords: Solar district heating, large-scale solar thermal system, smart cities

1. Introduction
Solar district heating (SDH) plants are a large-scale solar thermal technology supplying renewable, zero-emission
heat from large collector fields via district heating networks to residential and industrial areas. Combined with
large seasonal heat storages, the solar thermal plant can contribute to more than 50 % of the yearly heat demand
even in high latitudes. The main market for SDH consists of plants with a solar fraction of up to 20 % of the yearly
heat demand, including the application of a short-term heat storage or even without any heat storage.
New solar district heating projects show an interesting variety of technical concepts and operator models. This
underlines also the high potential of district heating and cooling with renewable energy sources as flexible
technical and organizational solution for the energy transition at local level.

2. Basic systems for solar thermal integration
A solar thermal plant can be connected to the district heating system by means of central feed-in or decentralized
as shown in Figure 1. Central feed-in means the solar heat is integrated in the main heating central where the heat
storage is located. The schematic in Figure 1 shows a seasonal heat storage; it depends on the size of the collector
area and the performance of the additional heat productions in relation to the fluctuating heat demand if a smaller
short-term heat storage can be sufficient or even neglected.
In the case of decentral feed-in of solar thermal heat, the solar collectors are placed at suitable locations and are
connected directly to the district heating circuit. In several large solar thermal plants in Sweden, Austria and in a
few first plants in Germany, a decentral feed-in of solar heat into district heating systems has been realized.
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Figure 1: Schematic of central (left) and decentral (right) feed-in of solar thermal heat

For both, central and decentral feed-in of solar thermal heat in a district heating net, the solar thermal plant can be
operated to produce the supply temperature or to preheat the fluid in the return flow. Figure 2 shows a basic
schematic of a solar thermal plant for district heating. Usually it is applied for a solar thermal integration in the
central heating plant. The broken grey line shows the system boundary for the solar system. To separate the solar
circuit and the net circuit hydraulically a heat exchanger is applied. Often a heat storage is integrated into the
system to store the heat from the solar collectors before it is transported to the additional heater and then delivered
with the supply temperature to the district heating net.

District
heating

Figure 2: Schematic of a solar thermal plant for solar district heating

In case of delivering the supply temperature for the district heating net, the solar collectors only can produce heat
if the solar irradiation is high enough.
In the case of preheating the return flow, the solar collectors heat up the return flow with a predefined temperature
difference. For supplying the heat to the district heating net the fluid is heated up to the supply temperature by an
additional heater (e.g. a gas boiler as shown in Figure 2). The variation of the solar irradiation can be balanced by
a volume-flow control of the pumps in the solar circuit to keep the temperature of the preheated flow from the
collector field to the buffer storage within the predesigned range.
The sizing of the buffer storage depends on several parameters like the intended solar fraction, the operation
characteristics of the collector field and the dynamics of the heat demand in the district heating net and in the
unload circuit of the buffer storage etc. The larger the intended solar fraction and the higher the complexity of the
hydraulic system concept are, the more a dynamic simulation of the overall system is recommended.
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3. Solar collector area
Within the last 30 years the technology for realizing large collector areas was developed, first by pilot plants that
were supported by R+D funding. Within the last 10 years the technology is on its way to a state-of-the-art heating
technology for utilities, energy companies, cooperatives etc. The developments differed due to different boundary
conditions in different European countries. All developments comprise specialized collectors for district heating
application. They cover up to about 12 m² of collector area per collector. Their internal hydraulic scheme is
optimized to facilitate the realization of long collector rows by a simple connection of the collectors and to run
these rows with low flow. This saves installation costs as well as electricity consumption of the solar circuit
pumps. The following figures show different mounting systems of solar collector areas for district heating
systems:
1.

Ground mounted (Figures 3 and 4)

2.

Roof integrated (Figure 5)

3.

On roof (Figure 6)

Figure 3: Vacuum tube collectors in Büsingen, Germany

Figure 4: High-temperature flat plate collectors in
Dronninglund, Denmark

Figure 5: Roof integrated solar thermal collectors on
“solar@home”-building in Crailsheim, Germany

Figure 6: Solar collectors elevated on flat roof in Neckarsulm,
Germany

Without regarding the cost for the ground, to mount the collectors on simple subconstructions directly on the
ground offers the possibility to achieve the lowest cost for the realization of a solar collector area. The availability
of ground is restricted especially in urban areas. Thus it might be also applicable to integrate the collectors in a
roof. Figure 5 shows a so called “solar roof” that was realized within an energetic retrofitting of an old army
building. The “solar roof” replaces the roof tiles and integrates roof windows, drip moulding, snow guard etc.
Another possibility is to mount a collector field on a flat roof as shown in Figure 6. In this case, to achieve low
cost for the subconstruction can be a challenge due to the statical requirements to carry especially the wind loads.
The market offers two main constructions of collectors, flat plate collectors and vacuum tube collectors (see Figure
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3 and Figure 4). The specific products of the collector producing companies vary in performance and construction.
To find the best suitable collector for a specific project it is recommended to invite offers from the solar companies
and to decide according to the specific heat price. The solar heat price is calculated from the overall costs of the
solar thermal plant in relation to the usable solar heat. To compare different offers, this usable solar heat should
be calculated for all offers with the same simulation program, using the characteristic figures for every offered
collector type according to test certificates like “Solar Keymark”, that is valid all over Europe (ESTIF, 2017).

4. System design
For a favorable performance of the solar thermal system, the overall system design is important. First of all the
location of the solar thermal plant decides about the amount of solar irradiation that the collectors receive. The
solar thermal plant is able to heat its inlet temperature only if the irradiation is high enough for that. The following
Figure 7 shows the differences between the global irradiation of two cities in Germany over ten years, whereas
Würzburg is a location with very good solar irradiation conditions and Hamburg is a location with quite low solar
irradiation. The solar irradiation in the years 2007 to 2016 fluctuates with +4 to -6 % of the average in the ten
years for Würzburg (broken line). For Hamburg, the variation comprises the range of +7 to -5 % of the average
level. There is a significant difference in the global solar irradiation of the two locations, which is very variable
over the ten years.
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Figure 7: Yearly global solar irradiation in the years 2007 to 2016 for Würzburg and Hamburg (Deutscher Wetterdienst, 2017) on
horizontal plane

Therefore, it is recommended to dimension a solar thermal plant using climate data of the location of the plant
over a longer period, e.g. 10 years. By varying the solar irradiation in a sensitivity analysis within a system
simulation program, its effect on the energy gain of the solar system can be analysed and valuated. If necessary,
the solar thermal plant can be dimensioned with a safety factor to reach the needed solar heat gain even in years
with poor irradiation.
In addition to that, the solar heat gain depends on the operation temperatures. The higher the average operation
temperature of the collectors is, the lower the efficiency of the collectors gets because of higher heat losses of
every collector. Therefore, the return temperature to the collector field and the needed supply temperature, which
shall be produced by the collectors, are decisive for the achievable solar energy gain.
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This correlation is shown in Figure 8 for high-temperature flat plate and vacuum tube collectors in the German
market. The sample collector is a high-temperature flat plate collector with average specific values. The results
are calculated with average climate data over 10 years (Meteotest, 2017) of the German city Frankfurt. The
average net temperatures in the diagram are the yearly average for the arithmetic value of the supply and return
temperatures of the regarded collector in every hour of the year.

Specific solar net gain in kWh/(m²*a)
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ST: Range of large-scale flat plate and vacuum tube collectors
Figure 8: Usable solar heat of large-scale collectors in the German market with two different control strategies for the delivered
temperature of the solar thermal plant: ST = heating up to the supply temperature, PH = preheating. The lines represent a sample
collector (m²: brutto collector area)

In the preheating mode (PH, Figure 8), the solar thermal plant delivers heat at a lower temperature level than the
supply temperature of the district heating net. Therefore, the solar thermal plant can produce heat even if the solar
irradiation is low. The solar heat production in this mode mainly depends on the return temperature of the district
heating net that should be heated by the solar thermal plant. This is visible by the strong reduction of the solar
heat gain between the cases with 55 °C and 63.75 °C average temperature. The return temperature increases
between these two cases from 40 to 50 °C in a yearly average.
A first idea of the performance of one single collector gives the Solar Keymark certificate (ESTIF, 2017). Each
collector is tested and certified under standardized conditions with a constant average temperature in the collector.
Neither the influence of the system integration nor the realistic supply and return temperatures are considered in
the tests. In the certificate the performance indicators and yearly heat productions are declared for the climate data
of four different locations in Europe.
As mentioned above, the solar irradiation influences the solar heat production of the collector field to a strong
extend. This is shown in Figure 9 for the sample collector and with the application of the formerly mentioned
climate data from Würzburg and Hamburg (see Figure 7).
The calculations of the solar heat production, whose results are shown in Figure 9, are based on a solar thermal
system with a decentral feed-in and without a heat storage. This system is operated to deliver always the supply
temperature of the district heating net. The average net temperature is 63.75 °C, in summer the supply temperature
amounts to 75 °C and the return temperature to 55 °C. The results show the direct dependency of the solar heat
gain on the solar irradiation and the strong variation from the average in single years. The variation around the
10-years-average lies in a range of +10 to -15 % for Würzburg and +20 to -14 % for Hamburg.
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Specific solar net gain in kWh/(m²*a)

500

400

300

200

100

0
2007

2008

2009

2010

Hamburg
Range Hamburg
Average Hamburg

2011

2012

2013

2014

2015

2016

Würzburg
Range Würzburg
Average Würzburg

Figure 9: Calculated specific solar heat gain per m² brutto collector area of a sample collector with climatic data for the years 2007
to 2016 for the cities of Würzburg and Hamburg. The solar thermal plant is operated to always reach the supply temperature in a
district heating network with 63.75 °C average temperature.

Such variations in the solar heat gain need to be considered when dimensioning a solar thermal plant. That is why
the careful calculation of the solar heat gain with all available data and, in addition, based on realistic assumptions
is essential for the feasibility of solar district heating systems. Compared to conventional heat producers, dynamic
system behavior and the variations of the solar irradiation, the mass flow and the temperatures of the district
heating net need to be considered in detail.
If a solar thermal plant is dimensioned to deliver the entire heat demand of the district heating net during the
summer time, in most cases a short-term heat storage is necessary to store the heat from day to night and for the
case of some cloudy days. In Europe the heat demand during summer usually is defined by tap water heating and
the heat demand of industrial processes. The solar fraction of these solar thermal systems depends on the seasonal
distribution of the yearly heat demand and is usually between 10 to 15 %. The higher the solar fraction, the more
solar heat needs to be stored, not only for some days but for weeks. In case of high solar fractions of solar heat in
the region of more than 40 % of the yearly heat demand, a seasonal heat storage is necessary, because the heat
from summer has to be used in winter. Due to the longer storage time of the solar heat, the heat losses increase
and the specific net solar heat gain of the collectors decreases. Figure 10 gives an example for the interrelations
of the main parameters for such systems.
Therefore, it is assumed that the collector field comprises high temperature flat plate collectors of the sample type
(see Figure 8), located in the city of Frankfurt in Germany. The collector field feeds in decentrally into a district
heating net with a supply temperature of 78 °C in a yearly average and a yearly heat demand of 4 GWh/a. To
increase the solar fraction of the yearly heat demand of the district heating net (see red line in Figure 10), the
collector area has to be increased (see x-axis in Figure 10). The higher the solar fraction gets, the larger the heat
storage volume has to be. The dashed grey line shows the specific storage volume in m³ water, related to the brutto
collector area, that is necessary to reach the intended solar fraction. By mathematical variation, the specific storage
volume was fitted to the respective collector area in a way that the storage volume is used completely and
stagnation in the collector field is just avoided. For a solar collector area of 10,000 m² a solar fraction of 70 % of
the yearly heat demand of the district heating net can be reached with a specific storage volume of 2.3 m³/(m²
brutto collector area). In Figure 10, this specific storage volume is set to 100 % (see y-axis). The black broken

274

M. Berberich / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

line in Figure 10 gives the specific solar net gain of the entire solar thermal system (see Figure 2). The solar net
gain is the usable solar thermal energy that is fed into the district heating net. Heat losses by the storage etc. are
subtracted already. The maximum value of 313 kWh/(m² a), equals 100 %, is quite low and caused by the overall
system layout that asks for a feed-in of the solar net heat gain always on the supply temperature of the district
heating net of 78 °C in a yearly average. This specific solar net heat gain declines with rising solar fraction due to
rising heat losses of the necessary storage and rising average operation temperatures in the collector field.
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Figure 10: Correlation of solar collector area, specific heat storage volume, solar fraction of the yearly heat demand and solar heat
gain for a solar thermal plant that feed in decentrally in a district heating net and always delivers the supply temperature of 78 °C
in a yearly average (sample collector and weather data of the German city Frankfurt (see Figure 8))

For a real plant, possible next steps in the overall system design would be to change the system integration of the
solar thermal system to a preheating mode (see Figure 8) or to integrate a heat pump into the solar system to
unload the heat storage to lower temperatures. Both possibilities allow to reduce the operation temperatures of the
solar collector field to reach higher specific solar net gains per year.
The results in the diagrams of chapter 4 are calculated with the Excel-calculation program SCFW (“ScenoCalc
Fernwärme”, in German: “ScenoCalc for solar district heating systems”) which is free of charge and can be used
for first assessments of SDH systems (Solites, 2017).

5. Market development in Europe
The first solar thermal plants that delivered heat to district heating nets were realized in Europe in the beginning
1980s driven by national research and demonstration programs as a reaction on the worldwide oil crises in the
1970s. Since then, the technical developments in different fields like the technologies for solar thermal collectors
that are specialized for their application to district heating, the system integration of a solar collector field into
district heating, the available heat stores, the possible operation modes of the solar thermal system etc. were
immense. First large pilot plants were built in Sweden and Denmark, followed by a continuous development in
Germany and other European countries like Austria etc.
In the last years, Denmark showed an impressive success story regarding solar district heating driven by national
laws that increase the price for fossil gas if it is used only for heating. Since 2010 a capacity of more than 500 MWth
of solar thermal collectors has been newly installed. These solar thermal plants are connected to the heating central
of a district heating net according or similar to the schematic system in Figure 2. The largest plant in operation
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has a total collector area of 15 hectares and a thermal capacity of 100 MWth. In other European countries, the
market conditions of the heating and cooling sectors significantly differ from the particular situation in Denmark.
But also in Germany, Austria and in other countries with starting markets large scale solar thermal plants become
an economically competitive heat generation option for district heating. Figure 11 gives an overview of the market
status of solar district heating in Europe.

Fig 11: Solar district heating market status in Europe (May 2016) (red dot: solar thermal system for district heating, blue dot:
solar thermal system for district cooling, number: amount of solar thermal systems in respective European country) (Solites, 2016)

At the end of 2015, 252 plants with more than 350 kWth nominal power were in operation in Europe. The total
installed capacity amounts to 750 MWth. Moreover, an increasing number of countries are following this trend
and new markets have started to develop, for example in Italy, France and even in South Korea.
New solar district heating projects show an interesting variety of technical concepts and operator models: So
called ‘energy villages’ are a solution for rural areas, where whole villages switch from individual, often oil-based
heating systems to district heating systems for larger parts of the village. Local biomass plants combined with a
solar thermal system are seen as one of the applicable renewable heat sources for such systems and operators are
often cooperatives, municipalities themselves or their utilities. Solar district heating is, however, also an
advantageous solution for new built or retrofit districts in innovative urban development projects. In several large
solar thermal plants in Sweden and Austria a decentral feed-in of solar heat into the district heating has been
realized. A decentral feed-in is in particular interesting for larger city district heating systems, where sufficiently
large roof or infrastructure areas are available along the district heating lines.
The energy transition with its growing part of renewable power supply in the electricity nets in some European
countries leads to an additional market push for solar thermal systems in district heating nets. More and more
fossil-driven CHP-plants (CHP: combined heat and power) reach a shut down during the summer months due to
uneconomic operation conditions that are caused by high amounts of renewable power in the electricity grids. The
missing heat can be replaced by renewable solar thermal energy.
Economical competitiveness and heat generation costs between 30 and 50 Euro/MWh are reached whenever the
solar thermal plants are sufficiently large (> 1 MWth), the overall concept is kept simple (e.g. ground-mounted
collector fields, see Figures 3 and 4) and the district heating system is operated at suitable temperatures (< 100 °C).
In addition subsidies for the introduction of renewable energy sources into district heating are available in many
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European countries. The low share of operation costs leads to a long term stability and calculability of heat
generation costs for the whole operation period of typically 25 years.

6. The European SDHp2m project
SDHp2m stands for “Solar District Heating and actions from Policy to Market”. The project addresses market
uptake challenges for a wider use of district heating and cooling systems (DHC) with high shares of renewable
energy sources (RES). The action specifically focuses on the use of large-scale solar thermal plants combined
with other RES in DHC systems (Solites, 2016).
The key approach of the project is to develop, improve and implement advanced policies and support measures
for SDH in nine participating EU regions. In three focus regions Thuringia (DE), Styria (AT) and Rhône-Alpes
(FR) the regulating regional authorities are participating as project partners to ensure a strong implementation
capacity within the project. In six follower regions from BG, DE, IT, PL, SE the regulating authorities are
integrated through letters of commitment. The project activities aim at a direct mobilization of investments in
SDH and hence in a significant market rollout.
In each region, a stakeholder advisory group has been created, gathering market and policy actors to identify the
actions that have to be taken to enable a market roll-out of SDH. A detailed action plan has been set up that the
regional teams are implementing. The planning of activities by local actors at a regional level ensures the
development and implementation of ideas adapted to the local framework. On the other hand, thanks to the
international level of the project, know-how and experience from frontrunner regions are available and partners
can exchange ideas and methods on how to tackle their challenges. Several factsheets are under development
regarding the policy, financing and market development actions in each region.
Addressed market uptake challenges are: Improved RES DHC policy, business models and better access to plant
financing, sustained public acceptance and bridging the gap between policy and market through market support
and capacity building. Denmark and Sweden reach already today a high share of RES in DHC and are used as a
role model for this project.
Some European countries supplement the market development for SDH by national market development projects.
As an example, the German Federal Ministry for Economic Affairs and Energy started the project “Solnet 4.0”.
Within this project, eight suppliers of solar thermal plants for district heating works together with SDH specialists,
the German district heating industry federation AGFW e.V. and media suppliers to increase and strengthen the
growing development of the German SDH market.

7. Perspectives
The technologies for large collector fields that can be integrated into district heating systems in Europe are already
offered by at minimum eight companies. Further technical developments are necessary to further adopt the solar
thermal technologies to district heating for centralized and decentralized feed-in. One of the main focuses of
research lies in the system integration of large collector fields into complex district heating networks with several
heating centrals, several combined heat and power plants etc. The energy transition leads to fundamental changes
in the district heating technologies with good opportunities to integrate solar thermal as a heating technology into
these systems. The technical questions how this integration should be realized are not yet answered. Within first
pilot plants this new, broad field of research and development is investigated like in the new project “renewable
district heating 2020 – the multifunctional district heating network as a heat hub” in the city of Hennigsdorf in
Germany. The utilities of Hennigsdorf are going to raise the amount of renewable energies up to 100 % for their
district heating net of about 50 km length that delivers about 120 GWh/a heat on a temperature level of up to
105 °C supply temperature. Therefore the utilities cooperate with technical consultancies and Solites as scientific
experts to develop the technical-economical optimum for the overall district heating system and its operation
strategy.
Safeguarding the SDH market development to a stable and durable market still is a comprehensive task that asks
for huge efforts within the coming years - with Denmark as the only worldwide exception. These efforts mainly
comprises non-technical developments. Some first European countries show that if the political will to further
develop the SDH market is expressed clearly and in addition finds its way into market incentive programs and
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long term stable market conditions, the district heating companies increasingly welcome solar thermal plants as a
sustainable, future-proof heating technology and start their own way into a solar future. The possible variants are
extensive: from a first small solar thermal plant to the 100 % renewable solution for whole (smart) cities.
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Abstract
District heating risks to lose competitiveness the lower the linear heat density of a district is. The distribution
network needs to be highly efficient in order to ensure economic feasibility. The heat distribution temperatures are
crucial to keep distribution heat losses as low as possible. For a new housing area in Germany consisting mainly of
single family houses, solar district heating concepts at two different supply temperature levels of 70°C supply and
40°C supply are examined in terms of economic and efficiency aspects. Depending on the required temperature
level of the heat supply concept the component’s design differs. A system with 70°C supply temperature is based
on a central heat supply with a heat pump and ground-mounted solar collectors, whereas the system with 40°C
supply temperature is a semi-decentralized concept with central heat pump for space heating and decentralized
solar thermal systems and electric back-up heaters for domestic hot water preparation.
Keywords: solar district heating, low heat demand density, ultra-low-temperature district heating
Abbreviations
BTES

Borehole Thermal Energy Storage

DH

District Heating

DHW

Domestic Hot Water

GSHP

Ground Source Heat Pump

HP

Heat Pump

PTES

Pit Thermal Energy Storage

SH

Space Heating

TTES

Tank Thermal Energy Storage

B/W

Brine /Water

1

Introduction

Future smart thermal energy systems are based on a combination of renewable technologies using wind,
geothermal, and solar thermal power along with residual resources to meet the heat demand (Lund et al., 2014).
District heating infrastructures and large thermal storages play an important role in future energy systems as
demonstrated by various projects in Denmark in recent years (SDH solar district heating, 2017). The heat supply
system should distribute heat with low heat losses. However, district heating risks to lose competitiveness the
lower the linear heat demand density of a district is. The planned new housing area “Zum Feldlager” (Kassel,
Germany) comprises of 131 buildings on a land area of 115,000 m². The housing area will consist mainly of single
family houses, resulting in a low building density with a plot ratio of 0.25 according to (Persson and Werner;
Persson and Werner, 2011). It represents a heat demand sparse area with a very low linear heat demand density of
aroundͷͺͲ Τሺ୲୰ୣ୬ୡ୦ ή Ǥ ሻ. In this case the distribution network needs to be highly efficient in order to
ensure economic feasibility. The heat distribution temperatures are crucial to keep distribution heat losses as low as
possible. Likewise, the heat supply system should include renewable energies, as much as possible.
Therefore, two solar district heating concepts for the new housing area “Zum Feldlager” at different supply
temperature levels are examined in terms of economic and efficiency aspects in this study. In Denmark, the
implementation of solar heat is characterized by large central ground-mounted solar thermal collector fields
connected to thermal networks and seasonal storages. The opposite case occurs in Germany. A broad
implementation of ground-mounted large-scale solar thermal collector fields in district heating systems is limited
because of high land prices. Individual solar thermal systems are currently dominating the German market. Key
issue is, under which boundary conditions a central solar district heating system is more beneficial than a semidecentralized district heating system for very low linear heat density areas in Germany, like the housing
development “Zum Feldlager”. Accordingly, the heat generation costs have been calculated considering
components’ investment, system operating costs as well as maintenance and service costs for two exemplary heat
supply systems.
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2

2.1

Boundary Conditions
Description of the New Housing Development

The planned new housing development “Zum Feldlager” (Kassel, Germany) comprises of 131 buildings on a land
area of 115,000 m². The housing development will consist mainly of single family houses, resulting in a low
building density with a plot ratio of 0.25 according to (Persson and Werner, 2011). The buildings were calculated
to meet the requirements of the German KfW-70 low-energy building standard according to the Energy Saving
Ordinance 2016 (Gesellschaft für Rationelle Energieverwendung e. V., 2016). This means that the buildings were
designed to have a specific heating demand belowͷͲȀሺଶ ή ሻ. The space heating demand of each building
was calculated according to the German standard DIN V 4108-6 (Deutsches Institut für Normung e. V., 2003).
Additionally, the peak heating load for every building was computed according to DIN EN 12831 (Deutsches
Institut für Normung e. V., 2012). Regarding the domestic hot water demand, demand profiles were generated by
using a stochastic modelling tool developed by Jordan et al. for IEA SHC-Task 26, which takes into consideration
the Gaussian-Distribution and different time scales to generate various load profiles (Jordan and Vajen, 2001). The
total heat demand was calculated to amount ൎ ͳǡͷ Τ ݎݕ, that comprises of one quarter DHW (ൎ
͵ͺͲ Τ) and of three quarter for space heating (SH) (ൎ ͳǡʹͺͷ Τ). It represents a heat demand
sparse area with a low linear heat demand density of aroundͷͺͲ Τሺ୲୰ୣ୬ୡ୦ ή ሻ assuming a total district
heating (DH) pipe length of 2.89 km.

2.2

Generation of Heat Load Profile

Within the framework of the joint research project “Geosolare Nahwärmeversorgung für die Siedlung Zum
Feldlager” the new building development and the corresponding semi-decentralized solar DH system was modelled
with the software TRNSYS. Dynamic simulations were conducted in cooperation with the Fraunhofer Institute of
Building Physics from Kassel. The model consists of all heat supply units, a simplified distribution infrastructure,
and clustered consumers. The distribution infrastructure was simplified calculating the average pipe diameter of the
district heating network branches and the corresponding pipe length. The characteristics of standard plastic jacket
compound pipes with standard insulation were assumed. The 131 buildings were clustered in 22 building
typologies and then displayed as single thermal zone models. According to design characteristics of each building
type, there were various possibilities for the number of consumers of domestic hot water. These possibilities were
sub-grouped into three main cases: typical single family houses, double single family houses and multi-family
houses. All other possibilities were realized by taking into account multiplication factors for each case. Precise and
realistic domestic hot water systems consisting of all system engineering components were designed in accordance
to VDI 6002 (Verein Deutscher Ingenieure e. V., 2014) and VDI 2067 Blatt 12 (Verein Deutscher Ingenieure e. V.,
2000). The resulting annual heat load profile is shown in Fig. 1. The space heating (SH) demand is depicted in
blue, while the domestic hot water (DHW) demand is displayed in red. The heat load profile is taken as a base for
system design and calculation of the central solar DH system (see section 2.3).

Fig. 1: Calculated hourly heat load profile of the housing development “Zum Feldlager”, in blue the space heating
demand, in red the domestic hot water demand
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2.3

Design Requirements and Basis of Comparison

Both solar DH systems presented were designed to achieve a renewable heat supply of ൎ 80 % of the total heat
demand of the new building development. Considering that the renewable energy already covered roughly 29% of
gross electricity generation (total volume of electricity generated in Germany) in 2016, the electricity consumption
of each solar DH system had to be below 427 MWh/yr. The number of buildings and inhabitants, as well as the DH
geometry and pipe length were kept constant. Depending on the required temperature level of the heat supply
concept the components´ design differs. Also, the heat distribution network design (pipe diameters, pumps) was
adapted according to the distribution temperatures. The central solar DH system is compared to the semidecentralized DH system for low heat density housing developments in Germany taking following criteria into
account:
x Investment for heat supply components
(decentralized versus central solar thermal system, heat pump, electric peak load heater,
borehole thermal energy storage, pit thermal energy storage, tank thermal energy storage)
x Investment for the distribution infrastructure (material and burring costs for pipes)
x Prices for land area
x Maintenance and service costs
x Operating costs.
The discounted present value of capital costs, service and maintenance costs, and operating costs was calculated on
a base period of 30 years including proportional reinvestments after 15 operating years (central heat pump,
decentralized hot water storages, electric back-up heater, components of the uncovered collector field) with an
interest rate of 5.6 %. All heat supply components, the DH infrastructure, pumps, the energy centre (centre building
with utilities), site development costs, connection, and commissioning costs were considered. Furthermore, the
characteristic operating costs were computed at the base of the results from dynamic simulations and static
calculations. The maintenance and service costs were evaluated according to VDI 2067 Blatt 1, which recommends
fixed rates of investment to calculate the maintenance and service costs depending on the technology used (Verein
Deutscher Ingenieure e. V., 2012).
3

3.1

System Design
Central Solar District Heating System

The first concept introduced in this paper is similar to Danish systems like the DH system in Braedstrup and the
German DH system in Crailsheim (Nußbicker-Lux, 2010; SDH solar district heating, 2017). The supply
temperature of 70°C ensures DHW preparation and SH supply via a low-temperature district heating network. The
heat supply system consists of (see Fig. 2):
x A central large-scale, ground-mounted collector field,
x A central heat pump supplemented by an electric peak load heater,
x A Pit Thermal Energy Storage (PTES),
x And a low-temperature district heating network of 70 °C supply and 40 °C return temperature.
The shown functional diagram of the heat supply concept shows only the main components and does not include
heat exchangers, pumps, valves etc. for reason of simplicity (see Fig. 2). The district heating network is simplified
and represented by a supply line and a return line. The DH network is operated throughout the year with a fixed
supply temperature. A linear heat demand density of ͷ Τሺ୲୰ୣ୬ୡ୦ ή ሻ was determined.
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Fig. 2: Central solar district heating based on low-temperature district heating network

The solar thermal system was designed with the free software ScenoCalc Fernwärme 2.0 (Solites, 2017). The heat
demand profile shown above served as a basis for the system design. The seasonal PTES is dimensioned in order to
achieve a high solar fraction and at the same time low solar heat surplus. A specific storage volume of 3.3 m³/ m²
collector area was found to be reasonable (via parameter variations) resulting in the lowest solar heat surplus. The
collector field is connected through a heat exchanger to the PTES (heat exchanger temperature difference 5 K). An
additional heat exchanger is assumed between the PTES and the DH network (heat exchanger temperature
difference 5 K). In order to meet the requirements of renewable heat share of 80 %, the system was designed as
follows:
Tab. 1: System design of the central solar district heating system

Component
Flat plate collectors (ground mounted)
PTES
Heat Pump
Tank Thermal Energy Storage (TTES)
Electric peak load heater
DH operating Temperatures
Software for design and calculation

3.2

Size
2,400 m²
8,000 m³
593 kWth (at W0/W35) / SPF 3.8
100 m³
740 kW nominal power
Summer: 70 °C / 40 °C Winter: 70 °C / 30 °C
TRNSYS and ScenoCalc Fernwärme 2.0

Semi-decentralized solar district heating system

The second concept is a semi-decentralized concept based on an ultra-low-temperature district heating network.
The supply temperature of 40°C ensures space heating. However, supplementary components for Domestic Hot
Water (DHW) preparation are needed. A linear heat demand density of Ͷ͵ʹ Τሺ୲୰ୣ୬ୡ୦ ή ሻ has been
determined, as only space heating is provided by the district heating.
The heat supply consists of (see Fig. 3):
x Distributed solar thermal systems (mounted on the building roofs) for DHW preparation,
x Uncovered solar thermal collector fields for thermal ground regeneration,
x A central Ground Source Heat Pump (GSHP) supplemented by an electric peak load heater,
x A Borehole Thermal Energy Storage (BTES),
x And an ultra-low-temperature district heating network with 40 °C supply and 25 °C return temperature.
Furthermore, a seasonal operating strategy is applied in order to keep distribution losses low. The heat network is
operated during the space heating period from October to April only and distributed solar thermal systems on the
building roofs combined with electrical back-up heaters ensure DHW preparation throughout the year. The GSHP
and the DH is offline in the period of May to September. Only the thermal ground generation is operated through
one DH branch. The uncovered solar collector field supplies the BTES with low temperature heat. Thus, the
ground temperature is kept constant over the calculated 30 operating years. Also here, the shown functional
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diagram of the heat supply concept shows only the main components and does not include heat exchangers, pumps,
valves etc. for reason of simplicity (see
supply line and a return line.

Fig. 3). The district heating network is simplified and represented by a

Fig. 3: Semi-decentralized solar district heating based on an ultra-low-temperature district heating network

The semi-decentralized solar DH system was modeled with the software TRNSYS (see section 2.2). The GSHP
was designed to meet 60 % of the maximum heat load. The distributed solar collector systems are determined to
ensure a solar fraction fsol in of | 70 % (average solar fraction of the energy input into the hot water storage).
Tab. 2: System design of the semi-decentralized solar district heating system

Component
Distributed solar DHW systems
Distributed hot water storage tanks in buildings with
electrical back-up heaters
BTES
Heat pump
Tank Thermal Energy Storage (TTES)
Electrical peak load heater
Uncovered solar collectors
for thermal ground regeneration
DH operating temperatures
Software for design and calculation

3.3

Size
820 m² (on the buildings roofs)
300 l (for single family houses) to 1,700 l (for
large multifamily houses)
92 boreholes, 120 m depth
593 kWth (at W0/W35) / SPF 4.6
20 m³
740 kW nominal power
1,800 m² on several large building roofs
Summer: - C / - °C Winter: 40° C / 25 °C
TRNSYS

Network Design

The housing development has been sub-divided in three parts that are supplied by three DH branches. The DH
network geometry was kept constant. For each building a connection capacity was determined. The piping network
was designed for the maximum heat load. Depending on the heat supply system, it has been differentiated between
two design temperature levels: for 70 °C supply and 40 °C return (temperature difference ΔT = 30 K) as well as for
40 °C supply and 25 °C return (ΔT = 15 K). Additionally, the piping manufacturer’s recommendation (ISOPLUS)
for maximum flow velocities were applied (Nussbaumer and Thalmann; Nussbaumer and Thalmann, 2014).
According to the connected capacity a volume flow and the corresponding pipe diameter were computed for each
branch. The resulting pipes sums up to 2.89 km pipe length. The connecting pipes were defined to have 1.71 km,
while the transportation pipes were calculated to have 1.18 km. The following bar chart depicts the sum of supply
and return pipe length (including the connecting pipes) broke down into nominal pipe diameter (see Fig. 4).
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Fig. 4: Nominal pipe diameter distribution showing the sum of supply and return pipes

Based on the nominal pipe diameter (DN) distribution, the network costs were determined with a medium cost
approach for new building developments for unmade terrain and rigid pipes after (Nast et al., 2009) (see Fig. 5, red
dashed line). The medium cost approach was also approved by (Klöpsch et al., 2009) and can still be considered
valid in 2017. Nevertheless, there is an optimization potential according to Manderfeld, who showed that
specifically in rural areas the specific network construction costs can be reduced using for example flexible pipes
(see grey dashed line) (Manderfeld et al., 2008). This data applies only for Germany, they may differ in other
countries.

Fig. 5: Specific network construction costs including construction costs and pipe material costs

In operation a DH network shows a characteristic heat loss rate that depends mainly on the pipe type, pipe
diameter, insulation, and the temperature gradient between the pipe and the surrounding ground. The relative heat
distribution losses increase, the lower the linear heat demand density is. Consequently, the operating costs are
affected. For this reason, the heat losses have been calculated and modeled for the two different heat supply
systems taking single rigid pipes as a basis (Arbeitsgemeinschaft QM Fernwärme: Nussbaumer, Thomas et al.,
2017).
4

System Efficiency

The central solar DH network was designed to meet the requirement of ൎ 80 % renewable heat supply of the total
heat demand of the new building development. Thus the electricity consumption has to be below 427 MWh/yr. On
the basis of the designed DH network | 18 % distribution heat losses occur within one operating year (see section
3.3). The HP was assumed discharging the PTES from 40°C to 10°C, which results in a seasonal performance
factor SPF of 3.8. The corresponding maximum electricity consumption of the HP was calculated to be
| 310 MWh/yr. taking distribution heat losses and auxiliary energy demand of the system into account. According
to these assumptions, the solar collector field needs to ensure | 40 % solar fraction of the total heat demand
(fraction of solar energy that meets the heat demand including distribution heat losses). Thus, a large collector field
of 2,400 m² of flat plat collector gross area was determined. This corresponds to a solar heat supply of | 800
MWh/yr. to the DH network. The remaining | 60 % of the heat demand are met by the HP. The seasonal storage,
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which consists of 8,000 m³, causes | 14 % heat losses, which are already subtracted from the yearly solar heat
supply. The electrical peak load heater was assumed to supply only 4 % of the heat demand which shall be covered
by the HP.
In contrast to the central DH system, the distributed solar collector systems were designed only for the DHW
preparation. They were calculated to meet fully the DHW demand during the non-SH period, which allows keeping
the DH network and the HP offline during this period. The simulation’s results demonstrated a solar fraction of
DHW demand fsol out of | 58 % (average solar fraction of the DHW net energy). Besides this, the DHW is preheated
via DH network during space heating period up to | 29 % (fraction of the DHW net energy). The remaining |
13 % are covered by electrical back-up heaters. Regarding the HP design, the approach was to keep supply
temperatures of the DH network as low as possible in order to achieve a high seasonal performance of the HP and
at the same time to avoid heat losses through the network. The calculations showed that a SPF of 4.6 (without peak
load heater) is achieved following this approach (supply 40 °C return 25 °C). Add to this, only 5.5 % heat
distribution losses occur through the DH network, due to the low operating temperatures and the seasonal operating
strategy. The uncovered solar collectors (roof top installation) fully ensure thermal regeneration of the BTES
during the non SH period. This means, the BTES is charged or rather regenerated with the amount of energy which
was subtracted during space heating period. The total electricity consumption amounts to 413 MWh/yr., thus it
meets the requirement of 80 % renewable heat supply. The resulting total electricity consumption of the different
solar DH system is listed in the following table:
Tab. 3: Comparison of Electricity Consumption

Component

Heat Pump, DH heat losses
Heat Pump operating
DHW electrical back-up
heaters
Central electrical peak load
heater
Sum without auxiliary
energy demand
Auxiliary Energy demand
(pumps)
Total Sum
5

Central Solar DH system
Electricity Consumption in
MWh/yr.
55
251

Semi-decentralized Solar DH system
Electricity Consumption in MWh/yr.

-

50

47

16

353

376

54

37

407

413

16
294

Economic Evaluation

Hereafter, the results of the economic evaluation are presented. This section examines the net annual costs without
and with subsidies of the two different solar DH systems. Thereby, specific costs of the components are discussed.
Also, the maintenance and service costs as well as the operating costs are considered. Additionally, the impact of
land area prices and the type of seasonal storage are highlighted.

5.1

Net Annual Costs of the Central Solar DH System

The specific investment for each component was evaluated. First, the DH network costs for transportation pipes
were calculated on the basis of the computed DN distribution of the network. The network was characterized by a
majority of small diameters of DN 20 and DN 32. This results in an average 226 €/m pipe length (Nast et al., 2009)
(see section 3.3) Together with costs for substations, house-lead-in costs, and network pumps, they build total
investment for the central distribution infrastructure. Secondly, the central flat plate collector field was calculated
based on a gross collector area of 2,400 m². Taking the economy of scale into account, specific collector costs of
380 €/m² were assumed. Furthermore, the pit storage (PTES) was examined. It was designed according to the
Danish principle. The Danish pit storages are typically without surface sealing and only covered by insulation
material and a canvas cover. Thus, costs of only 45 €/m³ water equivalent incur. However, as a result the seasonal
storage cover is not usable as leisure space for example. Consequently, costs for land area use for the PTES
installation and the collector field incurred (blue parts in the pie chart, see Fig. 6). Land area prices for green areas
and for solar system installations were assumed according to standards in Kassel. The specific investment for each
component is listed in the following table:
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Tab. 4: Specific investment of the central solar DH system’s components

Network construction costs
Costs for substations
House-lead-in costs
Network Pumps
Solar System Collector Costs

226 €/mtr
4,000 €/unit
3,600 €/unit
3,350 €/unit
380 €/m²

PTES

45 €/m³ water equivalent

Land area

8 €/m² for green areas,
15 €/m² for land areas for
solar system installations
195 €/kWth

HP

(Nast et al., 2009)
(Stuible et al., 2016)
(Stuible et al., 2016)
(wilo, 2017)

(Verein Deutscher Ingenieure e. V.,
2017)
(Solites, 2016; Freistaat Thüringen
Ministerium für Umwelt, Energie und
Naturschutz, 2016)
(BORIS Hessen, 2016)

(Lambauer et al., 2008; Wolf et al.,
2014)
Peak load heater
100 €/kW
Assumption, expert knowledge
According to the specific investment the total annual investment was determined based on the system components
design. The following figure shows the results of the detailed economic evaluation of the central solar DH system
(see Fig. 6). The net annual heat costs comprise of operating costs, maintenance and service costs, as well as the
investment. The bar chart shows the net annual costs without taken subsidies into account. In absolute values the
total annual system costs are | 415 k€/yr. Thereof 61 % are investment (252 k€/yr.), 22 % result from maintenance
and service and only 18 % are caused by system operating. Thus, the fixed cost rate is 83 %.

Fig. 6: Net annual costs for a central solar district heating system (left) and the breakdown of the investment (right) at a
base period of 30 years

The break-down of investment demonstrates the three most cost-intensive system components: the DH network
(39 %), the central collector field (28 %), and the pit storage PTES (11 %). The pie chart shows also several other
points of expenses marked in grey. They are considered to be nearly constant through the different heat supply
systems. They comprise of planning costs, the heat pump, the peak load heater, and the energy centre. Together
they amount to 16 % of the investment. The land area costs represent an ideal situation and can be seen as a low
cost approach. Nevertheless, they amount to 4 % of the total investment (marked in blue).
On top of the investment, maintenance & service costs and operating costs are added. The maintenance and service
costs were evaluated according to fixed rates recommended by VDI 2067, whereas the operating costs represent the
system operating characteristic. Here, the operating costs result only from the yearly electricity consumption,
which mainly reflects the HP performance and secondly the auxiliary energy demand of pumps (see section 4). The
HP achieves a SPF of 3.8 and supplies 60 % of the total heat demand. To sum up, the net annual costs amount to
415 k€/yr. This results in specific net heat generation costs of 249 €/MWh for a total heat demand of 1,665
MWh/yr. without subsidies.
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5.2

Net Annual Costs of the Semi-decentralized Solar DH system

Similar to the economic evaluation of the central solar DH system, the calculations were conducted for the semidecentralized solar DH. First the specific costs for system components were investigated. The DH network costs
resulted to be almost the same as the costs of the central solar DH network, despite the lower temperature level and
the smaller temperature difference of 15 K between supply and return. The DH network transportation pipes
amount of average 233 €/mtr (Nast et al., 2009), which is an increase of 3 % compared to the central solar DH
system. The costs for substations as well as house-lead-in costs were assumed to be the same as previously shown.
In contrast to the central solar DH system, distributed flat plate collector systems were planned of 820 m² in order
to supply the DHW demand during non-space heating period. Thus, higher specific solar thermal system costs
incur of 742 €/m² (Stuible et al., 2016). The BTES was designed in cooperation with the Institute of Geotechnics of
the University Kassel, which computed the BTES to have 92 boreholes of 120 m depth. Specific costs of 63 €/m
borehole depth were determined. The land area above the BTES was assumed to be still usable as green space,
because the boreholes are installed 1 m under the surface. Consequently, no additional costs for land area occur.
The specific investment for each component is listed in the following table:
Tab. 5: Specific investment of the semi-decentralized solar DH system’s components

Network construction costs
Costs for substations
House-lead-in costs
Network Pumps
Solar System Collector Costs
BTES

233 €/mtr
4,000 €/unit
3,600 €/unit
3,490 €/unit
742 €/m²
63 €/m borehole depth

Land area
HP

195 €/kWth

(Nast et al., 2009)
(Stuible et al., 2016)
(Stuible et al., 2016)
(wilo, 2017)
(Stuible et al., 2016)
(Institute of Geotechnics
University Kassel )

of

the

(Lambauer et al., 2008; Wolf et al., 2014,
& requests for proposals of
manufacturers)
Peak load heater
100 €/kW
assumption
The central solar DH system shall be compared with a semi-decentralized solar DH system, which was designed
especially for the new building development “Zum Feldlager”. Therefore, the net annual costs were examined
similarly to the central solar DH system. The results are shown in the following diagram. Fig. 7 displays the net
annual costs of the semi-decentralized solar DH system. The net annual costs consist of 64 % investment (284
k€/yr.). Furthermore, maintenance and service costs amount to 22 % of the total heat generation costs, which can
be summed up to a fixed cost rate of 86 %. The investment is dominated also by three main system components:
the DH network (37 %), followed by the BTES (31 %), and the distributed solar collector systems (17 %). In case
of the semi-decentralized solar DH system the operating costs were determined via dynamic simulations (see
section 2.2). Similar to the central solar DH system analyses, the specific electricity costs were assumed to be 0.17
€/kWh, which applies to large consumers. Regarding DHW preparation, the electricity consumption of the
electrical back-up heaters was rated with 0.21 €/kWh, which applies to small consumers in Germany. The HP
performance, thus the SPF has the largest impact on the operating costs. The electricity consumption of the HP is
310 MWh/yr. (SPF = 4.6) that generates costs of 68 % of total operating costs. This implies the distribution heat
losses through the network already. To sum up, the net annual costs amount to 443 k€/yr.. This results in specific
net heat generation costs of 266 €/MWh for a total heat demand of 1,665 MWh/yr. without subsidies.
In conclusion the semi-decentralized DH system shows 7 % higher net heat generation costs than the central solar
DH system. However, this applies only for the given boundary conditions. Specifically, this applies for sites with
very low land area costs and for the assumed seasonal storage type. In order to investigate the impact of these
parameters on the total net heat generation costs, a sensitivity analysis was conducted.
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Fig. 7: Net annual costs of the semi-decentralized solar DH system for the new housing development „Zum Feldlager“ at
a base period of 30 years

5.3

Sensitivity analysis of land area prices and PTES type

In Germany the availability of open space is restricted, which results in high land prices. In order to demonstrate
the upper limit of heat generation costs, the land use for solar system installations (3.5 times the collector area) was
calculated with land prices of 175 €/m² land area. This represents the land value of the district, where the new
housing development “Zum Fedlager” will be build. Additionally, seasonal storages with surface sealing were
realized in Germany in the recent years in order to be able to still use the area as leisure space. In case of PTES
with a surface sealing, the specific costs increase significantly as demonstrated from various German projects
(Solites, 2016). The specific costs can increase up to 200 €/m³ water equivalent (Freistaat Thüringen Ministerium
für Umwelt, Energie und Naturschutz, 2016). For sensitivity evaluation reasons, the central solar DH system was
calculated with a PTES with surface sealing applying 142 €/m³ water equivalent, which represents the average of
several projects realized in Germany. The results of the sensitivity analysis are presented in the following bar chart
(see Fig. 8). The light grey bars show the total net annual costs without subsidies (left axis) and the net heat
generation costs (right axis). Besides this, the net heat generation costs considering subsidies are displayed by the
striped bars. Compared to the initial event of the central solar DH (bar pair on the left side) the net heat generation
costs increase about 38 % in case of high land area prices (second bar pair from the left). The semi-decentralized
solar DH system was optimised to use as little land as possible. The distributed solar collector systems as well as
the uncovered solar collector field for ground regeneration were planned as roof installations. No supplementary
land is needed, which makes this heat supply concept competitive. In case of PTES with surface sealing, land costs
are saved, because it is assumed that the storage cover can be used as leisure space (third bar pair). Despite this, the
net heat generation costs do not increase significantly (5 % increase) compared to the second version of the central
solar DH due to the high investment of the PTES with surface sealing. Considering subsidies, a new funding
program (Wärmenetze 4.0, in English district heating 4.0) aiming at the implementation of sustainable and
renewable DH systems entered into force end of September 2017. On this basis, subsidies of 30 % - 40% of the
total investment can be received. This leads to the lowest specific heat generation costs of 198 €/MWh in case of
the initial central solar DH system, and 207 €/MWh in case of the semi-decentralized solar DH system. Compared
to the previous funding programme for renewable energies in Germany (KfW, 2016), this means a cost reduction
of 10 % in case of the central solar DH system and 19 % in case of the semi-decentralized solar DH system.
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Fig. 8: Net annual costs and net heat generation costs of the central solar DH system under different PTES types and
land prices compared to the semi-decentralized solar DH system with and without subsidies

In conclusion, in case of low land prices and a cost-efficient PTES without surface sealing a central solar DH
system is 4 % less expensive than the semi-decentralized solar DH system taking subsidies according Wärmenetze
4.0 into consideration. Thus, the semi-decentralized is an economically competitive heat supply system under the
given boundary conditions and assumptions. Without subsidies the central solar DH system is 6 % less expensive
than the semi-decentralized solar DH system. Thus, in case of low land prices below 15 €/m², a central solar DH
following the Danish example is slightly more beneficial than the semi-decentralized solar DH system from an
economic point of view. In case of high land prices the heat generation costs of the central solar DH system
increase about 30 % without subsidies and 24 % with the subsidies of the funding programme Wärmenetze 4.0.
Thus, land prices have a high impact on the system feasibility and have to be considered within economic analyses.
6

Discussion

Two different solar district systems have been designed for the new building development “Zum Feldlager”, which
represents a low heat density area. Both developed heat supply systems were designed under the precondition to
achieve a renewable heat supply of | 80 %. Key issue was to identify the preferable system from the economic
point of view. Detailed economic analyses were conducted in order to determine the net heat generation costs of
each system comprising of investment, maintenance and service as well as operating costs. At this point, it has to
be said, that a medium cost approach was chosen. The specific costs for solar thermal collectors were considered
conservatively. The maintenance costs are determined applying fixed percentages of investment according the
German VDI 2067, which might be overestimating the costs in case of large systems. In conclusion, the economic
analyses showed that the central solar district heating system is only favorable under specific boundary conditions:
low land prices and low costs for the seasonal pit thermal energy storage. If the land prices are greater than
15 €/m², the semi-decentralized solar district heating system is to be preferred. In conclusion the semidecentralized DH system shows 6 % higher net heat generation costs than the initial central solar DH system at low
land prices (without subsidies). However, this applies only for the given boundary conditions. Specifically, this
applies for sites with very low land prices and for the assumed specific solar thermal system costs. Due to the fact,
that the central solar collector field makes 28 % of the investment of the central solar DH system (based on a PTES
following the Danish examples), the specific solar thermal system costs represent a sensitive parameter.
Furthermore, both heat supply systems were designed to achieve 80 % renewable heat supply. If this is not the
requirement, the solar fraction can be reduced by lowering the collector area and likewise increasing the HP
operating hours. This would lead to lower net heat generation costs. On the other hand, in case of lack of open
space, the semi-decentralized solar DH system represents an energy efficient, sustainable and economic alternative
to the central solar DH system.
Acknowledgment
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7KHUPDO3HUIRUPDQFH$QDO\VLVRID6RODU+HDWLQJ3ODQW
-LDQKXD)DQ-XQSHQJ+XDQJ2OD/LH$QGHUVHQ6LPRQ)XUER


'HSDUWPHQWRI&LYLO(QJLQHHULQJ7HFKQLFDO8QLYHUVLW\RI'HQPDUN.JV/\QJE\'HQPDUN

$EVWUDFW

'HWDLOHGPHDVXUHPHQWVZHUHFDUULHGRXWRQDODUJHVFDOHVRODUKHDWLQJSODQWORFDWHGLQVRXWKHUQ'HQPDUNLQRUGHUWR
HYDOXDWHWKHUPDOSHUIRUPDQFHVRIWKHSODQW%DVHGRQWKHPHDVXUHPHQWVHQHUJ\IORZVRIWKHSODQWZHUHHYDOXDWHG
$PRGLILHG7UQV\VPRGHORIWKH0DUVWDOVRODUKHDWLQJSODQWZDVGHYHORSHGWRFDOFXODWHWKHUPDOSHUIRUPDQFHVRIWKH
SODQW,QWKH7UQV\VPRGHOWKUHHVRODUFROOHFWRUILHOGVZLWKDWRWDOVRODUFROOHFWRUDUHDRIPDVHDVRQDOZDWHU
SLWKHDWVWRUDJHRIPDVLPSOLILHG&2+3DVLPSOLILHG25&XQLWDQGDVLPSOLILHGZRRGFKLSERLOHUZHUH
LQFOXGHG7KHHQHUJ\FRQVXPSWLRQRIWKHGLVWULFWKHDWLQJQHWZDVPRGHOHGE\YROXPHIORZUDWHDQGJLYHQIRUZDUG
DQGUHWXUQWHPSHUDWXUHVRIWKHGLVWULFWKHDWLQJQHW:HDWKHUGDWDIURPDFOLPDWHVWDWLRQRQWKHVLWHRIWKHSODQWZHUH
XVHGLQWKHFDOFXODWLRQV7KH7UQV\VFDOFXODWHG\HDUO\WKHUPDOSHUIRUPDQFHRIWKHVRODUKHDWLQJSODQWZDVFRPSDUHG
WRWKHPHDVXUHPHQWUHVXOW9DOLGLW\RIWKH7UQV\VPRGHOZDVDQDO\]HG5HFRPPHQGDWLRQVDUHJLYHQZLWKDQDLPWR
GHYHORSD7UQV\VPRGHOWKDWFDQEHXVHGWRRSWLPL]HGHVLJQRIDVRODUKHDWLQJSODQWXQGHUGLIIHUHQWVFHQDULRV
Keywords: Solar heating plant, Thermal performance, Monitoring, Trnsys simulations, Design optimization


,QWURGXFWLRQ
0RGHUQ GLVWULFW HQHUJ\ V\VWHPV SURYLGH KHDWLQJ DQG FRROLQJ VHUYLFHV XVLQJ WHFKQRORJLHV DQG DSSURDFKHV VXFK DV
FRPELQHGKHDWLQJDQGSRZHU &+3 WKHUPDOVWRUDJHODUJHVFDOHKHDWSXPSVDQGVRODUKHDWLQJ'LVWULFWHQHUJ\FUHDWHV
V\QHUJLHVEHWZHHQVXSSO\DQGGHPDQGRISURFHVVKHDWLQJDQGFRROLQJVSDFHKHDWLQJFRROLQJGRPHVWLFKRWZDWHU
DQGHOHFWULFLW\7DFNOLQJWKHHQHUJ\WUDQVLWLRQRIGLVWULFWKHDWLQJWRDVXVWDLQDEOHIXWXUHZLOOUHTXLUHWKHLQWHOOLJHQWXVH
RIV\QHUJLHVIOH[LELOLW\DQGVKRUWDQGORQJWHUPHQHUJ\VWRUDJHVROXWLRQV /XQGHWF 
'HQPDUNLVRQHRIWKHOHDGLQJFRXQWULHVLQGLVWULFWKHDWLQJ$URXQGRI'DQLVKEXLOGLQJVDUHFRQQHFWHGWRGLVWULFW
KHDWLQJDQGGLVWULFWKHDWLQJFRYHUVPRUHWKDQRIWKHWRWDOKHDWLQJGHPDQGRI'HQPDUN 1XVVEDXPHU 7KDOPDQQ
 7KHGHYHORSPHQWRI'DQLVKGLVWULFWKHDWLQJWDUJHWVWKHWUDQVLWLRQIURPFXUUHQWUGJHQHUDWLRQGLVWULFWKHDWLQJ
WRWKHIXWXUHWKJHQHUDWLRQORZWHPSHUDWXUHGLVWULFWKHDWLQJZLWKDODUJHVKDUHRIUHQHZDEOHHQHUJLHV,QDWRWDO
PVRODUFROOHFWRUVZHUHLQVWDOOHGLQ'HQPDUNRIZKLFKPLHZHUHXVHGLQODUJHVRODUGLVWULFW
KHDWLQJ V\VWHPV ,Q  WKH VRODU FROOHFWRU DUHDV LQVWDOOHG LQ VRODU GLVWULFW KHDWLQJ SODQWV UHDFKHG  P
LQFUHDVHGE\LQVL[\HDUV6XSSOHPHQWHGE\FRJHQHUDWLRQWHFKQRORJLHVIRUELRPDVVDQGODUJHVFDOHKHDWSXPSV
IXHOHGE\ HOHFWULFLW\ IURP ZLQGSRZHU LW LV SRVVLEOH WR DFKLHYH D GLVWULFW KHDWLQJ DQG FRROLQJ V\VWHP ZLWK
UHQHZDEOHHQHUJ\,QWKHVHODUJHVFDOHVRODUKHDWLQJSODQWVVHDVRQDOZDWHUSLWWKHUPDOHQHUJ\VWRUDJHV 37(6 DUH
LPSOHPHQWHG37(6LVDYLDEOHVROXWLRQRIWKHUPDOHQHUJ\VWRUDJHERWKHFRQRPLFDOO\DQGHQYLURQPHQWDOO\VLQFHLWLV
VLPSOHLQFRQVWUXFWLRQDQGUHODWLYHO\FKHDS/DUJHUVWRUDJHYROXPHVOHDGWRLQFUHDVHGH൶FLHQF\LQSUDFWLFHVLQFHWKH
KHDWORVVHVGRQRWLQFUHDVHZLWKWKHYROXPHSURSRUWLRQDOO\:LWKDODUJHZDWHUSLWKHDWVWRUDJHVRODUIUDFWLRQRID
GLVWULFWKHDWLQJV\VWHPFRXOGEHVLJQLILFDQWO\LQFUHDVHGWRIRUH[DPSOHRIWKHKHDWGHPDQG([DPSOHVRIODUJH
VFDOHVRODUKHDWLQJSODQWVDUHWKH0DUVWDOSODQW PVRODUFROOHFWRUVDQGP37(6 WKH'URQQLQJOXQG
SODQW PVRODUFROOHFWRUVDQGP37(6 WKH9RMHQVSODQW PVRODUFROOHFWRUVDQGP
37(6 DQGWKH*UDPSODQW PVRODUFROOHFWRUDQGP37(6  3ODQ(QHUJL 
7KHUPDOEHKDYLRUVRIZDWHUSLWVKDYHEHHQLQYHVWLJDWHGERWKH[SHULPHQWDOO\DQGWKHRUHWLFDOO\.LHOVJDDUG+DQVHQHW
DO  LQYHVWLJDWHGIRUWKHILUVWWLPHDVPDOOPSLORWZDWHUSLWKHDWVWRUDJHDWWKHFDPSXVRIWKH7HFKQLFDO
8QLYHUVLW\RI'HQPDUN/DWHU.EOHUHWF  SUHVHQWHGLQYHVWLJDWLRQVRQDSLORWKHDWVWRUDJHRIDERXWP
YROXPHEXLOWLQ5RWWZHLO7KHSLORWKHDWVWRUDJHZDVDSSOLHGDVVKRUWWHUPVWRUDJHLQFRQQHFWLRQZLWKDFRPELQHG
KHDWDQGSRZHU &+3 SODQW7KHVWRUDJHFRQWDLQHUZDVPDGHRIFRQFUHWHZLWKDVWDLQOHVVVWHHOOLQHUDQGPLQHUDO
ZRRODVLQVXODWLRQ7KHDLPRIWKHSDSHUZDVWRGHPRQVWUDWHWKHIHDVLELOLW\RIWKHWHFKQRORJ\DQGWRJDLQSUDFWLFDO
H[SHULHQFHIRUWKHFRQVWUXFWLRQRIODUJHUVWRUHV$JUDYHOZDWHUVWRUDJHSLWZDVEXLOWLQ6WHLQIXUW*HUPDQ\ 3IHLO0
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 7KHHFRORJLFDOFRPSDWLELOLW\RIWKHXVHGPDWHULDOVLQWKHVWRUDJHZDVSURYHG$QRWKHUIRFXVRIWKHSDSHUZDV
DQDO\VLV RI WKH FRVWUHGXFWLRQ SRWHQWLDO RI WKH 37(6 3IHLO 0   7KHUPDO EHKDYLRU RI D PRGHO 37(6 ZDV
H[SHULPHQWDOO\LQYHVWLJDWHGLQDWHVWULJDQGQXPHULFDOO\LQYHVWLJDWHGE\PHDQVRI&)'VLPXODWLRQV &KDQJDQG:X
  7KH LQYHVWLJDWHG 37(6 ZDV D VFDOHG GRZQ PRGHO WKDW IDFLOLWDWHV PHDVXUHPHQWV RQ D WHVW ULJ +RZHYHU
H[SHULPHQWDO LQYHVWLJDWLRQV RQ WKHUPDO EHKDYLRUV RI ODUJH VRODU GLVWULFW KHDWLQJ SODQWV LQ UHDO RSHUDWLRQ ZHUH QRW
IRXQG
7KHRUHWLFDOLQYHVWLJDWLRQVZHUHFDUULHGRXWWRJDLQNQRZOHGJHDQGWRRSWLPL]HWKHUPDOSHUIRUPDQFHVRIVRODUKHDWLQJ
SODQWV7UQV\V 7UQV\V LVXVHGWRFDOFXODWHSHUIRUPDQFHRIDFRPELQHGVRODUWKHUPDODQGJURXQGVRXUFHKHDW
SXPS +3  V\VWHP DQG WR LQYHVWLJDWH GLIIHUHQW RSHUDWLRQ VWUDWHJLHV RI WKH V\VWHP /L +    7LDQ HW DO
LQYHVWLJDWHGWKHUPDOSHUIRUPDQFHRIDVRODUKHDWLQJSODQWZLWKFRPELQHGSDUDEROLFWURXJKFROOHFWRUVDQGIODWSODWH
VRODUFROOHFWRUV7KHIRFXVRIWKHLQYHVWLJDWLRQZDVRQWKHUPRVHFRQRPLFDQDO\VLVRIWKHSODQWVZLWKGLIIHUHQWW\SHV
RI FROOHFWRUV FRQQHFWHG LQ VHULHV 7LDQ = HW DO   &LRFFRODQWL HW DO LQYHVWLJDWHG SHUIRUPDQFH RI D VRODU
WULJHQHUDWLRQ V\VWHP IRU UHVLGHQWLDO DSSOLFDWLRQV E\ PHDQV RI D PRGHOOLQJ VWXG\ 7KH SRWHQWLDO RI D VPDOO VFDOH
FRQFHQWUDWHGVRODU2UJDQLF5DQNLQH&\FOH 25& SODQWFRXSOHGZLWKDQDEVRUEHUZDVLQYHVWLJDWHGXVLQJD7UQV\V
VLPXODWLRQDQDO\VLVRIDVPDOOVFDOHP&3&VRODUILHOGDN:H25&DQGDN:FDEVRUSWLRQFKLOOHUWR
VDWLVI\UHVSHFWLYHO\KHDWLQJHOHFWULFLW\DQGFRROLQJQHHGVRIDUHVLGHQWLDOXVHU &LRFFRODQWL/HWDO +RZHYHU
WKHUHLVDODFNRIWKHRUHWLFDOLQYHVWLJDWLRQVRQODUJHVFDOHVRODUKHDWLQJV\VWHPVZLWK37(6
7KHDLPRIWKHSDSHULVWRLQYHVWLJDWHWKHUPDOEHKDYLRUVRIWKH0DUVWDOVRODUKHDWLQJSODQW7KHRSHUDWLRQRIWKHVRODU
KHDWLQJSODQWZDVPRQLWRUHGLQGHWDLOLQWKHSHULRG7HPSHUDWXUHVDQGIOXLGYROXPHIORZUDWHVRIWKHVRODU
FROOHFWRUILHOGVWKH37(6VWRUDJHWKHKHDWSXPSDQGWKHGLVWULFWQHWZRUNZHUHPHDVXUHGFRQVWDQWO\(QHUJ\IORZV
LQ WKH SODQW ZHUH DQDO\]HG $ 7UQV\V 7UQV\V   VLPXODWLRQ PRGHO RI WKH VRODU KHDWLQJ SODQW LV GHYHORSHG WR
LQYHVWLJDWHWKHUPDOSHUIRUPDQFHVRIWKHSODQW7KHFDOFXODWHGHQHUJ\IORZVZLOOEHFRPSDUHGWRWKHPRQLWRUHGHQHUJ\
IORZVZLWKDQDLPWRYDOLGDWHWKHVLPXODWLRQPRGHO7KH7UQV\VPRGHOFRXOGEHXVHGWRRSWLPL]HGHVLJQRIDVRODU
KHDWLQJSODQWXQGHUGLIIHUHQWVFHQDULRVLQWHUPVRIOHYHOL]HGFRVWRIKHDW /&2+ 

0RQLWRULQJRIWKHSODQWRSHUDWLRQ
$VVKRZQLQ7DEOHWKH0DUVWDOVRODUKHDWLQJSODQW )LJ KDVEHHQXQGHUFRQWLQXRXVGHYHORSPHQWVWKURXJKRXW
WKH\HDUV'XULQJWKH6XQVWRUHSURMHFWLQDPVRODUFROOHFWRUILHOGZDVLQVWDOOHGZLWKPODUJHIODW
SODWHVRODUFROOHFWRUVSURGXFHGE\$5&21$6$GGLWLRQDOO\DPDFFXPXODWLRQWDQNZDVEXLOWDVVKRUWWHUP
VWRUDJH'XHWRDQLQFUHDVHRIFRQVXPHUVRIWKHVRODUKHDWLQJSODQWWKH6XQVWRUHSURMHFWZDVLQWURGXFHGLQ
LQZKLFKIODWSODWHVRODUFROOHFWRUVRIPZHUHDGGHGLQWKHSODQW+HDWSURGXFHGE\WKHFROOHFWRUVLQVWDOOHG
LQ6XQVWRUHDQGLVIHGLQWKHPDFFXPXODWLRQWDQN
,QWKH6816725(SURMHFWZDVEXLOWPVRODUFROOHFWRUVZHUHLQVWDOOHGDQGDP37(6ZDV
FRQVWUXFWHGVHH)LJ7KHDLPRIWKH6XQVWRUHSURMHFWZDVWRLQFUHDVHWKHVRODUIUDFWLRQRIWKHSODQWXSWRRI
WKHWKHUPDOHQHUJ\SURGXFWLRQIRFXVLQJRQVXVWDLQDELOLW\LQFUHDVHGH൶FLHQF\DQGORZFRVWV0DUVWDO¶VP
37(6ZDVFRPPLVVLRQHGLQDQGLWKDVDFDSDFLW\RI*:KDFFRUGLQJWR3ODQ(QUJL -HQVHQ +HDW
SURGXFHGE\WKHFROOHFWRUVLQVWDOOHGLQWKH6XQVWRUHLVIHGLQWKHP37(67KHRSHUDWLQJWHPSHUDWXUHVYDU\
GHSHQGLQJRQWKHVHDVRQDQGWKHGHSWKRIWKHZDWHUOD\HUKRZHYHUWKHSRQGLVGHVLJQHGWRRSHUDWHLQDUDQJHRI
&$QHOHFWULFLW\JHQHUDWRUEDVHGRQ25&DQGD&2KHDWSXPSZHUHDGGHGLQWKHSODQW7KH2UJDQLF5DQNLQH
&\FOH 25& XVHVKHDWDWDURXQG&SURGXFHGE\DZRRGFKLSERLOHUWRJHQHUDWHHOHFWULFLW\7KH&2KHDWSXPS
XWLOL]HVKHDWIURPWKHZDWHUSLWKHDWVWRUHDVKHDWVRXUFHWRSURYLGHKHDWLQJIRUWKHGLVWULFWKHDWLQJQHWZRUN
'HWDLOHG PHDVXUHPHQWV ZHUH FDUULHG RXW LQ WKH SHULRG  WR HYDOXDWH WKHUPDO SHUIRUPDQFHV RI WKH SODQW
7HPSHUDWXUHVDQGIOXLGYROXPHIORZUDWHVRIWKHVRODUFROOHFWRUILHOGVWKH37(6VWRUDJHWKHKHDWSXPSDQGWKH
GLVWULFWQHWZRUNZHUHPHDVXUHGFRQVWDQWO\7KHVHQVRUVLQWKHLQOHWRXWOHWSLSHVRIWKH37(6DUHORFDWHGDWWKHHQGRI
WKHWUDQVPLVVLRQSLSHVPDZD\IURPWKHSLWVWRUDJH7KLUW\WKUHHWHPSHUDWXUHVHQVRUVZHUHLQVWDOOHGLQWKHPLGGOH
RIWKHZDWHUSLWVWRUDJHWRPHDVXUHZDWHUWHPSHUDWXUHVDWGLIIHUHQWOHYHOV7KHYROXPHÀRZUDWHLVPHDVXUHGZLWK
ÀRZPHWHUVLQPKZLWKDQDFFXUDF\RI 6FKPLGW 7KHWHPSHUDWXUHVHQVRUVDUH37UHVLVWDQFHWKHUPRPHWHUV
ZLWKDQDFFXUDF\RI. 6FKPLGW 
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)LJ%LUGYLHZRIWKH0DUVWDO6RODUKHDWLQJSODQW


7DE&RPSRQHQWVRIWKH0DUVWDOVRODUKHDWLQJSODQW

6XQVWRUH  PILHOGFRQVLVWLQJRIDUUD\VRIP$UFRQ+7FROOHFWRUV &ROOHFWRUILHOG 
6XQVWRUH  PILHOGFRQVLVWLQJRIDUUD\VRIP$UFRQ+7FROOHFWRUV &ROOHFWRUILHOG 
 
6XQVWRUH  PILHOGFRQVLVWLQJRIDUUD\VRIP6XQPDUNVRODUFROOHFWRUV &ROOHFWRUILHOG 
2WKHU
 PDFFXPXODWLRQWDQN 6XQVWRUH  
XWLOLWLHV
 PZDWHUSLWWKHUPDOVWRUDJH 6XQVWRUH 
 N: SURGXFHGKHDW &2KHDWSXPS
 0:ZRRGFKLSERLOHUWKDWUXQVDHOHFWULFLW\SURGXFLQJ2UJDQLF5DQNLQH&\FOHZLWKD
SRZHURIN:


'\QDPLFVLPXODWLRQVRISODQWWKHUPDOSHUIRUPDQFHV
$7UQV\VPRGHORIWKH0DUVWDOVRODUKHDWLQJSODQWZDVGHYHORSHGLQWKH6XQVWRUHSURMHFW .DWH 7KH7U\VQV
PRGHOZDVPRGLILHGLQWKLVSDSHUWRDFFRPPRGDWHFKDQJHVLQWKHV\VWHPVHH)LJ7KH7UQV\VPRGHOLQFOXGHVWKUHH
VRODUFROOHFWRUILHOGVZLWKDWRWDOVRODUFROOHFWRUDUHDRIPDQDFFXPXODWLRQWDQNRIPDVHDVRQDOZDWHU
SLW KHDW VWRUDJH RI  P D VLPSOLILHG &2 +3 D VLPSOLILHG 25& XQLW DQG D ZRRG FKLS ERLOHU 7KH HQHUJ\
FRQVXPSWLRQRIWKHGLVWULFWKHDWLQJQHWZDVPRGHOHGE\YROXPHIORZUDWHVDQGJLYHQIRUZDUG UHWXUQWHPSHUDWXUHV
RIWKHGLVWULFWKHDWLQJQHW)RUZDUGWHPSHUDWXUHVRIWKHGLVWULFWKHDWLQJQHWDUH&LQVXPPHUDQG&LQ
ZLQWHU7HPSHUDWXUHVRIWKHIOXLGEDFNWRWKHSODQWYDU\LQWKHUDQJH&IURPVXPPHUWRZLQWHU:HDWKHUGDWD
LQFOXGLQJWRWDOVRODULUUDGLDQFHGLIIXVHVRODULUUDGLDQFHDQGDPELHQWDLUWHPSHUDWXUHIURPDFOLPDWHVWDWLRQRQWKHVLWH
RIWKHSODQWZHUHXVHGLQWKHFDOFXODWLRQV,QRUGHUWRHOLPLQDWHLQIOXHQFHRILQLWLDOFRQGLWLRQVRIWKHZDWHUSLWKHDW
VWRUDJHFDOFXODWLRQVZHUHUHSHDWHGIRU\HDUVZLWKDWLPHVWHSRIKRXU5HVXOWIURPWKHQG\HDUZDVXVHGLQWKH
DQDO\VLV
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)LJ7KH7UQV\VPRGHORIWKH0DUVWDO6RODUKHDWLQJSODQW

,QWKHVRODUFROOHFWRUILHOGPRGHOGHYHORSHGLQ7UQV\VSDUDPHWHUVVXFKDVFRHIILFLHQWVRIWKHFROOHFWRUHIILFLHQF\
H[SUHVVLRQVFROOHFWRUDUHDFROOHFWRURULHQWDWLRQFROOHFWRULQFOLQDWLRQDQGQXPEHURIFROOHFWRUVSHUURZDUHXVHGDV
LQSXWV7KHIROORZLQJFROOHFWRUHIILFLHQF\H[SUHVVLRQLVXVHGLQWKHPRGHO

K K  KT 

a Tm  Ta a Tm  Ta

G
G









HT 

ڦWKHVWDUWRUWKHPD[LPXPHIILFLHQF\>@
DWKHILUVWRUGHUKHDWORVVFRHIILFLHQW>: P. @
DWKHVHFRQGRUGHUKHDWORVVFRHIILFLHQW>: P. @
.șLQFLGHQFHDQJOHPRGLILHU>@
*WKHWRWDOVRODUUDGLDWLRQ>:P@
7PWKHPHDQWHPSHUDWXUHRIWKHVRODUFROOHFWRU>&@
7DWKHDPELHQWDLUWHPSHUDWXUH>&@

7DEOHVKRZWKHFRHIILFLHQWVRIHIILFLHQF\H[SUHVVLRQVIRUWKHFROOHFWRUVXVHGLQWKHVRODUFROOHFWRUILHOGV&ROOHFWRU
HIILFLHQF\IRUWKHFROOHFWRUILHOGLVWDNHQIURPDWHVWUHSRUWLVVXHGLQ )DQHWF &ROOHFWRUHIILFLHQF\
H[SUHVVLRQRIWKHFROOHFWRUVLQWKHFROOHFWRUILHOGZDVUHSRUWHGE\9HMHQ  ,QWKHFROOHFWRUILHOGP
IODWSODWHVRODUFROOHFWRUVSURGXFHGE\6XQPDUNZHUHLQVWDOOHG(IILFLHQF\RIWKHFROOHFWRUZDVWHVWHGE\637HFKQLFDO
5HVHDUFK,QVWLWXWHRI6ZHGHQ  
7DE&ROOHFWRUHIILFLHQF\H[SUHVVLRQVXVHGLQWKH7UQV\VVLPXODWLRQV

&ROOHFWRUILHOGQR

$UHDP

ڦ

D: P.

D: P. 
































7KHZDWHUSLWWKHUPDOVWRUDJHZDVPRGHOHGLQ7UQV\VZLWKD'PXOWLQRGHVWRUDJHPRGHOWKDWLQFOXGHVERWKWKH
ZDWHU YROXPHV DW GLIIHUHQW OD\HUV DQG WKH JURXQG VRLO DURXQG WKH VWRUDJH 7KH 7UQV\V FDOFXODWLRQV VWDUWV ZLWK DQ
XQLIRUPWHPSHUDWXUHRI&IRUWKHVWRUHDVWKHLQLWLDOFRQGLWLRQ,QLWLDOWHPSHUDWXUHRIWKHJURXQGZDV&
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<HDUO\ WKHUPDO SHUIRUPDQFHV RI WKH VRODU KHDWLQJ SODQW FDOFXODWHG E\ WKH 7UQV\V PRGHO ZHUH FRPSDUHG WR WKH
PHDVXUHPHQWUHVXOWV3UHOLPLQDU\UHVXOWVFDOFXODWHGE\WKH7UQV\VPRGHOZHUHDQDO\]HG

7KHUPDOSHUIRUPDQFHVRIWKHVRODUFROOHFWRUILHOGV
4.1 Analysis of the collector fields by the input/output method
7KHUPDOSHUIRUPDQFHRIWKHVRODUFROOHFWRUILHOGVZHUHFDOFXODWHGE\WKH7UQV\VPRGHOZLWKDWLPHVWHSRIKRXU
)LJVKRZVWKHFROOHFWRUHQHUJ\RXWSXWRIWKHVRODUFROOHFWRUILHOGLQN:KPGD\DVDIXQFWLRQRIWKHWRWDOVRODU
UDGLDWLRQLQN:KPGD\,WFDQEHVHHQLQ)LJWKDWWKHUHLVDQGRUGHUSRO\QRPLDOIXQFWLRQEHWZHHQWKHPRGHOHG
FROOHFWRUILHOGRXWSXWDQGWKHWRWDOVRODUUDGLDWLRQRQWKHFROOHFWRUSDQHOV7KLVLVLQJRRGDJUHHPHQWZLWKWKHFROOHFWRU
HIILFLHQF\H[SUHVVLRQVXVHGLQWKHFDOFXODWLRQV7KHPRGHOHGRXWSXWVDUHKRZHYHUDELWVFDWWHUHGZKLFKPHDQVWKDW
IRU WKH VDPH WRWDO VRODU UDGLDWLRQ RQ WKH FROOHFWRU SDQHO WKH FROOHFWRU HQHUJ\ RXWSXWV DUH GLIIHUHQW $ SRVVLEOH
H[SODQDWLRQFRXOGEHWKHYDU\LQJFROOHFWRUIOXLGWHPSHUDWXUHVGXULQJRSHUDWLRQ(YHQWKRXJKWKHUHLVWKHVDPHWRWDO
VRODUUDGLDWLRQRQWKHSDQHOWKHFROOHFWRUIOXLGWHPSHUDWXUHPLJKWYDU\GHSHQGLQJRQWHPSHUDWXUHVRIWKHVWRUDJH$
KLJKHUWHPSHUDWXUHRIWKHVWRUDJHPHDQVDKLJKHUWHPSHUDWXUHDWWKHLQOHWRIWKHFROOHFWRUILHOGDQGWKXVDORZHUHQHUJ\
RXWSXWRIWKHILHOGYLFHYHUVD7KHPHDVXUHGFROOHFWRURXWSXWVKDYHDPXFKODUJHUGHYLDWLRQVPRVWOLNHO\GXHWR
GLIIHUHQFHVLQFROOHFWRURSHUDWLQJWHPSHUDWXUHVDQGRUIDLOXUHVLQRSHUDWLRQVRIWKHV\VWHPV)RULQVWDQFHVWKHUHZHUH
VRPHGD\VZLWKDGDLO\WRWDOVRODUUDGLDWLRQLQWKHUDQJHN:KPGD\KRZHYHUWKHFROOHFWRURXWSXWVRIWKH
ILHOGZHUHDOPRVW]HURLQGLFDWLQJWKHUHZDVDIDLOXUHRULQWHUUXSWLRQLQWKHFROOHFWRUILHOGRSHUDWLRQ7KHUHDUHDOVR
SRLQWV ZLWK D VLJQLILFDQWO\ ORZHU FROOHFWRU HQHUJ\ RXWSXW WKDQ WKH PRGHOHG YDOXHV ZKLFK FRXOG EH FDXVHG E\
GLIIHUHQFHV LQ FROOHFWRU LQOHW WHPSHUDWXUHV XQHYHQ IORZ GLVWULEXWLRQ DPRQJ FROOHFWRU URZV RU PDOIXQFWLRQ RI WKH
FRQWUROOHUHWF)RUWKHGD\VZKHQWKHFROOHFWRUILHOGZDVLQDJRRGRSHUDWLRQFRQGLWLRQWKHFROOHFWRUHQHUJ\RXWSXW
IROORZVQLFHO\WKHWUHQGZLWKWKHVLPXODWLRQV




)LJ,QSXWRXWSXWGLDJUDPIRUWKH6XQVWRUHFROOHFWRUILHOGZLWKFROOHFWRURXWSXW>N:KP GD\@LQDVDIXQFWLRQRIWRWDOVRODU
UDGLDWLRQ>N:KPGD\@

7KHPRGHOHGDQGWKHPHDVXUHGFROOHFWRUHQHUJ\RXWSXWIRUWKHFROOHFWRUILHOGDUHVKRZQLQ)LJ7KHUHLVDVLPLODU
WUHQGEHWZHHQWKHPRGHOHGFROOHFWRUHQHUJ\RXWSXWDQGWKHWRWDOVRODUUDGLDWLRQRQWKHFROOHFWRUVXUIDFHDVLWLVIRUWKH
FROOHFWRUILHOG:LWKDFKDQJHRIWKHWRWDOVRODUUDGLDWLRQWKHPHDVXUHGFROOHFWRUILHOGRXWSXWIROORZVQLFHO\DVLPLODU
WUHQGOLQHDVWKHPRGHOHGRXWSXWGRHV7KHPHDVXUHGRXWSXWKDVGHYLDWLRQVRIVLPLODUPDJQLWXGHDVWKHFDOFXODWLRQV
,WLVLQGLFDWHGWKDWWKHVRODUFROOHFWRUILHOGKDVDPXFKVWHDGLHURSHUDWLRQWKDQWKHVRODUFROOHFWRUILHOG,WLVVKRZQ
WKDWWKHVRODUFROOHFWRUPRGHOXVHGLQ7UQV\VLVDEOHWRSUHGLFWWKHUPDOSHUIRUPDQFHVRIWKHVRODUFROOHFWRUILHOGVZLWK
DQDFFHSWDEOHDFFXUDF\
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)LJ,QSXWRXWSXWGLDJUDPIRUWKH6XQVWRUHFROOHFWRUILHOGZLWKFROOHFWRURXWSXW>N:KPGD\@LQDVDIXQFWLRQRI7RWDOVRODU
UDGLDWLRQ>N:KPGD\@

)LJVKRZVWKHPRGHOHGDQGWKHPHDVXUHGFROOHFWRUHQHUJ\RXWSXWIRUWKHFROOHFWRUILHOGLQVWDOOHGLQWKH6XQVWRUH
SURMHFW7KHUHLVDVLPLODUWUHQGEHWZHHQWKHPRGHOHGFROOHFWRUHQHUJ\RXWSXWDQGWKHWRWDOVRODUUDGLDWLRQRQWKH
FROOHFWRUVXUIDFHDVIRUWKHFROOHFWRUILHOGDQGEXWWKHGHYLDWLRQVRIWKHGDWDSRLQWVDUHPXFKODUJHU7KDWLQGLFDWHV
ODUJHU YDULDWLRQV RI FROOHFWRU ILHOG RXWSXW IRU WKH VDPH WRWDO VRODU UDGLDWLRQ ZKLFK FRXOG EH FDXVHG E\ ODUJH
WHPSHUDWXUHYDULDWLRQVDWWKHERWWRPRIWKHZDWHUSLWWKHUPDOVWRUDJH6LQFHWKHFROOHFWRUILHOGLVFRQQHFWHGWRWKH
ZDWHUSLWWKHUPDOVWRUDJHZDWHULVWDNHQIURPWKHERWWRPRIWKHZDWHUSLWDQGLVFLUFXODWHGWKURXJKWKHVRODUFROOHFWRU
ILHOG:DWHUWHPSHUDWXUHDWWKHERWWRPRIWKHZDWHUSLWKDVDODUJHUYDULDWLRQWKURXJKRXWWKH\HDU,QVXPPHURU
DXWXPQZKHQWKHZDWHUSLWLVDOPRVWIXOO\FKDUJHGWKHUHLVDKLJKHUWHPSHUDWXUHDWWKHERWWRPRIWKHZDWHUSLWIRU
LQVWDQFH&ZKLOHLQVSULQJRUZLQWHUZKHQWKHZDWHUSLWWKHUPDOVWRUDJHKDVEHHQGLVFKDUJHGWKHUHLVDORZHU
WHPSHUDWXUHDWWKHERWWRPRIWKHZDWHUSLWIRULQVWDQFH&$WHPSHUDWXUHGLIIHUHQFHRI.RUPRUHZLOO
UHVXOWLQGLIIHUHQWFROOHFWRUHQHUJ\RXWSXWVHYHQWKRXJKWKHWRWDOVRODUUDGLDWLRQRQWKHFROOHFWRUSDQHOVLVWKHVDPH
'HYLDWLRQV RI VLPLODU PDJQLWXGHV DUH DOVR VHHQ LQ WKH PHDVXUHG FROOHFWRU RXWSXW WKDW SURYHV FRQFOXVLRQ RI WKH
VLPXODWLRQV$GHWDLOHGLQYHVWLJDWLRQRQLQGLYLGXDOGD\VLVWKHUHIRUHQHFHVVDU\LQWKHIXWXUHLQRUGHUWRXQGHUVWDQG
WKHUPDOEHKDYLRUVRIWKHVRODUFROOHFWRUILHOG


)LJ,QSXWRXWSXWGLDJUDPIRUWKH6XQVWRUHFROOHFWRUILHOGZLWKFROOHFWRURXWSXW>N:KPGD\@LQDVDIXQFWLRQRI7RWDOVRODU
UDGLDWLRQ>N:KPGD\@

4.2 Daily collector energy outputs throughout the yearly
,WLVLPSRUWDQWWRH[DPLQHWKHUPDOEHKDYLRUVRIWKHFROOHFWRUILHOGVWKURXJKRXWWKH\HDU)LJVKRZVWKHPHDVXUHG
DQGWKHFDOFXODWHGFROOHFWRURXWSXWV>N:KPGD\@WKURXJKRXWWKH\HDUIRUWKH6XQVWRUH&ROOHFWRUV1RWVXUSULVLQJO\
WKHUHLVDODUJHYDULDWLRQRIFROOHFWRUHQHUJ\RXWSXWWKURXJKRXWWKH\HDU$WWKHVWDUWRIWKH\HDUWKHUHZDVDOPRVWQR
VRODUKHDWSURGXFHGE\WKHILHOG$IWHUWKHPLGGOHRI0DUFKDVLJQLILFDQWLQFUHDVHRIFROOHFWRURXWSXWLVVHHQGXHWR
LQFUHDVLQJVRODULUUDGLDQFHLQODWHVSULQJ7KURXJKRXWWKHVXPPHUDQGHYHQODWHDXWXPQWKHUHDUHQRWDEO\VRODUKHDW
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JDLQV7KHGDLO\HQHUJ\RXWSXWRIWKHFROOHFWRUVOLHVLQWKHUDQJHN:KSHUP7KHFDOFXODWHGHQHUJ\RXWSXW
DJUHHVTXLWHZHOOZLWKWKHPHDVXUHGRQHVH[FHSWDQRYHUHVWLPDWLRQRIWKHPRGHORFFDVLRQDOO\LQWKHVXPPHUDQGLQ
WKHDXWXPQ 2FWREHU 


)LJ7KHPHDVXUHGDQGWKHFDOFXODWHGFROOHFWRURXWSXWV>N:KPGD\@WKURXJKRXWWKH\HDUIRUWKH6XQVWRUH&ROOHFWRUV

7KH PHDVXUHG DQG WKH FDOFXODWHG FROOHFWRU RXWSXWV IRU WKH FROOHFWRU ILHOG  DQG  DUH VKRZQ LQ )LJ  DQG 
UHVSHFWLYHO\7KH7UQV\VFROOHFWRUPRGHOSUHGLFWVVDWLVIDFWRULO\WKHHQHUJ\RXWSXWVIURPWKHVRODUFROOHFWRUILHOGV


)LJ7KHPHDVXUHGDQGWKHFDOFXODWHGFROOHFWRURXWSXWV>N:KPGD\@WKURXJKRXWWKH\HDUIRUWKHFROOHFWRUILHOG


)LJ7KHPHDVXUHGDQGWKHFDOFXODWHGFROOHFWRURXWSXWV>N:KPGD\@WKURXJKRXWWKH\HDUIRUWKHFROOHFWRUILHOG

4.3 Yearly collector energy outputs
7KHHQHUJ\RXWSXWVRIWKHFROOHFWRUILHOGVDUHVXPPDUL]HGDQGSUHVHQWHGLQ)LJ,WLVVKRZQWKDWWKH\HDUO\HQHUJ\
RXWSXWVRIWKHVRODUFROOHFWRUILHOGVSUHGLFWHGE\WKH7UQV\VPRGHODJUHHZHOOZLWKWKHPHDVXUHGYDOXHV)RUWKHVRODU
FROOHFWRUILHOGWKH7UQV\VPRGHOSUHGLFWVD\HDUO\HQHUJ\RXWSXWRI0:KLQFRPSDULVRQWRDPHDVXUHGYDOXH
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RI0:K7KHGHYLDWLRQLV0:KFRUUHVSRQGLQJWRDUHODWLYHHUURURI)RUWKHVRODUFROOHFWRUILHOG
WKHDFFXPXODWHGHQHUJ\RXWSXWLVPHDVXUHGWREH0:KSHU\HDUZKLOHWKH7UQV\VPRGHOFDOFXODWHVDQHQHUJ\
RXWSXW RI  0:K SHU \HDU ZLWK D GHYLDWLRQ RI OHVV WKDQ  )RU WKH VRODU FROOHFWRU ILHOG LQ 6XQVWRUH  WKH
PHDVXUHGDQGPRGHOHGHQHUJ\RXWSXWVDUHUHVSHFWLYHO\DQG0:K+HDWORVVHVWKURXJKWKHFRQQHFWLRQ
SLSHVDFFRXQWIRURIWKHHQHUJ\JDLQRIWKHILHOGDQGDUHWKHUHIRUHVXEWUDFWHGLQWKHHQHUJ\FDOFXODWLRQV,WFDQ
EHFRQFOXGHGWKDWWKH7UQV\VPRGHOFDQSUHGLFWVDWLVIDFWRULO\WKH\HDUO\HQHUJ\RXWSXWVRIWKHVRODUFROOHFWRUILHOGV




)LJ7KHPHDVXUHGDQGWKHFDOFXODWHG\HDUO\FROOHFWRURXWSXWVLQ>N:KP GD\@

7KHUPDOSHUIRUPDQFHVRIWKHZDWHUSLWWKHUPDOVWRUDJH
7KHUPDO EHKDYLRUV RI WKH ZDWHU SLW WKHUPDO VWRUDJH ZHUH LQYHVWLJDWHG H[SHULPHQWDOO\ E\ WKH PRQLWRUHG GDWD DQG
QXPHULFDOO\E\WKH7UQV\VPRGHO)LJVKRZVDFRPSDULVRQRIWKHPHDVXUHGDQGWKHFDOFXODWHGFKDUJHSRZHURI
WKH37(6$FKDUJHSRZHURIXSWR0:ZDVREVHUYHGLQWKHPHDVXUHPHQWLQWKHPLGGOHRI-XQHEHFDXVHLQ-XQH
WKHUHZDVDORZHUFRQVXPSWLRQLQWKHGLVWULFWKHDWLQJQHWZKLOHRQWKHRWKHUKDQGWKHVRODULUUDGLDQFHZDVTXLWH
KLJK7KH7UQV\VPRGHOXQGHUHVWLPDWHVWKHFKDUJHSRZHURIWKH37(6ZLWKDGLIIHUHQFHXSWR0:7KHVLJQLILFDQW
HUURURIWKHPRGHOLVPRVWOLNHO\FDXVHGE\ZURQJSUHGLFWLRQRIZDWHUWHPSHUDWXUHVLQWKH37(6ZKLFKFRXOGEHD
FRQVHTXHQFHRIRYHUVLPSOLILHGPRGHOVXVHGLQWKHFDOFXODWLRQV'HWDLOHGLQYHVWLJDWLRQLVWKHUHIRUHVXJJHVWHGIRUWKH
IXWXUHWRLGHQWLI\WKHFDXVHRIHUURUV'XULQJWKHZLQWHUZKHQWKHUHLVDORZVRODULUUDGLDQFHWKHPRGHOVHHPVWR
RYHUHVWLPDWHWKHFKDUJHSRZHU


)LJ7KHPHDVXUHGDQGWKHFDOFXODWHGFKDUJHSRZHURIWKH37(6LQ

)LJVKRZWKHPHDVXUHGDQGWKHPRGHOHGWHPSHUDWXUHVLQWKHZDWHUSLWWKHUPDOVWRUDJHWKURXJKRXWWKH\HDU7KH
PHDVXUHG WHPSHUDWXUH ZHUH VKRZQ DV VTXDUH RU WULDQJOH GRWV $W WKH VWDUW RI WKH \HDU WKHUH ZDV D PHDVXUHG
WHPSHUDWXUHRI&DWWKHWRSRIWKH37(6ZKLOHWKHWHPSHUDWXUHZDVPHDVXUHGWREHDURXQG&DWWKHERWWRPRI
WKH37(66LQFHWKHUHZDVDTXLWHKLJKWHPSHUDWXUHDWWKHWRSRIWKH37(6KHDWZDVGLUHFWO\WDNHQIURPWKHWRSRI
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WKH37(6DQGZDVPL[HGZLWKKRWZDWHUSURGXFHGE\WKHZRRGFKLSERLOHURUWKHEDFNXSRLOEXUQHUVRDPL[HG
WHPSHUDWXUH RI DURXQG & FDQ EH DFKLHYHG IRU WKH GLVWULFW KHDWLQJ QHW 7KH GLUHFW GLVFKDUJH RI WKH 37(6
FRQWLQXHV H[FHSW ZKHQ WHPSHUDWXUHV DW WKH WRS RI WKH 37(6 GURSV EHORZ & RU ZKHQ SULFH RI HOHFWULFLW\ LV
VXIILFLHQWO\ORZ,QWKDWFDVHWKHKHDWSXPSZLOORSHUDWHLQRUGHUWRXWLOL]HKHDWLQWKH37(6ZLWKPHGLXPRUORZ
WHPSHUDWXUHV7KHRSHUDWLRQRIWKHKHDWSXPSFUHDWHGDVXGGHQGHFUHDVHRIWHPSHUDWXUHVDWWKHERWWRPRIWKH37(6
)RULQVWDQFHLQWKHSHULRGIURP0DUFKWR0DUFKWKHUHZDVDVLJQLILFDQWGHFUHDVHRIZDWHUWHPSHUDWXUHVDWWKH
ERWWRPRIWKH37(6'XHWRGLVFKDUJHE\KHDWSXPSZDWHUWHPSHUDWXUHVDWWKHWRSRIWKH37(6ZDVVLJQLILFDQWO\
GHFUHDVHGDVZHOO,QWKHPLGGOHRI$SULOWKH37(6UHDFKHGDXQLIRUPWHPSHUDWXUHRI&$IWHUWKHPLGGOHRI
$SULOWKHUPDOVWUDWLILFDWLRQZDVEXLOWXSDJDLQE\WKHXVHRIKHDWSXPSVLQFHWHPSHUDWXUHRIWKHZDWHUIORZLQJIURP
WKHKHDWSXPSEDFNWR37(6ZDVPXFKORZHUWKDQ&7KHVWUDWHJ\IRUWKHGLVFKDUJHSURFHGXUHZDVWRH[WUDFWKHDW
IURPWKH37(6DVPXFKDVSRVVLEOH7KHEHQHILWRIWKHXVHRIKHDWSXPSLQ$SULOZDVQRWRQO\DKLJKHUXWLOL]DWLRQ
UDWLRRIWKHVWRUHGKHDWEXWDOVRDQHPSW\37(6WRVWRUHPRUHVRODUKHDWIRUWKHFRPLQJVXPPHU$IWHUWKHPLGGOHRI
0D\WHPSHUDWXUHVLQWKHVWRUHJUDGXDOO\LQFUHDVHG$WWKHVWDUWRI2FWREHUWKH37(6UHDFKHVWKHKLJKHVWKHDWFRQWHQW
,QWKHSHULRG2FWREHU'HFHPEHUZDWHUWHPSHUDWXUHVLQWKHVWRUHZHUHNHSWTXLWHFRQVWDQW
7KH7UQV\VPRGHOHGVWRUHWHPSHUDWXUHVZHUHVKRZQLQFXUYHVLQ)LJ,WFDQEHVHHQWKDWWKHPRGHOHGWHPSHUDWXUHV
IROORZVWKHWUHQGRIGHYHORSPHQWVDVVKRZQE\WKHPHDVXUHPHQWV+RZHYHUWKHUHLVTXLWHDODUJHGLIIHUHQFHEHWZHHQ
WKHPRGHOHGDQGWKHPHDVXUHGVWRUHWHPSHUDWXUHVHVSHFLDOO\DIWHUWKHPLGGOHRI$SULOZKHQKHDWSXPSFRROHGGRZQ
WKHZKROHVWRUHWRPXFKORZHUWHPSHUDWXUHV7KHOLNHO\FDXVHRIWKHGLIIHUHQFHFRXOGEHRYHUVLPSOLILFDWLRQRIWKH
KHDWSXPSPRGHORUWKHFRQWURODOJRULWKPXVHGLQWKH7UQV\VFDOFXODWLRQV)RUDQH[DPSOHWKHRSHUDWLRQRI25&
XQLWKDVDVLJQLILFDQWLQIOXHQFHRQWHPSHUDWXUHVRIWKHVWRUHVLQFHWKH25&XQLWZLOOEHFRROHGE\WKHVWRUHLIWKHUHLV
QRW VXIILFLHQW FRQVXPSWLRQ RI WKH GLVWULFW KHDWLQJ QHW :KHWKHU WKH 25& XQLW ZLOO RSHUDWH RU QRW GHSHQGV RQ DQ
HFRQRPLFDODQDO\VLVRIHOHFWULFLW\JHQHUDWLRQE\WKHPDQDJHURIWKHSODQW$GHWDLOHGGHFLVLRQPDNLQJDOJRULWKPIRU
RSHUDWLRQRI25&ZDVGLIILFXOWWRREWDLQVRWKH7UQV\VPRGHOZDVQRWDEOHWRDFFXUDWHO\GHWHUPLQHWKHRSHUDWLRQWLPH
RIWKH25&XQLW


)LJ7KHPHDVXUHG RUDQJH DQGWKHPRGHOHG EOXH WHPSHUDWXUHVWKURXJKWKHWRSLQOHWRXWOHWRQDQKRXUO\EDVLVGXULQJ\HDU

&RQFOXVLRQV
'HWDLOHGPHDVXUHPHQWVZHUHFDUULHGRXWRQWKH0DUVWDOVRODUKHDWLQJSODQW%DVHGRQWKHPHDVXUHPHQWVHQHUJ\IORZV
LQWKHSODQWZHUHFDOFXODWHGDQGWKHUPDOSHUIRUPDQFHRIWKHSODQWZDVDQDO\]HG7KHPRQLWRUHGHQHUJ\IORZVZHUH
FRPSDUHGWRWKHHQHUJ\IORZVFDOFXODWHGE\DVLPSOLILHG7UQV\VPRGHORIWKHSODQW3UHOLPLQDU\UHVXOWVVKRZWKDWWKH
7UQV\VPRGHOSUHGLFWVVDWLVIDFWRULO\HQHUJ\RXWSXWRIWKHVRODUFROOHFWRUILHOGV$PD[GHYLDWLRQRIEHWZHHQWKH
PHDVXUHGDQGWKHPRGHOHGHQHUJ\RXWSXWRIWKHILHOGZDVREVHUYHG$FRPSDULVRQEHWZHHQWKHPHDVXUHGDQGWKH
PRGHOHGZDWHUWHPSHUDWXUHVLQWKH37(6VKRZVWKDWWKH7UQV\VPRGHOLVDEOHWRSUHGLFWWKHWUHQGRIWHPSHUDWXUH
GHYHORSPHQWLQWKHVWRUHEXWIDLOVWRUHSURGXFHWHPSHUDWXUHVRIWKHVWRUHHVSHFLDOO\LQWKHSHULRG0D\$XJXVW$
OLNHO\FDXVHRIWKHHUURUFRXOGEHRYHUVLPSOLILHGKHDWSXPSPRGHOLQDFFXUDWHSODQWFRQWURODOJRULWKPHWF'HWDLOHG
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LQYHVWLJDWLRQ LV WKHUHIRUH VXJJHVWHG IRU WKH IXWXUH WR LPSURYH WKH 7UQV\V PRGHO ZLWK IRFXVHV RQ WKH LQWHUDFWLRQ
EHWZHHQWKHKHDWSXPSWKH25&XQLWWKHFROOHFWRUILHOGDQGWKHVWRUHDQGRQDFFXUDWHLQSXWVRIERXQGDU\FRQGLWLRQV
RIWKHPRGHO7KHXOWLPDWHJRDOLVWRGHYHORSD7UQV\VPRGHOWKDWFDQEHXVHGWRRSWLPL]HGHVLJQRIDVRODUKHDWLQJ
SODQWLQWHUPVRIOHYHOL]HGFRVWRIKHDW /&2+ 


5HIHUHQFHV
&KDQJ&:X=1DYDUUR+&RPSDUDWLYHVWXG\RIWKHWUDQVLHQWQDWXUDOFRQYHFWLRQLQDQXQGHUJURXQGZDWHU
SLWWKHUPDOVWRUDJH$SSOLHG(QHUJ\
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Abstract
This publication introduces several measures to extend and optimize Germany’s largest solar district heating
system with seasonal thermal energy storage, located in southern Germany in the city Crailsheim. The aim of
the extension is to achieve a solar fraction above 50 % in order to reduce CO2 emissions and to demonstrate the
functional and economic attractiveness of solar district heating systems with seasonal thermal energy storage.
The investigated measures comprise different concepts for the extension of the solar thermal collector area with
high-efficiency flat-plate collectors and the extension of the borehole thermal energy store, which serves as
seasonal thermal energy store in the system. As an alternative, the installation of an overground hot water
thermal energy store is considered to increase the heat storage capacity. Other measures are the installation of a
second heat pump as well as the reduction of the return flow temperature of the district heating grid. Further,
combinations of the above mentioned measures are investigated. The effects of the specific measures are
quantified by means of annual system simulations with the transient simulation software TRNSYS 17.
Keywords: solar district heating, seasonal thermal energy storage, high solar fractions, system simulation,
TRNSYS

1. Introduction
The currently largest central solar district heating plant with seasonal thermal energy storage (CSHPSS) in
Germany is located in Crailsheim, which is a small city with a population of about 33 000 in the south of
Germany. The CSHPSS was built between 2004 and 2011 in two main construction phases. With an initially
planned solar fraction of 50 %, the system is a flagship project for solar thermal district heating grids.
The CSHPSS in Crailsheim supplies heat to the district heating grid Hirtenwiesen II. Fig. 1 shows the
development of the annual heat demand of the district heating grid as well as the solar fraction. Through the
years, the heat demand of the district heating grid increased continually due to the construction and connection
of new buildings. With over 7 000 MWh at the beginning of the year 2017, the heat demand is more than 1.7
times higher than the 4 100 MWh which were assumed in the original plans for the current stage of the heat
generation system. The solar fraction reached a maximum of about 42 % in the year 2014, but due to the
increasing heat demand, the solar fraction of the entire system is decreasing and was at a level of about 27.5 %
in 2016. In order to enlarge the share of solar energy in the system, an extension and optimization of the solar
district heating system is planned. Various measures to reach this aim were investigated with the help of
transient system simulations, carried out with the simulation software TRNSYS 17. The aim of these measures
is to achieve a solar fraction of more than 50 %. Finally, the most promising concept will be further investigated
for implementation, considering ecological, technical, energetic as well as economical aspects. However, the
focus of this publication lies only on the technical and energetic aspects.
More detailed descriptions of the CSHPSS in Crailsheim as well as the results of the system monitoring over the
last years can be found in various publications, e.g. Bauer et al. (2009, 2013 and 2015), Bodmann et al. (2005)
or Kurz and Schopf (2012).
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Fig. 1: Development of the heat demand and solar fraction of the district heating grid Hirtenwiesen II.

2. Reference system and methods
The simulation software TRNSYS 17 was used to develop and assess different measures and concepts for the
extension and optimization of the CSHPSS in Crailsheim.
The performance of the existing system, see Fig. 2, which serves both as reference for the investigated concepts
and as source of validation for the simulation model with monitoring data, is described in the sections 2.2 and
2.3. The definitions of the performance figures are defined in section 2.1. Finally, section 2.4 introduces the
different investigated concepts.

2.1 Performance figures
Four performance figures are used in this publication in order to assess the performance of the system and
specific components namely
x

the solar fraction ݂௦ ,

x

the efficiency of the borehole thermal energy store ߟ்ாௌ ,

x

the efficiency of the hot water thermal energy store ߟுௐ்ாௌ and

x

the seasonal performance factor of the heat pump ܵܲܨு .

The fraction of heat in the district heating grid Hirtenwiesen II covered with solar thermal energy is expressed
using the solar fraction ݂௦ , which is defined as

݂௦ ൌ

ொೄಹಶ ିொಹೈ ିௐಹುǡ
ொಹೈ

,

(eq. 1)

with
ܳுௐூ 

heat transferred to the district heating grid Hirtenwiesen I in order to prevent stagnation [MWh],

ܳுௐூூ  total annual heat consumption of the district heating grid Hirtenwiesen II [MWh],
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ܳௌுா

solar heat transferred at the preheating solar heat exchanger [MWh] and

ܹுǡ

electrical energy consumption of the heat pump [MWh].
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The efficiency of the borehole thermal energy store ߟ்ாௌ is described as

ߟ்ாௌ ൌ

ொಳಶೄǡೞೌೝ
ொಳಶೄǡೌೝ

(eq. 2)

with
்ܳாௌǡ

heat charged to the BTES over the period of one year [MWh] and

்ܳாௌǡௗ௦

heat discharged from the BTES over the period of one year [MWh].

The efficiency of the hot water thermal energy store ߟுௐ்ாௌ is defined in an analogous manner.
In order to quantify the efficiency of the heat pump, the seasonal performance factor of the heat pump ܵܲܨு is
used

ܵܲܨு ൌ

ொಹುǡ
ௐಹುǡ

(eq. 3)

with
ܳுǡௗ

annual useful heat provided by the heat pump [MWh] and

ܹுǡ

annual electrical energy consumption of the heat pump [MWh].

2.2 Description of the existing system
The CSHPSS in Crailsheim was built for the heat supply of a new part of the city erected on the area of a former
military base. The current system setup is shown in a schematic design in Fig. 2 and is described in brief in the
following.

Fig. 2: Schematic design of the existing solar district heating system in Crailsheim.
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The solar thermal system consists of three collector fields. Two collector fields are installed on noise barrier
walls (“Wall West” and “Wall East”) with a collector aperture area of 1 700 m² and 3 300 m², respectively.
Additionally, there are flat-plate collectors mounted on the roofs of the former and retrofitted barracks buildings
as well as on the local school building and gymnasium with a total collector aperture area of 2 500 m². The total
thermal power output of the solar thermal systems is at present about 5.2 MW. A borehole thermal energy store
with a volume of 39 000 m³ serves as seasonal thermal energy store. The BTES can be charged by the collector
fields “Wall West” and “Wall East” via a hot water buffer store with a volume of 480 m³. In order to discharge
the BTES to lower temperatures, a compression heat pump with an electrical power of 80 kW is installed. The
second part of the system consists of a hot water buffer store with a volume of 100 m³, which is charged by the
collector field installed on the buildings. If necessary, thermal energy can be transferred between the two buffer
stores. The annual heat consumption of the solar district heating grid was 6 862 MWh in 2016.

2.3 Validation of the simulation model
Transient system simulations were carried out with the simulation software TRNSYS 17 based on a simulation
model that was validated beforehand with extensive monitoring data from the years 2013 to 2016. Because the
conditions in 2016 were nearest to the mean values of the considered years, the measured weather data of the
year 2016 were used as input data for the simulation of the reference system. Tab. 1 shows the comparison
between the measured and simulation data for the reference year 2016.

Tab. 1: Absolute and relative deviations between measurement and simulation data of the CSHPPS in the reference year 2016.

Quantity

Unit

Measurement

Simulation

ઢ࢞ࢇ࢈࢙

ઢ࢞࢘ࢋ [%]

݂௦

[%]

27.5

28.3

- 0.8

- 2.9

ߟ்ாௌ

[%]

57.3

63.6

- 6.3

- 11.0

ܵܲܨு

[-]

4.8

4.7

0.1

2.1

ܳுௐூூ

[MWh]

6 862

6 861

1

0.0

ܳௌுா

[MWh]

2 283

2 336

- 53

- 2.3

ܳுௐூ

[MWh]

175

158

17

9.7

ܳுǡௗ

[MWh]

1 061

1 114

- 53

- 5.0

ܹுǡ

[MWh]

221

235

- 14

- 6.3

்ܳாௌǡ

[MWh]

731

647

84

11.5

்ܳாௌǡௗ௦

[MWh]

419

411

7

1.7

Generally, there is a good consistence between measured and simulation data. The explanation for the relatively
high deviations in the values concerning the BTES is the different conditions in the simulation and in reality. In
the simulation, the time period is three years, where every year has the same boundary conditions. Only the third
year of the simulation is used for the evaluation. Consequently, the final and initial temperature profiles of the
BTES and the buffer stores at the beginning and the end of the year are exactly the same which is not the case in
reality. The deviations in the heat transferred to the district heating grid Hirtenwiesen I can be explained by the
fact, that the heat transfer is often controlled manually in reality, for example if the weather forecast predicts a
hot and sunny day and the stores are already full. This behavior cannot be reproduced in the simulation.

2.4 Concepts for system extensions and optimization
Several single measures as well as their combinations were considered and assessed in order to increase the
solar fraction of the CSHPSS in Crailsheim to a value above 50 %. Tab. 2 shows an overview of the single
measures presented in this publication.
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Tab. 2: Overview and description of possible measures for the extension and optimization of the solar district heating system.

Measure

Description

HFC

Installation of high-efficiency flat-plate collectors (HFC)

BTES

Enlarging of the borehole thermal energy store (BTES) from 80 to 160 borehole heat exchangers

HWTES

Integration of a seasonal hot water thermal energy store (HWTES) with a volume of 8 000 m³

HP

Installation of a second heat pump with a rated electrical power of 80 kW

RFT45

Reduction of the mean return flow temperature of the district heating grid from 48.1 °C to 45 °C

RFT40

Reduction of the mean return flow temperature of the district heating grid from 48.1 °C to 40 °C

One measure is the extension of the collector field energy output by the installation high-efficiency flat-plate
collectors (HFC). Different collectors and combinations of collectors were simulated. Tab. 3 shows the resulting
collector field power output of the four collector configurations HFC1 to HFC4.

Tab. 3: Total collector field power output1 of the CSHPSS for the four different HFC configurations.

Collector configuration

Power output [MW]

HFC1

7.24

HFC2

7.17

HFC3

7.38

HFC4

7.34

As the solar gain is increased, the capacity of the seasonal thermal energy store should be increased as well. For
that purpose two different measures were investigated: The first measure (BTES) extends the BTES by doubling
the current number of borehole heat exchangers, the second measure integrates an overground seasonal hot
water thermal energy store (HWTES) with a volume of 8 000 m³ into the system. In order to increase the
thermal energy extracted from the BTES and therefore its efficiency, the integration of a second heat pump (HP)
with the same rated electrical power of 80 kW as the existing heat pump was investigated.
The volume weighted mean return flow temperature of the solar district heating grid was 48.1 °C in the year
2016, according to monitoring data. A reduction of the mean return flow temperature would increase the
efficiency of the collectors as well as reduce the heat losses of the grid and the thermal energy stores and
therefore increase the solar fraction of the system. Simulations with mean return flow temperatures of 45 °C
(RFT45) and 40 °C (RFT40) were carried out.

3. Simulation results
The actual configuration of the CSHPSS with the measured weather data of the year 2016 serves as the
reference system for all simulations. Due to the assumption that more buildings will be connected to the district
heating grid in the following years, an annual heat consumption of the district heating grid Hirtenwiesen II of
7 000 MWh is assumed for the simulations. Due to the slightly higher heat consumption, the solar fraction of the
reference system is reduced to 27 %.
Fig. 3 shows the solar fraction, the seasonal performance factor of the heat pump as well as the efficiency of the
BTES for simulations with all four HFC configurations and all of their possible combination with one additional
measure. Generally, the differences between the HFC configurations are relatively small at about 2-3 %-points
1

Basis: Solar Keymark certificates: Power output of the collector module at a temperature difference between
collector and ambience of 50 K.
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between the configurations HFC2, which shows the lowest solar fractions, and HFC3, which shows the highest
solar fractions. Regarding the single measure HFC, the solar fraction can be increased by 11 %-points compared
to the reference system to a total value of 38 %. The extension of the BTES has no positive influence on the
solar fraction. The reason for this is that the energy output of the heat pump is not increased as well.
Consequently, more heat is charged to the BTES, but the amount of heat that is discharged from the BTES does
not increase in the same magnitude. This also leads to a decrease in the efficiency of the BTES but also to the
best seasonal performance factor of the heat pump in both measures BTES and HWTES. The reason for the
higher performance of the heat pump are the higher temperatures in the BTES and therefore a smaller
temperature lift for the heat pump. The installation of a second heat pump has the opposite effect than the
extension of the storage capacity. The seasonal performance factor decreases significantly due to lower BTES
temperatures while the efficiency of the BTES increases significantly due to the higher heat pump power output.
The most promising measure in terms of increasing the solar fraction is the reduction of the mean return flow
temperature of the district heating grid to a value of 40 °C. This leads to an increase of the solar fraction by at
least 5 %-points compared to the measure HFC, depending on the collector configuration. However, none of the
concepts shown in Fig. 3 turned out to be sufficient to obtain a solar fraction of 50 %. Accordingly, other
concepts combining several measures have been investigated.

Fig. 3: Simulation results for selected investigated system concepts.
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The installation of a HWTES was preferred compared to the extension of the BTES, consequently only concepts
including a HWTES are shown in Fig. 4. Additional to the performance figures shown in the previous figure, the
efficiency of the HWTES is presented in Fig. 4.
Like before, the concepts including a second heat pump have a positive effect on the efficiency of the BTES.
Since the BTES and the HWTES are installed in parallel and the heat pump can discharge both, the efficiency of
the HWTES is increased as well. The seasonal performance factor of the heat pump on the other hand is reduced
due to lower temperatures in the stores.
With the concept using a HTES, a second heat pump as well as the reduction of the mean return flow
temperature of the district heating grid to 45 °C a solar fraction of 50 % can only be reached using the collector
configuration HFC3. A further reduction of the mean return flow temperature to 40 °C leads to a further increase
of the solar fraction to or above 50 %, except for HFC2 with a solar fraction of 49 %. High solar fractions of
almost 50 % can also be reached with the collector configurations HFC3 and HFC4 by a combination with the
measure RFT40, without the installation of a second heat pump. However, the installation of a second heat
pump is recommended because it leads to an extension of the effectively usable storage capacity of the
CSHPSS.

Fig. 4: Simulation results for selected investigated system concepts.
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Conclusions
The concepts assessed regarding the extension and optimization of the solar district heating system in
Crailsheim were presented and discussed in this publication. The concepts which lead to a solar fraction of
around 50 % comprise the option of enlarging the solar thermal system with high efficient flat plate collectors
(HFC) with a collector area of about 2 500 m² as well as the integration of a second heat pump (HP) with an
electrical power of 80 kW and a hot water thermal energy store (HWTES) with a volume of 8 000 m³. A further
increase of the solar fraction above 50 % can be achieved by the additional reduction of the return flow
temperature of the district heating grid to 40 °C.
Considering the simulation results, the owner of the CSHPSS intends to extend the system with an enlargement
of the collector area, a HWTES and a second heat pump. Additionally it is planned to introduce measures which
offer the consumers incentives to reduce the return flow temperature of their heat transfer stations. The detailed
planning of the enlargement of the CSHPSS is currently in progress, considering amongst other issues different
locations and hydraulic integrations of the HWTES, as well as an adaption and optimization of the control
strategy.

Acknowledgement
The activities described in this publication are being supported by the German Federal Ministry for Economic
Affairs and Energy (BMWi) based on a decision of the German Bundestag by Projektrräger Jülich (PtJ) under
the grand number 0325869B (research project CROW: Extension and Optimization of the solar district heating
system Hirtenwiesen II in Crailsheim and accompanying research on solar district heating and seasonal thermal
energy storage). The authors gratefully acknowledge this support and carry the full responsibility for the content
of this publication.

References
Bauer, D. et al., 2009. Solar unterstützte Nahwärme und Langzeit-Wärmespeicher (Juni 2005 bis Juli 2008),
Final research report of national project funded by the Federal Ministry for the Environment, Nature
Conservation and Nuclear Safety under grant-no. 0329607J
Bauer, D. et al., 2013. Solarthermie2000plus: Wissenschaftlich-technische Begleitung des Förderprogramms
Solarthermie2000plus zu solar unterstützter Nahwärme und Langzeit-Wärmespeicherung (August 2008 bis
September 2012), Final research report of national project funded by the Federal Ministry for the Environment,
Nature Conservation and Nuclear Safety under grant-no. 0329607P
Bauer, D. et al., 2015. Solarthermie2000plus: Wissenschaftlich-technische Begleitung des Förderprogramms
Solarthermie2000plus zu solar unterstützter Nahwärme und Langzeit-Wärmespeicherung (Januar 2013 bis
September 2015), Final research report of national project funded by the Federal Ministry for Economic Affairs
and Energy under grant-no. 0325998A
Bodmann, M. et al., 2005. Solar unterstützte Nahwärme und Langzeit-Wärmespeicher (Juni 2005 bis Juli 2008),
Final research report of national project funded by the Federal Ministry for the Environment, Nature
Conservation and Nuclear Safety under grant-no. 0329607F
Kurz, S., Schopf, M., 2012. “Solar unterstützte Nahwärmeversorgung Crailsheim Hirtenwiesen II” Final
research report of national project funded by the Federal Ministry for the Environment, Nature Conservation and
Nuclear Safety under grant-no. 0329607H

308

N. Gohl / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Appendix: Units, Symbols and Abbreviations
Tab. 4: Symbols

Quantity
Collector area
Solar fraction
Heat charged to BTES
Heat discharged from BTES
Heat provided by the heat
pump
Heat to the district heating
grid Hirtenwiesen I
Heat consumption district
heating grid Hirtenwiesen
II
Heat charged to HWTES
Heat discharged from
HWTES
Heat transferred through solar
heat exchanger
Seasonal performance factor
of the heat pump
Electric energy consumption
of the heat pump
Absolute deviation

Symbol
A
݂௦
்ܳாௌǡ
்ܳாௌǡௗ௦
ܳுǡௗ

Unit
m2
%
MWh
MWh
MWh

ܳுௐூ

MWh

ܳுௐூூ

MWh

Relative deviation
Efficiency of the BTES
Efficiency of the HWTES

߂ݔ
ߟ்ாௌ
ߟுௐ்ாௌ

MWh
ܳுௐ்ாௌǡ
ܳுௐ்ாௌǡௗ௦  MWh
ܳௌுா 

MWh

ܵܲܨு

-

ܹுǡ

MWh

߂ݔ௦

MWh,
%, %
%
%

Tab. 2: Abbreviations

Abbreviation
BTES
CSHPSS
HFC
HP
HWTES
RFT40
RFT45
TRNSYS

Borehole thermal energy store
Central solar heating plants with
seasonal thermal energy storage
High-efficiency flat-plate collector
Heat pump
Hot water thermal energy store
Mean return flow temperature 40 °C
Mean return flow temperature 45 °C
Transient systems simulation
software
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Abstract

Abstract: This paper analyzes the potential of solar district heating (SDH) in China from the perspective of
incentive policy making, selection of technology solutions, regional adaptability and economic feasibility for
clean heating. Based on the analyzation, this paper proposes a road map for the development of SDH, and
predicts its market potential in China.
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1. The urgency moving from coal to clean energy
China’s urbanization rate is currently only 54.8%, leaving a huge potential for future growth. Over the past
decade, increasing heating requirements have led to the fast deployment of district heating systems in big
cities, as shown in Fig.1, the heating area increased from 2.5 billion m2 to 6.7 billion m2 in the past 10 years
from 2005-2015. Meanwhile although rural population has been decreasing, rural energy demand most
notably for heating has also been increasing steadily. This rise has been on par with economic development
and improvements in lifestyle. District heating is therefore increasingly being deployed to meet heating loads
in rural regions.
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Fig. 1: Growth of the heating capacity in China1

To cope with the rapidly increasing demand for heating, authorities have deployed district heating systems
throughout north of the country. However, as shown in Fig.2, district heating systems in China are coal
intensive, accounting for 81%2 of the total heating energy, which caused serious air pollution. It’s reported
that over 366,000 people died earlier from diseases in China in 2013 caused by air pollution due to burning
of coal3.

310

 
       
  !"  # $  "%  % &''
( ))*!$  *  #  "(!!"    

J. Huang / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Energy Structure of District Heating in China
Gas-fired
boilers
12%

Other heat source

Gas-fired CHP
3%

Coal-fired CHP
48%
Coal-fired
boilers
33%

Fig. 2: Energy structure of district heating in China

According to the Sino-US Joint Statement on Climate Change4, China will reach its CO2 emission peak in
2030, and will increase the share of non-fossil energy to 15% by 2020, 20% by 2030. But there is a big gap
from the objectives until now. Only taking Beijing as an example, by the end of 2015, the proportion of
renewable energy in total heating energy consumption is only 0.8%. To increase the proportion of non-fossil
fuels accounted for primary energy consumption, large-scale using solar heating is imperative.

2. Why solar district heating
50% of total air pollution source comes from coal consumption in China, especially in rural area, raw coal
(~80% bituminous and ~20% anthracite) is often consumed in stoves with low efficiency. In 2013, Chinese
government published Air Pollution Control Action Plan, which set a target for coal reduction, by 2017,
consumption of coal will fall to below 65% in terms of total energy consumption. Beijing-Tianjin-Hebei
Province, the Yangtze River Delta and the Pearl River Delta will try to achieve negative growth of total coal
consumption.
To fulfill this target quickly and effectively, the government takes two main strategies which are called Coal
to Gas and Coal to Electricity, with a subsidy policy on clean heating transformation. Now, these two
strategies are widely used under the emission reduction pressure and being stimulated by subsidy policy.
From the actual implementation effect of view, these two strategies may reduce the raw coal combustion
temporarily, but there’re still problems on the real effect of reducing air pollution and the sustainability of
policy.

2.1.

Coal to Gas is difficult to be applied widely

Coal to Gas in power plants was first implemented in Beijing and quickly adopted by other cities. However,
currently most of them have suspended or canceled the initiative, mainly because natural gas is still scarce
and costly in China.
High natural gas prices, increased burden of heating companies, it is difficult for long-term stable operation.
In addition to the initial expenditure for transformation of equipment, the using cost is also great. The price
of natural gas per kWh is about 3-5 times the price of coal with the same thermal value. Due to fuel costs
rose sharply, and government subsidies declined year by year, many small heat companies which have
completed the coal to gas transformation tend to change back to coal-fired boilers.
Evidence show that Coal to Gas also indirectly results in wind power curtailment and PV power curtailment.
At present, the wind power and PV installed mainly concentrated in the "Three North" area (northeast,
northwest, North China), accounting for 77% and 68% of the country with large-scale centralized
development. During heating season due to the output power of CHP is determined by heat demand, which
makes the CHP units less flexible, power supply surplus, which leads to huge wind and PV power
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curtailment. According to "China Building Energy Annual Development Research Report 2017"5, in "three
North" area, the amount of abandoned wind power in 2015 was 9.48 TWh, 8.34 TWh and 16.55TWh,
accounting for 99.9% of the total abandoned wind power. From the time distribution point of view, 67% of
the country, more than 90% of the northeastern region, wind power curtailment occurred in the heating
season.
In 2016, the natural gas gap between supply and demand reached 60 billion m3 in China, and it’s estimated
that the gap will reach 130 billion m3 by 2020, which means there would be not enough gas supply for a lot
of households installed gas boilers when the heating demand reaches to peak. Natural gas is currently easy to
be accessed in urban areas, but the infrastructure for gas supply in rural area is still under plan or under
construction. Coupled with the difficulty of laying the gas pipe network, high costs, not sufficient gas
production and other factors, the Coal to Gas strategy is difficult to be applied widely.

2.2.

Coal to Electricity is difficult to be sustained

Coal to Electricity means replacing coal-fired boilers with low-temperature air-source and ground-source
heat pumps, in some cities, including regenerative electric boilers, but direct heating types of electric heater
are prohibited by this program. The government will provide about $3,600 subsidies per household for
heating equipment, and additional 0.6 US cent per kWh electricity price subsidies in heating season, almost
reducing 2/3 cost for using electric heating equipment.
But the Coal to Electricity is also in dispute on cleanness and the sustainability of subsidy policy.
Most of the electricity used in Beijing, Tianjin and Hebei comes from the off-peak electricity in Inner
Mongolia, and the main source is coal. The implementation of Coal to Electricity is a method with rob Peter
to pay Paul, and finally pollution will eventually be grafted to the western region.
Another disputation is the heavy financial burden. Taking Beijing as an example, it is expected that there will
be 1.1 million households finishing the Coal to Electricity transformation at the end of 13th -5-Years Plan. If
calculating in accordance with maximum subsidy of 10 thousand kWh per household, the government needs
334 million US dollars in the following years. In addition, to reduce the burden on the residents, the
government must invest substantial money to improve thermal insulation performance for the residents'
houses.
So, the Coal to Electricity is not a problem for cities with higher economic level, but it is unsustainable in
economically backward areas. Therefore, coal reduction cannot engage in "one size fits all", and solar-aided
energy systems that integrating multi-energy types and multi-heat sources, such as geothermal energy,
biological energy and other clean energy should also be valued to replace the scattered coal combustion.

2.3.

Advantages of solar district heating

Compared with Coal to Gas and Coal to Electricity technologies and policies, SDH is the only strategy to
substitute fossil energy completely, which will also improve energy security by reducing energy imports,
especially natural gas importation for China.
The most advantage of SDH for end users is the great operating cost savings. In a combination system of
solar and gas boiler, solar will contribute 66.6% energy cost savings by saving gas consumption22 in Hebei
area, for a solar combined with air-source heat pump heating system, solar will contribute 45.6% energy cost
savings in Xi’an City23.
SDH can also create local jobs related to the manufacturing, commercialization, installation and maintenance
of solar thermal systems.

3. Feasibility of SDH in China
3.1.

Stringent environmental protection pressure national wide

To deal with the serious air pollution problem, the Chinese government has made systematic favorable
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policies for clean energy space heating.

Fig. 3: Favorable policy structure for clean heating in China6

The detailed indexes and targets which address clean heating issued by different government departments:
Table.1 Regulations and Plans on Clean Heating and Renewable Development in China

Regulations and Plans

Indexes and Targets

Solar Energy
Development 13th-5-Years
Plan

In 2020 and 2030, non-fossil energy accounted for 15% and 20% of the
primary energy consumption. In 2020, the number of large SDH stations in
suitable areas reached more than 200, the total area of collector is more than
4 million square meters. Combined with the construction of New
Countryside, more than 3 million demonstration projects of solar hot water
and solar heating in rural areas will be promoted nationwide.

Renewable Energy
Development13th-5-Years
Plan

In 2020 and 2030, the proportion of non-fossil energy in primary energy
consumption reached 15% and 20% respectively.

Energy Development 13th5-Years Plan

In 2020, the supply capacity of non-fossil energy reached 750 million tce,
the proportion of non-fossil energy consumption increased to more than
15%.

Building Energy
Efficiency and Green
Building Development
13th-5-Years Plan

In 2020, renewable energy substitutes conventional energy consumption
accounted for more than 6% in civil buildings.

Suggestions on Promoting
Renewable Energy
Heating

In 2020, renewable energy heating area reached 3.5 billion square meters,
Beijing, Tianjin and surrounding areas up to 1 billion square meters, Solar
heating reached 400 million square meters nationwide.

Air Pollution Prevention
and Control Action Plan
(2013-2017)

In 2017, the proportion of non-fossil energy consumption increased to 13%.

In 2020, all types of renewable energy substitute about 1.5 tce in heating and
civilian fuels, in which, solar thermal utilization (heating and hot water)
reached 800 million square meters, equivalent to 96 million tce.

The new solar thermal application area will reach to more than 2 billion
square meters in buildings.
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3.2.

Choose suitable region

China has abundant solar resources, equivalent to 1.7 trillion tons of standard coal equivalent (tce) per year7,
but most Chinese cities are densely populated with high land price and limited places for installation of solar
collectors. So, at the beginning phase for solar district heating(SDH) in China, the most suitable area for
developing large-scale solar heating is the area with rich solar resources, longer heating period, many free
lands available, and no power grids and gas pipe network coverage, such as Tibet, Gansu, Tsinghai
provinces.
In the outskirts of the central city, as well as rural areas without municipal heating infrastructure, it is also
appropriate to develop small SDH pants to reduce the use of coal, while creating the conditions for using of
rural biomass and municipal solid waste incineration.
3.2.1

North urban area

Heating in urban areas of northern China is mostly district heating, including many city level heat supply
network and community level heat supply network. According to the heat source and size, heating systems
can be divided into cogeneration, regional coal fired boiler, gas boiler, residential area coal-fired boiler, gas
boiler, heat pump residential district heating etc.; And household gas stove, household coal stove, air
conditioning heating, direct electric heating etc.
The heating area of Chinese cities reached 12.6 billion m2, and the energy consumption of heating in
northern cities was 184 million tce, accounting for 21% of total building energy consumption in 2014. In
2001~2014, the heating area of northern urban buildings increased from 5 billion m2 to 12.6 billion m2,
increased by 1.5 times, the total energy consumption increased less than 1 times, the total energy
consumption growth was significantly lower than the growth of construction area. The heating energy
consumption per square meter decreased from 22.8kg tce/m2 in 2001 to 14.6kg/m2 in 2014, and the energy
consumption per square meter decreased by 34%25-26.
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Fig. 4: Heat supplied by Chinese Provinces1

The vast existing heating area means great potential for clean heating transformation, and a good opportunity
for solar heating, but there’re great challenges from the economic point of view.
Affected by the welfare heating system under the planned economy, most residential heating systems are
single pipe vertical series system, in which vertical imbalance is serious, uneven heat and cold between high
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and low stories of buildings, difficult to achieve heat charging by metering. At the same time, heating
equipment obsolete, poor reliability, lack of advanced heat metering means12.
"Heat" as a commodity is not accepted by users and part of enterprise, it is difficult for users to change from
the welfare heating system to buy heat, auxiliary heat metering equipment is expensive, the reform from the
tandem network to metering per household is difficult.
The urban area has large population density, high land price, and limited installation space for solar
collectors. In the short term, it is not the best choice for developing SDH. But the heating demand of urban
area is large and the users are concentrated. The economic and environmental benefits from SDH are more
significant, which will be the focus of future development.
3.2.2

North Rural areas

The northern rural heating mainly relies on heated brick bed, hot wall, household coal stove, gas stove,
electric heating and solar assisted biomass boiler heating in some developed rural area around Beijing and
Tianjin, some rural areas also develop small district heating systems.
Zhang Wei of Tianjin University summarizes the current heating technologies, heating fuel in north rural
area, household evaluation of indoor thermal comfort, and the distribution of heating technologies based on a
survey to rural residential buildings in the cold area between 2007 and 201027. As shown in Fig.5, small coal
fired boilers and heated brick beds are the main heating solution for rural area, accounting for 84% in total.
Rural Space Heatingg Technology of North China
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Fig. 5: Rural Space Heating Technologies in North China

There are many deficiencies for current heating solutions in rural heating in North China, such as low indoor
temperature, large heating energy consumption, serious pollution and so on. Energy utilization rate of heated
brick bed and hot wall is about 60%, stove is only 40%, while no insulation measures for heating pipes, the
heat loss of pipelines is large. Heating safety is not guaranteed, the improper operation or design easily lead
to gas leakage, and even explosion accident, stove heating easily leads to carbon monoxide poisoning28.
In terms of district heating in rural area, Shandong province is far more developed than other provinces.
Beijing, Shanxi, Liaoning, Heilongjiang and Hebei have developed rapidly.
Rural and small towns in northern China are good places for developing large-scale SDH projects due to
cheap lands, backward heating pipe network infrastructures, serious air pollutions caused by raw coal
burning, and the great pressure to improve quality of life.
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3.2.3

South Area

Air conditioning is still the largest portion of household heating in South China, reaching 30%1. Due to the
short heating time in South China, even if the heating effect is not good, many families still use air
conditioning as the only heating source, to save a large amount of installation of other heating equipment.
Household gas-fired boilers and electric floor heating accounted for 1% and 0.1% in southern households,
respectively. The heat pump as a relatively new product, accounting for only 0.03%. With characteristics of
energy saving and environmental protection, more suitable for the southern climate, heat pumps are currently
the fastest growing household heating products in the South. Affected by the rainy, not enough sunshine time
and other factors in the south, solar heating applications are relatively limited, accounting for only 0.005%.
Short heating time in southern China, usually about 1-3 months, household heating dominates, not conducive
to develop SDH. In order to reduce operating costs, residential property management companies are also
considering adding a solar collector field on the existing heating system.
3.3. Choose suitable technologies
Although China shares 71% of the total installation of solar collectors in the world, but no more than 0.3% of
solar collectors have been used for solar heating8, as shown in Fig.6, there’re only 154,971m2 solar collectors
used for heating, accounting for 0.3% of the annual production in 2014 in China. Most of solar collectors
were used in rural area as a home appliance, solar water heaters.
Installed Solar Thermal Collector Area in China and Europe from 1985 - 2014
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Fig. 6: China-EU collector installation area for solar heating9

3.3.1

Centralized solar heating system is better than household solar heating

Solar heating has been used for more than 10 years in China, and is widely used in rural areas as household
heating in the early stage. In recent years, solar heating has gradually developed into schools, public
buildings and residential communities etc. Without municipal heating.
Year 2016, we conducted a post-survey on some solar household heating projects in Beijing rural
villages(Fig.7). The on-site survey reveals that solar heating system can save more than 50% of the coal
burning annually, but it doesn’t run steadily. Caused by the easily damaged all-glass vacuum tube solar
collectors and bad installation, there’re lots of deficiencies found after 2 years’ installation, e.g. leaking in the
pipelines and water tanks. The operation and maintenance of household heating system mainly conducted by
the user personal, due to lack of professional knowledge, many users face the helplessness when the system
fails. But it is easier to build a regional operation and maintenance service points in a centralized heating
station than decentralized household heating.

316

J. Huang / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

A farmhouse heated by solar energy

A village with solar heating

Fig. 7: Typical household solar heating project in rural areas of Beijing

After more than 10 years of rural solar heating pilot and experience accumulation, from the economy, safety
and operation and maintenance work convenience point of view, the author thinks that district heating with
solar and biomass as the main heat source is more suitable than household heating in rural areas.
3.3.2

Flat plate solar collector is better than all-glass vacuum tube solar collector

The authors investigated many solar heating projects in northern China. All-glass vacuum tube solar
collectors are mostly used in those household solar heating systems. Due to poor maintenance and improper
operation, the real life span for all-glass vacuum tube solar collectors is only 2-3 years. Many all-glass
vacuum tube solar collectors are broken for overheat or freezing in the first year since installation. The
Investigation Report on Solar Heating Demonstration Projects in Mentougou of Beijing (ICA, 2010) gives
the same suggestions, for solar heating projects, flat plate solar collector with simple structure, long service
life and low maintenance rate should be preferentially selected.
3.3.3

Solar heating can prolong the life of existing ground source heat pump system

In the past more than 10 years, part of local Chinese government in cold northern area promoted ground
source heat pump (GSHP) heating, only in Shenyang City, GSHP heating area reached 59.41 million square
meters in 2012, accounting for nearly 1/3 of the city's total heating area. But now, there are many residential
communities with GSHP heating system cannot get normal heating because of long term imbalance between
heating and cooling.
Because heating load in winter is greater than cooling load in summer in cold areas, the heat extracted from
the underground soil by GSHP systems is much greater than the heat injected to the soil, which makes the
soil temperature decreasing yearly. The lower soil temperature will decrease the system’s evaporation
temperature in winter, reduce the heating capacity, and increase the energy consumption. According the
Study on Heat Balance of Ground Source Heat Pump in Severe Cold Area11, when soil temperature decreases
by 1ć, the energy consumption of the GSHP will increase by 3-4%.
Solar collectors can be added to those dysfunctional GSHP systems to form a hybrid energy heating system.
With proper control strategies, this hybrid energy system can achieve direct solar heating, direct heat pump
heating, heat injection from solar collectors in summer and heat extraction by GSHP in winter, and prolong
the life span of GSHP systems, at the same time improve the system energy efficiency.
3.4. Economic feasibility
There are mainly two district heating models in China – district boiler heating and district CHP heating, the
fuel is coal or gas. This paper selects a Chinese standard building (heating index: 50W/݉ଶ ) in Xi’an as a
sample, with 106 ݉ଶ heating area, 50MW heating load. Suppose the efficiency of coal fired boiler is 0.68,
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gas fired boiler is 0.9; pipe network transmission efficiency is 0.9. The heating mode is setting as single heat
source, double pipe heating system. Based on a 25 years’ payback time, we can calculate the heat price and
analysis the economy for different district heating technologies13.
Based on land cost, energy price, O&M cost etc. in China, we analyze the economy of SDH in China with
successful models from Denmark. The annual global solar irradiance is 1247.4KWh/݉ଶ .a in Xian, total
district heating load is 144 GWh/a, heating time is 2900 hours, designed solar fraction is 20%, the price for
different energy in Xi’an is shown in Table.2.
Table.2 Basic assumptions and price structure in Xi’an

Biomass

29.5$/MWh

Electricity

149.6$/MWh

Power grid price

225.0$/MWh

Bank loan interest rate

5%

Years of investment
25 Year
According to the above design parameters and prices of fuels, we analyzed the economy for four SDH
systems in China by means of the SUNSTORE4-Feasibility-Evaluation-Tool12. And the heating prices is
shown in Fig.8 based on 25 years’ payback time. Solar collector area is 144,300 ݉ଶ for all district heating
systems, the volume of PTES is 288,600 m3, BTES is 1,154,400 m3, and TTES is 31,746 m3.
Table.3 Four types of SDH technologies combination

Types

Technologies combination

SDH1

Solar + Biomass + HP + Pit Thermal Storage

SDH2

Solar + Biomass + Pit Thermal Storage

SDH3

Solar + Biomass + HP + Borehole Storage

SDH4

Solar + Biomass + Tank Thermal Storage

Coal is the mainly energy source in China, but the heating price of coal fired CHP is very high, so
government allocates large amount of subsidy to coal fired CHP to maintain price competitive advantage. we
calculate the heating price for traditional district heating technologies, heating price is very high, but the
price of SDH systems are relatively low. SDH not only will save a lot of fossil fuels, but also reduce the
heating price.

Dollars/MWh

Heating price
60,0

42,9

48,7 50,7 53,6 54,3

64,0 66,1 66,7

40,0
20,0
0,0
SDH2 SDH1 Coal SDH3 SDH4 Gas Gas Coal
fired
fired fired fired
boiler
CHP boiler CHP
Fig. 8: Heating price of different district heating systems

From Fig.8, we can conclude that the heating prices of gas fired CHP, Gas fired boiler and coal fired CHP
are very high; comparing heating price of the eight district heating systems, in the 50MW heating load
condition, the heating price of SDH2 is the lowest, with a price 42.9/MWh, then SDH1, with a price
48.7/MWh; and the price of coal fired CHP is the highest, the heating price is 66.7/MWh. Generally, the
heating price of SDH systems is lower than traditional CHP and gas fired boiler district heating. So SDH has
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price competitive advantage in China.

4. Major barriers
Although SDH has many benefits, it is still very difficult to implement this environmentally friendly clean
heating technology in China. The major barriers include no demo project, and lack of mature supply chain
support such as design, construction and operation of SDH plants. Besides the above-mentioned barriers,
there’re two facts for development of SDH in China.

4.1.

Backward idea

When promoting SDH, the most common voice is that "land price is high" in China, this centralized solar
heat station needs to take up a lot of land, completely inconsistent with China's national conditions. The
reality is that, from an economic point of view, compared with conventional agriculture, the economic
benefits of solar heat stations are much higher than those of agriculture, and due to the arrangement of
collectors, a large interval distance is required, which makes the land can still develop livestock and facilities
agriculture. In addition, in the sparsely populated, resource-poor Tibet, Gansu and other regions, as well as
some areas with strict ecological protection requirements, SDH is the best choice.

4.2.

Difficult to be connected into existing heating pipe networks

District heating technology in China is still the second generation, supply and return water temperature is
higher in main pipe network, it’s difficult for solar heating to be connected into existing heating pipe
networks without a heat pump or reheat device17~18. In addition, space heating is mandatory in heating season
as a livelihood project in China, but there’s no heating demand in the rest of the year, which means a waste
of solar energy in summer, or will increase the payback time of a SDH system. Therefore, to make full use of
solar energy, improve annual solar fraction, building a seasonal heat storage facility is necessary19`20.

5. Huge market potential
China's district heating capacity shows an increasing trend year by year, which is in line with the level of
China's economic development, the demand for improving indoor thermal comfort in winter is becoming
higher. Not only compulsory heating in North, the voice for heating in South in winter is also stronger in
recent years. It can be predicted that district heating load will further increase in near future. Based on the
analysis to the data of district heating capacity in recent ten years, we can get the annual growth rate of
district heating capacity, about 9%, we can predict the district heating capacity development trend in future 5
years by this growth rate. By 2020, China's district heating capacity will reach 727,100 MW, an increase of
254,544 MW compared with 2015, see Figure 10.
Assuming the annual solar irradiance is 800 W/, the efficiency of high performance flat plate heat
collector is 0.6, transmission efficiency of pipe network is 0.9, the average daily sunshine hours was 7 h, the
share of SDH used in clean energy heating is 5%, 10%, 15%, 20%, we can calculate the market potential and
environmental benefit from the clean transformation of existing district heating network and newly installed
district clean heating network.
By calculation shown in Table 4, when clean heating accounts for 5% of total district heating capacity and
SDH accounts for 5% of clean heating, SDH installation capacity is 1,200 MW, and the maximum
installation area of solar collector is 1.5 million m2. When clean heating accounts for 20% of total district
heating capacity and SDH accounts for 20% of clean heating, SDH installation capacity would reach to
19,000 MW, and the maximum installation area of solar collector would be 23.8 million m2.
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Table.4 Potential SDH capacity and solar collector area in the clean transformation of existing district heating system

SDH loads and Solar collector area in existing district heating system˄103MW˅

DH-5%
DH-10%
DH-15%
DH-20%
SDH-5%
1.20
2.35
3.55
4.75
SDH-10%
2.40
4.70
7.10
9.50
SDH-15%
3.60
7.05
10.65
14.25
SDH-20%
4.80
9.40
14.20
19.00
6 2
Solar collector area˄10 m ˅

DH-5%
DH-10%
DH-15%
DH-20%
SDH-5%
1.50
2.94
4.44
5.94
SDH-10%
3.00
5.88
8.88
11.88
SDH-15%
4.50
8.81
13.31
17.81
SDH-20%
6.00
11.75
17.75
23.75
Note: DH-5% represents clean heating account for 5% in clean heating transformation of existing district heating
capacity, SDH-5% represents SDH account for 5% in clean heating capacity. The rest are similar.

6. Conclusions
By above technical and economic analysis, we can summarize a SDH development road map as shown in
Table.5.
Table. 5 SDH Development Road Map in China

Steps

Pilot demonstration

Technology accumulation

Technology innovation

Years

2017-2020

2021-2025

2026-2030

Target market

Rural area, small
villages, towns

Industrial parks, large
residential communities

Small cities, integration with
existing heating network

Technology
application

Solar + GSHP, Solar +
Tank Thermal Storage,
high performance flat
plate solar collector

Low temperature heating,
remote monitoring,
seasonal heat storage

System integration, large
scale solar district heating

Northern China owns the basic conditions for the implementation of SDH with a developed district heating
network. With the national energy saving renovation of existing buildings and clean energy transformation of
existing district heating system, development of low temperature heating technology, and more stringent
restrictions to coal-fired boilers, heating enterprises must actively look for clean energy alternative to fossil
energy, and SDH will be the best choice. There are already some enterprises begin to build pilot and
demonstration projects in Tibet, Beijing suburbs and other regions. It is expected there would be many SDH
projects finished by the end of 2017.
Even though there are many challenges for SDH in China, we still believe that the implementation of SDH is
an inevitable requirement for economic development and environmental protection. The next five years
would be the best time to promote SDH with the mature technologies, favorable policies, and huge market
potential.
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Abstract
The interest on solar thermal systems in district heating networks has been growing all over the world for
several years. The integration of solar heat into the district heating network along with the conventional
combined heat and power plant requires special concepts. This contribution describes the recent
implementation of a large-scale solar heating system into a low-temperature network in the city center of
Chemnitz. The technical specification of different subsystems such as the solar collector fields, the two-zone
thermal energy storage and the heat transfer substation for auxiliary heating is presented. Special features of
this plant are e.g. the use of water in the complete system and the extraction of heat from the return line of the
main district heating network. First monitoring results are presented for the period from May to September
2017. In general, the system works as expected and a solar fraction of 21 % could be reached in the observed
period. A potential for optimization is identified e.g. related to the network return temperature.
Keywords: large-scale solar heating system, district heating, low-temperature, network, two-zone storage,
heat transfer substation, auxiliary heating system

1. Introduction
In order to achieve the national and international energy and climate goals, the potential of solar energy should
be exploited. A large-scale solar district heating is a sustainable and environmentally friendly solution for the
supply of thermal energy in urban quarters. The AGFW, the German industry association for district heating
and cooling, predicts that there will be an expansion of solar thermal systems with 800,000 m2 of collector
field area in the district heating systems until 2020 in Germany (IKZ, 2017). The integration of solar thermal
energy in a district heating system along with the existing cogeneration plant enables many advantages such
as the reduction of non-renewable primary energy consumptions, of the CO2 emissions and of the operating
costs of the system.
This paper is intended to describe the implemented solution in Chemnitz, Germany. Chemnitz is a typical East
German industrial city with a large-scale district heating system. This hot water system was planned as a
municipal heating system in 1928 and had grown steadily until 1990. The heat generation in this system is
based on a very high share on combined heat and power (CHP), which is produced by large lignite blocks. For
ecological and energy policy reasons, it is very important to find solutions for the cities which are currently
supplied by such conventional district heating systems. A favorable situation was present in Chemnitz from
2009 to 2011. It was recognized that the Brühl quarter (part of the northern city centre of Chemnitz) had to be
renovated completely including the infrastructure due to the condition of the buildings (Municipality of
Chemnitz, 2017). A brief description of the urban design situation is available online (Staedtebaufoerderung,
2017). The main problem was the very high vacancy rate of residential and commercial units which exceeded
50 %. Hence, several major steps were taken to preserve the quarter and to fundamentally improve the social
conditions. The authors (Urbaneck et al., 2015) got involved for a complete restructuring of the heat supply,
in particular to increase the share of renewable energies. First, the building structure and the heat consumers
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as well as possible renewable energy sources were analyzed. A preliminary study (2011-2012) lead to the
design of the heat supply concept with measures to increase energy efficiency and the use of solar thermal
energy showing the best results (Urbaneck et al., 2015). The concept has been implemented as proposed except
a few technical modification. In summer 2016, the plant was put into operation. The pilot plant consists of a
heat transfer substation with two solar collector fields, a two-zone storage, a district heating connection as well
as a low temperature network for the quarter with the house connection stations (Fig. 1). The monitoring and
analysis are carried out as part of the project “Solar district heating for the Brühl district in Chemnitz –
accompanying research (SolFW)” which is located in the 6th energy research program of the German federal
government. Further objectives and tasks can be found online (Urbaneck, 2017).

Fig. 1: Scheme of the supply station at the Georgstrasse, Chemnitz, Source: inetz 2016.

2. Solar heating system concept
The quarter (Hertelt et al., 2012) covers an area of more than 10,000 m2 and includes mainly apartment
buildings with around 1300 residential units. About 25 % of the buildings are subjected to preservation order.
A low-temperature network with a supply and return temperature of 70 and 40 °C, respectively (design-supply
temperature of 70 °C at an ambient temperature above 0 °C, linear rise to 80 °C at -14 °C ambient temperature)
was built. Moreover, heat exchangers (pre-heating and post-heating stage, Fig. 2) decouple the quarter
hydraulically from the existing main district heating network. The temperature reduction in the network
enables the efficient use of solar thermal energy. That means, a “low-temperature island” is created in the city
and in the district heating area. Additionally, in order to achieve low return temperatures, special heat transfer
stations for the apartment residential units were chosen which are based on a solution by Mahler (Mahler,
2004). The construction of a supply station (transfer station between the existing district heating system
(primary line) and the low-temperature network) with relatively large collector fields and a relatively large
storage brings several advantages in the present urban situation:
x
x
x
x
x

using existing brownfield areas close to the quarter,
effective realization of construction measures outside the residential area,
the reduction of specific investment costs due to large units,
a central operation and
no problems related to buildings being subject of a preservation order.

The structure of the transfer station is shown in Fig. 2. The main components of this supply station are described
in the following sections.
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Fig. 2: Structure of the transfer station (supply center).

2.1 Solar thermal field
The large flat plate solar collectors were installed in two fields (north and south) based on the model of systems
in Denmark (Holm, 2000) and cover a collector aperture area of 2093 m2 (Fig. 3). The collectors were mounted
on the ground with a tilt angle of 35° and field azimuths of 0° and -30° (south and north field, respectively).
Two sizes of solar collectors provided by Wagner Solar GmbH, were installed for charging the storage and for
supplying hot water directly to the network (Tab. 1).
Tab. 1: Parameters of the collector fields.

Aperture area
Collector type
Number of rows
No. of WGK133AR
No. of WGK80AR

Collector field south
1007 m2
Wagner WGK133AR,
Wagner WGK80AR
10
79
4

Collector field north
1086 m2
Wagner WGK133AR,
Wagner WGK80AR
17
86
3

The special feature of the Chemnitz solar system is that water is used as heat transfer medium in the two solar
fields. Additionally, there is no hydraulic separation between the solar fields, the storage and the customer’s
heating surface (e.g. radiator, floor heating). This reduces the heat and temperature losses along the supply
path and increases the collector efficiency. Furthermore, a faster availability and the reduction of auxiliary
energy requirements are achieved. In the collector, the heat transfer is improved due to the thermo-physical
properties of water. From a practical point of view, deaeration is facilitated leading to simple and efficient
operation. Cost reduction can be achieved by eliminating large heat exchangers, avoiding water-glycol
mixtures, omission of pumps and valves on the secondary side, etc. However, in minus temperatures during
winter the collectors must be heated with low heat amounts from the network in order to keep them frost-free.
In the SolFW project, this active frost protection (Fig. 2) which was previously practiced only with compound
parabolic concentrators (CPC) by Paradigma (Paradigma, 2016) is to be investigated in detail.
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The solar fields are operated with matched flow. The specific volume flow rate is 15 l/(m2∙h) at maximum and
controlled between 30 % and 100 %. The aim is for each string to reach the desired supply temperature of ca.
70 °C. This is performed by the setting of regulating valves being located at the outlet of each collector row.
These valves are adjusted in such a way that the desired flow distribution is reached in nominal operating
conditions. The control strategy (on the system side) ensures supply temperatures of 70 °C – 80 °C (possibly
higher). In case of stagnation, the solar fields are separated from the system.

Fig. 3: South solar collector field and two-zone storage (left) and north collector field (right) in the Brühl system, Chemnitz.

2.2 Storage
For buffering short-term solar surpluses and as short-term storage for the CHP plants, a welded flat bottom
tank was installed above the ground close to the south field (Fig. 3). It is constructed as two-zone storage
according to a patent application by Thümmler (Thümmler, 2014) with a thermal useful volume of 1000 m3
(storage zone) and a volume in the ballast zone of approx. 500 m3. It is possible to store hot water with a
charging temperature of up to 108 °C in the tank with stratification. The high temperature is possible due to
the hydrostatic load of the upper zone (ballast zone) which increases the pressure in the lower storage zone
and thus influences the boiling temperature of the water to be stored. The increased temperature leads to a
higher storage capacity. The two zones (Fig. 2) are separated by a rigid and tightly sealed intermediate ceiling
with insulation. For pressure balance, both zones are interlinked by a pipe system. Thus, the static pressure in
the storage zone is always above the boiling pressure and evaporation or cavitation are prevented reliably.
Additionally, this design helps in absorbing the volume difference due to expansion of water in the storage
tank or the entire distribution system.
The total height of the storage is 20 m and the two zones are separated at the height of 13.4 m. The inner
diameter of the storage is approx. 10 m. and it is insulated with mineral wool being 0.50 m thick. The outer
surface of the insulation was covered by aluminum trapezoidal profiles. Furthermore, in order to charge and
discharge the storage at different temperatures, four radial diffusors with diameters of 1.4 m are arranged in
different levels.
This new construction of the storage is one of the first of its type being built in a solar district heating system.
To avoid a contact of the water surface in the storage with air, nitrogen is injected in the roof space inside the
tank.

2.3 Heat transfer substation
Since the solar energy yield can only cover the demand on favorable summer days, auxiliary heat for charging
the storage and direct supply of the low-temperature network is provided by the existing district heating system.
For this purpose, a two-stage system was installed in the heat transfer substation. The first group of heat
exchangers (pre-heating stage, Tab. 2) contains two parallel plate heat exchangers for transferring heat from
the main district heating return line. Depending on the return temperature from the low-temperature network
or the storage (Tah1 in Fig. 3) and the current temperature of the main return line (Tdh,r), pre-heating can be
conducted. Then the water with the temperature Tah2 flows to the post-heating stage where two parallel shell
and tube heat exchangers supply heat from the main supply line in order to reach the desired supply
temperature.
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Tab. 2 Technical parameters of the heat transfer substation (Source: Requirements specification for Brühl district heating,
AIC Ingenieurgesellschaft für Bauplanung Chemnitz GmbH, 2015).

plate heat exchangers (pre-heating)
capacity
2.7 MW
primary side:
allowable operating over pressure
25 bar
max. allowable operating temperature
140 °C
inlet- / outlet temperature
60/50 °C
max. pressure loss
0.20 bar
secondary side:
allowable operating over pressure
16 bar
max. allowable operating temperature
140 °C
inlet- / outlet temperature
45/57 °C
max. pressure loss
0.25 bar

shell and tube heat exchangers (post-heating)
capacity
3.3 MW
primary side:
design pressure
25 bar
design temperature
160 °C
inlet- / outlet temperature 120..130/63..65 °C
max. pressure loss
0.25 bar
secondary side:
design pressure
16 bar
design temperature
160 °C
inlet- / outlet temperature
60/80..108 °C
max. pressure loss
0.25 bar

2.4 Network
A buried two-pipe network connects the buiding’s heat transfer substations to the supply center and distributes
heat with constant/annually varying supply temperature. Most of the pre-insulated pipes with sizes from DN25
to DN250 have been newly laid since 2014. So far, the owners of 198 out of 259 buildings (76 %) have taken
up the connection offer by the utility inetz. The current load of the connected buildings amounts to 12.6 MW.
This is about 200 % of the load expected for the first stage of network construction which was assumed for
designing the solar plant (Urbaneck et al., 2015).

3. Monitoring results
Although the operation of the solar plant started from August 2016, the recording of all the required parameters
has been only available since May 2017 onwards. Therefore, at first the thermal behavior of the system from
May to September 2017 is shown and evaluated:
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x

The continuous supply of the low-temperature network is depicted in Fig. 4. The supply temperature
is slightly above 70 °C, which is due to the safety reasons. The return temperature is in the range of
52…63 °C. Several factors are responsible of this higher return temperature, e.g. the supply being
used only for domestic hot water systems during the summer period, maintaining the network
temperature in the low-temperature circuit and fluctuations in the charging cycles of the transfer
station.

x

The daily sums for the output of collector field (sum of north and south field), auxiliary heating
demand and demand of the low-temperature network are shown in Fig. 5. The solar thermal system
has been designed for the first stage of network construction (Urbaneck et al., 2015). As the interest
of building owners exceeded the expectations, the number of connections and thus the load values
(Fig. 5) already correspond to the second stage of construction. Therefore, the output of the collector
fields can be seen below the network demand. Even during summer, auxiliary heating is necessary.
No off-peak periods (e.g. vacation) can be detected in the analyzed period. The base daily demand is
10…15 MWh/day.

x

The relatively high return temperatures in the low-temperature network (Fig. 4) have an effect on the
auxiliary heating system (Fig. 6). A fluctuating temperature profile can be seen (mainly because of
the control behavior of the pre-heating stage). The increase of the temperature to the desired value is
mainly performed in the post-heating stage because the return temperature of the low-temperature
network is close to the temperature of the main return line being used as heat source in the pre-heating
stage.

x

The daily sums of thermal energy transferred by the auxiliary heating system (stages 1 and 2) are
depicted in Fig. 7. The pre-heating stage covers ca. 15 % of the total auxiliary heat demand. It is
expected that during the heating season from autumn to spring, the return temperature in the network

N. Lal Shrestha / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Nirendra Lal Shrestha
will be lower which leads to an increasing contribution of the pre-heating stage to the total auxiliary
heat supply.
x

The desired supply temperature is hold ready in the upper level of the storage zone (Fig. 8). However,
fluctuations between 65 and 82 °C can be observed due to the operation of the collector fields and the
auxiliary heating system.

x

The high return temperature of the network has an effect on the operation of the collector fields.
During the day, the outlet temperature of the solar collector in the south field is between 70 °C and
80 °C (Fig. 9) and sometimes it exceeds 80 °C for a few hours. The inlet temperature is in the range
of 50…60 °C (Fig. 10). The design temperature difference between the inlet and outlet of the collector
field with nominal operation is 30 K. However, the observed temperature differences are often lower
(ca. 20 K, Fig. 11) due to high return temperatures in the network.

x

Fig. 12 and Fig. 13 show a regular behavior with respect to the solar collector yield. There are a few
outliers which indicate temporary malfunction. Generally, the fluctuation range is relatively narrow
and confirms continuous operation of the solar plant.

80

Temperature [°C]

75
70
65
60
55
50

Tnet,s

45

Tnet,r

40
01.05.17

01.06.17

01.07.17

01.08.17

01.09.17

01.10.17

Time [DD.MM.YY]
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Fig. 9: Temperatures in the course of time, outlet temperature of the south collector field (hourly mean values during matched
flow operation).

Fig. 10: Temperatures in the course of time, inlet temperature of the south collector field (hourly mean values during matched
flow operation).
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Fig. 11: Temperature differences of the south collector field in the course of time (hourly mean values).
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Fig. 12: Solar collector yield depending on the total irradiance on the collector surface in south field, 2017.
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Fig. 13: Solar collector yield depending on the total irradiance on the collector surface in north field, 2017.
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On the basis of the monitoring data from May to September 2017, the heat quantities were calculated and are
listed in Tab. 3. Furthermore, the key figures were listed which facilitate the evaluation:
x
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The summed yield of the solar collector fields is 599 MWh from May to September. In the design
phase, a specific collector yield of about 402 kWh/(m2∙a) was simulated for a net collector area of
1800 m2 (Urbaneck et al., 2015). Thus, 71 % of the predicted yield was achieved so far. The solar
fraction for the analyzed summer period amounts to 21 %, which is quite small because the solar
collector field has been designed for the first stage of network construction. However, the second
stage of construction has been reached faster than expected.
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The difference in yield between the south field with ideal south orientation and the north field with
an azimuth of -30° (east) is quite small with about 4 %. The azimuth of -30° was chosen for avoiding
shading by the main district heating pipes (Fig. 1).
The high return temperature of the network during the analyzed period lead to a relatively low share
of the pre-heating stage in the total auxiliary heat supply.
Tab. 3: Heat quantities and key figures.

Heat

Key figures

Generation:

specific collector yield (north field)
[kWh/m2]

281

yield from collector field
(north field) [MWh]

305

specific collector yield (south field)
[kWh/m2]

292

yield from collector field
(south field) [MWh]

294

solar fraction [%]

21

auxiliary heating (stage 1) [MWh]

356

share of stage 1 in auxiliary heating [%]

15

auxiliary heating (stage 2) [MWh]

2037

share of stage 2 in auxiliary heating [%]

85

collector field efficiency (south) [%]

39.9

collector field efficiency (north) [%]

39.6

Consumption:
supply to low-temperature network
[MWh]

2808

losses [MWh]

184

4. Conclusions
In this paper, the implementation of large flat plate solar collectors into a low-temperature district heating
network is presented. First monitoring results for the period from May to September 2017 show that the system
in general operates as expected. The return temperature of the network has a very high influence which has
been known since the 1990s. Optimization measures are planned here. Further work will be conducted for
improving e.g. control of the auxiliary heating system. It is possible to transfer this concept to other urban
quarters. Moreover, with the scale-up of collector area and storage capacity, higher solar fraction can be
achieved. Therefore, this concept is one useful technical solution for large-scale heating systems.
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ah

auxiliary heating

P

pump

amb

ambient
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post-heating
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butterfly valve

prh

pre-heating

ch

charging

Q

heat

coll

collector(-field)

r

return

CV

control valve

s

supply

dh

district heating
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sliding gate valve
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discharging

st

storage

E

solar radiation (measurement)

T

temperature (measurement)

he

heat exchanger

TWV

Three-way valve
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network

V

volume flow rate (measurement)
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pressure (measurement)
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Abstract
Drake Landing Solar Community is a Canadian solar district heating system with seasonal thermal storage. The
demonstration project, designed to achieve over 90% solar fraction, was commissioned in the summer of 2007,
reaching its 10th year of operation in 2017. The present work describes the system and its operation, presenting
simulated and measured performance indicators for 10 years of operation, together with relevant operational data.
Monitoring has proven the design simulations to be generally very accurate. During the last 5 years, the measured
average solar fraction was 96%, including 100% achieved during the 2015-2016 heating season. The ability to easily
access and view detailed system operating data combined with the ability to compare actual operation against
predicted has proven to be extremely valuable for the successful commissioning and the efficient operation of energy
systems at DLSC. Overall, the system has successfully demonstrated the reliable operation of a high solar fraction
solar district heating system with seasonal thermal storage in a very cold climate. Although that Drake Landing
system is too small to be economically competitive with the current very low price of natural gas in North America,
subsequent feasibility studies show that larger systems of similar design can deliver solar energy at about half the
cost compared to Drake Landing.
Keywords: Solar district heating, seasonal heat storage, borehole thermal energy storage, BTES, Drake Landing,
high solar fraction, monitored performance.

1. Introduction
In Canada, space and domestic water heating account for more than 80% of greenhouse gas emissions in the
residential sector. Despite that and the good levels of annual solar irradiation available in the most populated areas
of the country, adoption of solar thermal technologies has been slow. This is partly due to the seasonal mismatch
between the solar resource and the heating load, in particular for space heating applications. The Drake Landing
Solar Community (DLSC) project was created to demonstrate the technical feasibility of achieving conventional fuel
energy savings of more than 90% by using solar energy collected and stored during the summer to provide residential
space heating during the following winter (seasonal storage). The system was commissioned in late June 2007,
achieving 10 years of space heating operation during the 2016-2017 winter.

2. System Description
DLSC consists of 52 detached homes in Okotoks, Alberta (latitude 50.73N, longitude 113.95W). Each home has a
detached garage behind the house, facing onto a lane (Figure 1). Each garage has been joined to the next garage by
a roofed-in breezeway, creating 4 continuous roof structures, as seen on Figure 2. On those roof structures, 2293 m 2
(gross) of flat-plate solar collectors were installed.
The houses are located along two streets running east-west. Six different house models were available to buyers,
with an average above-grade floor area of 145 m2. The houses were built to meet Canada’s R-2000 performance
standard, with upgraded building envelopes, including higher insulation, low-e argon filled double panel windows
and improved air tightness and construction details. The higher standard was estimated to reduce space heating load
by 30% when compared to baseline houses at the time of construction. Space heating is supplied to the 52 houses
through 4 parallel branches of a 2-pipe district heating system. An integrated air handler and heat recovery ventilator,
incorporating fans with electronically commutated motors and a large water-to-air heat exchanger, supplies forced-
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air heating and fresh air. An independent, 2-collector, solar domestic hot water system, backed-up with a highefficiency gas-fired water heater, supplies service hot water.

Fig. 1: View of houses with adjoined garages and houses street view

Fig. 2: Aerial view of Drake Landing Solar Community

A seasonal borehole thermal energy storage (BTES) field was installed under a corner of a neighborhood park and
covered with a layer of insulation beneath the topsoil. The BTES is composed of 144 boreholes, each 35 m deep and
radially plumbed in 24 parallel circuits, each with a string of 6 boreholes in series. Each series string is connected
in such a way that the water flows from the centre to the outer edge of the BTES when storing heat, and from the
edge towards the centre when recovering heat, so that the highest temperatures will always be at the centre. Figure 3
shows the borehole field under construction and currently, as a landscaped park.
Most of the solar district energy system mechanical equipment (pumps, controls, auxiliary gas boilers, etc.) is in a
dedicated building (Energy Centre, at top right corner of Figure 2), which also houses two short-term thermal storage
(STTS) tanks with a combined water volume of 240 m3. The STTS acts as a buffer between the collector loop, the
district loop, and the BTES field, accepting and dispensing thermal energy as required. A 22 kW photovoltaic array
is installed on the roof of the energy centre (not visible in Figure 2, as the picture was taken before its installation)
The specially designed air-handlers and separate water heating systems allow the district system to operate at low
temperatures, leading to increased effective storage capacity and higher collector performance. Typically, the supply
temperature for the district heating system is below 40°C, and return below 30°C.
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Fig. 3: Borehole field under construction and currently, as a landscaped park

A schematic diagram of the system is shown on Figure 4, and more details on its design and early results of
operation can be found elsewhere: McClenahan et al. (2006), Wong et al. (2006) and Sibbitt et al. (2012, 2015).

Fig. 4: Schematic diagram of the solar seasonal storage heating system at Drake Landing Solar Community

3. System Performance Results
3.1. Simulated system performance
During the design phase, a detailed TRNSYS model was developed to simulate the system operation. The model
includes solar collectors, heat exchangers, short-term and bore-hole storage, piping, controls and district heating
system. The house heating loads were calculated using ESP-r, and the results used as input into TRNSYS.
Simulations were done both with 50 years of historical weather data and by repeating the typical meteorological year,
CWEC – Canadian Weather for Energy Calculation, for the site. Both analysis predicted average solar fractions
above 90% over 50 years of operation. The TRNSYS simulations were used to optimize some of the main design
parameters, such as solar collector area, short-term storage size and number and depth of boreholes. Table 1 presents
the results of the simulated 10 years of operation with repeated CWEC data.
The results of 50 years simulations using the same load and weather data show very little change beyond the 10th
year of operation. Therefore one can see the results for the 10th year on Table 1 as the final steady state condition for
the simulations. The system reaches a maximum solar fraction of 91%, with an all pumps electrical COP of 46. COP
calculations are based on home heating load as a way to compare its values to distributed heat pump systems. Two
different COPs are defined: COPss, based on the solar and storage pumps electricity consumption and the solar
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contribution to the houses heat load, and COPap, based on all pumped electricity consumption and the houses heat
load.
ܱܲܥ௦௦ ൌ
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(eq. 1)
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Tab. 1: Summary of simulated system performance

Year of Operation

1

2

3

4

5

6

7

8

9

10

Heating Degree-Days
(18°C ref.)

5200

5200

5200

5200

5200

5200

5200

5200

5200

5200

Homes Heating Load
(GJ)

2328

2328

2328

2328

2328

2328

2328

2328

2328

2328

Horizontal. Global
Irradiation (GJm-2)

4.97

4.97

4.97

4.97

4.97

4.97

4.97

4.97

4.97

4.97

Incident Global
Irradiation (GJm-2)

6.08

6.08

6.08

6.08

6.08

6.08

6.08

6.08

6.08

6.08

Collected Solar Energy
(GJ)

4480

3830

3630

3550

3520

3510

3490

3490

3480

3470

Collector Efficiency1

0.32

0.27

0.26

0.25

0.25

0.25

0.25

0.25

0.25

0.25

Energy into BTES (GJ)

3030

2390

2200

2110

2080

2060

2050

2040

2030

2020

BTES Efficiency2

0.09

0.23

0.35

0.40

0.41

0.43

0.43

0.45

0.45

0.45

Solar Energy to District
Loop (GJ)

1670

1930

2140

2230

2230

2270

2280

2300

2300

2300

Total Energy to District
Loop (GJ)

2530

2530

2530

2530

2530

2530

2530

2530

2530

2530

Solar Fraction

0.66

0.76

0.85

0.88

0.88

0.90

0.90

0.91

0.91

0.91

Solar and Storage Pumps
Electricity Consumption
(GJ)

46

47

47

46

45

45

45

45

45

45

All Pumps Electricity
Consumption (GJ)

53

54

53

52

52

52

51

51

51

51

COPss

33

37

43

45

45

46

47

47

47

47

COPap

44

43

44

45

45

45

45

45

45

46

(Jan-Dec)

Although the results on Table 1 were obtained with the TRNSYS model developed at the time of system design,
many efforts have been made to improve and calibrate the model. McDowell and Thornton (2008) performed an
initial model calibration during the first year of operation, and additional efforts are currently under way to review
and calibrate the model by comparing the results between measured and modeled energy performance results using
measured weather and load data as inputs to the model.

1
2
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3.2. Measured system performance
DLSC operation has been closely monitored since its commissioning in 2007 and a summary of the performance
measurements between July 1, 2007 and June 30, 2017 is presented on Table 2. The annual collector efficiency has
remained relatively constant over the period at approximately 34%, based on the gross area of the collectors and the
collected energy measured at the heat exchanger in the energy centre. In the first year of operation, most of the
collected energy (2610 of 4470 GJ) was sent to the BTES. Although the BTES only returned 152 GJ (6%) of the
input energy for heating later in the first year, 1520 GJ of solar energy was also supplied directly from the STTS.
Together, 1670 GJ of solar energy, out of a total of 3040 GJ was delivered to the district loop, giving a solar fraction
of 55%. In the next 3 years, the BTES returned a greater fraction of the heat supplied to it, reaching 54% in the fourth
year, allowing the solar energy contribution to the load to increase to 60% in year two, 80% in year three and 86%
in year four. In year 5, the solar fraction increased to 97%, but the heat returned from BTES dropped to 36% of the
heat supplied to it. Such low BTES contribution happened again in 2015-2016, when the system reached 100% solar
fraction and the house heating loads were the lowest for the 10 years of operation. During the last 5 years, the average
solar fraction was 96%, including 100% achieved during the 2015-2016 heating season.
Tab. 2: Key measured performance indicators for the first 10 seasons of operation

1
2

Year of Operation

2007

2008

2009

2010

2011

2012

2013

2014

2015

2016

(Jul-Jun)

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

Heating Degree-Days
(18°C ref.)

5060

5230

4890

4910

5480

4580

5300

4860

4130

4760

Homes Heating Load
(GJ)

2790

2470

2400

2700

2100

2380

2520

2160

1840

2340

Horizontal. Global
Irradiation (GJm-2)

4.63

4.96

4.65

4.58

4.75

4.70

4.63

4.57

4.50

4.26

Incident Global
Irradiation (GJm-2)

5.82

6.07

5.49

5.45

5.67

5.55

5.55

5.41

5.48

5.06

Collected Solar Energy
(GJ)

4470

4390

4270

4060

4430

4330

4290

4340

4360

3920

Collector Efficiency1

0.34

0.32

0.34

0.33

0.34

0.34

0.34

0.35

0.35

0.34

Energy into BTES (GJ)

2610

2710

2500

2260

2520

2570

2460

2680

2670

2270

BTES Efficiency2

0.06

0.21

0.35

0.54

0.36

0.51

0.56

0.42

0.32

0.54

Solar Energy to District
Loop (GJ)

1670

1790

2030

2460

2050

2430

2780

2390

2270

2550

Total Energy to District
Loop (GJ)

3040

2960

2550

2860

2120

2490

3030

2500

2270

2750

Solar Fraction

0.55

0.60

0.80

0.86

0.97

0.98

0.92

0.96

1

0.93

Solar and Storage Pumps
Electricity Consumption
(GJ)

133

135

126

120

81

72

84

64

65

72

All Pumps Electricity
Consumption (GJ)

153

156

145

138

93

83

97

74

79

78

COPss

12

11

15

19

25

32

28

33

28

31

COPap

18

16

17

20

23

29

26

29

23

30

Based on gross area
Apparent efficiency; does not account for year-to-year change in stored energy
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Measured irradiation has been consistently lower than CWEC typical meteorological year numbers. Solar collectors
have performed better than estimated through the simulations. Those discrepancies are currently under closer
investigation. COP values have improved considerably since the beginning, mostly due to control strategies that
reduced pump electricity consumption. Lower initial COP values were due to higher pump consumption and the fact
that the BTES was being charged for the first time. The system has consistently produced COP results above 28.
Moreover, the electricity consumption for pumps is almost entirely off-set by onsite PV generation. Unlike PV,
however, the solar thermal system with seasonal storage delivers energy when it is mostly needed, without seasonal
imbalances. Overall, the system has surpassed performance expectations and has operated with a high level of
reliability.

12.00

Individual Metered Home Heat Usage (GJ)

10.00

8.00

6.00

4.00

2.00

0.00
Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Fig. 5: Monthly metered heat usage for each one of the 52 houses for the calendar year of 2016

The individual heat metering results shown in Figure 5 show a large variation in heat usage among the 52 houses,
even though there is not a significant difference in house sizes or construction. However, many other variables can
lead to such variations, such as thermostat settings, and internal and solar passive heat gains. The original design heat
load estimates showed that internal gain and passive solar represent about half of the contribution to the total heat
load. It should be noted, however, that despite large individual variations, the average annual heat usage for the 52
houses is very close to the design value. For the initial 10 years, the average heating load for the 52 houses has been
metered at 2370 GJ/year, compared to 2328 GJ/year simulated.

4. System Operation and Control
DLSC is controlled and monitored through METASYS, a building automation system (BAS) developed by Johnson
Controls. Data is recorded every 10 min and the system operation is followed remotely by the project utility partner,
ATCO and by researchers at CanmetENERGY Ottawa. There are no operators on site, and a number of alarms are
set in the BAS, providing immediate awareness of operational issues. Figure 6 shows a functional diagram for DLSC
with the system monitoring points.
The control system is designed to initiate and maintain collector loop operation whenever there is sufficient incident
solar energy available. Initial operation each day warms up the collector loop, bypassing the glycol-water plate-frame
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heat exchanger. When the collector loop fluid is hot enough, the flow is directed to the heat exchanger, transferring
the heat to the water loop connected to the STTS. Thermal stratification is important in both the BTES and the STTS
to allow the high temperature water to be available for space heating needs while supplying relatively low
temperature glycol to the collectors. Both glycol and water collector loops utilize variable speed pumps. The control
system was initially designed to vary the flow rate to achieve a 15°C temperature rise in the glycol loop and the water
side pump would mimic the glycol side flow rate. This strategy enhances stratification in the STTS while reducing
pump electricity consumption.

Fig. 6: Functional system schematic with monitoring points

One of the goals of the project is to evaluate control strategies that can optimize net energy production, maximizing
the amount of collected energy and reducing power consumption for pumps. The solar collection pumps (primary
glycol and primary water) account for more than 45% of all the electricity used for pumps (Table 3), despite the fact
that the glycol loop was designed with a relatively low maximum flow rate of 25 l/hm 2. Therefore, during the years
of system operation, a number of experiments were conducted to evaluate, through different control strategies, the
impact of primary circuit flow reduction on electricity usage and thermal performance.
Tab. 3: Pump electricity consumption (GJ) for 2016-2017

Pump
Description

Total

Primary
Glycol

Primary
Water

District
Loop

STTS
to HX

BTES

Annual
Consumption (GJ)

26.16

10.81

6.38

7.99

26.85

78.19

Percentage of Total

33.5%

13.8%

8.2%

10.2%

34.3%

-

Power consumption vs pump speed was measured for each one of the pumps equipped with variable frequency drives
(VFD). Figure 7 shows, as expected, the marked increased in electrical power that follows an increase in pump speed.
The main strategy to reduce power consumption has been to increase the set temperature differential through the
glycol loop, which leads to lower flow rates and pump speed. This effect can be observed on Figure 8. Compared to
2010-2011, both 2015-2016 and 2016-2017 show less hours of operation at high flow rates, which translates into a
reduction of electricity usage. With negligible impact on collector annual efficiency, the electricity savings are
calculate to be approximately 50% of the amount used with the original control strategy.
For the BTES pump the approach has been to use a predictive manual control, preventing energy from being moved
from the STTS to the BTES if a cold front is forecasted, and only charging the BTES in the winter if the top
temperature in the hot tank surpasses 60°C.
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Fig. 7: Measured glycol pump (P1.1) electricity consumption as function of VFD setting
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Fig. 8: Numbers of hours of operation at different flow rates for the glycol pump (P1.1) (selected years)

When space heating is required, energy from the STTS heats the district loop fluid through a second plate-frame heat
exchanger. If there is insufficient energy in the STTS to meet the anticipated heating requirement, heat is transferred
from the BTES into the STTS to meet the requirement. If the stored water temperature is insufficient to meet the
current heating load, natural gas fired boilers raise the temperature of the district loop as required. When there is
more heat in the STTS than is required for space heating in the short-term, water is circulated from the STTS through
the BTES to store heat for later use. Figure 9 shows the heat supply to the system based on type of source for the
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2016-2017 operational year. In this particular year, which was somewhat typical, direct solar was responsible for
48% of the energy supplied, while indirect solar, i.e., energy extracted from the BTES, accounted for 45% and the
boilers for 7% of the supply.

Fig. 9: Heat supply to the district loop in 2016-2017, according to the source

As mentioned previously, the home air handlers were designed to deliver the necessary amount of heat at a relatively
low temperature. This, and the fact that the district heating system does not supply domestic hot water, allows the
system to operate at low temperatures. The district loop supply water temperature is varied linearly from 37°C for
ambient air temperatures of -2.5°C or above to 55°C for ambient air at -40°C. Variable water flow rates are also used
in the district loop to allow a wide range of space heating loads to be met while facilitating efficient use of solar heat
over a range of source and load temperatures, and limiting pump electricity consumption. Figure 10 shows the weekly
average supply and return temperatures for 2016-2017. The slightly higher temperatures in the summer months are
not indicative of operation set points. When the district loop is not operational in the summer, the surrounding air
heats up the temperature sensors, which are located in the mechanical room close to the heat exchanger. Ambient
temperatures in the mechanical room are usually close to 40°C in the summer.
50
45

Temperature (°C)

40
35
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25
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10

District Average Supply T

District Average Return T

5
0

Fig. 10: Weekly average supply and return district loop temperatures for 2016-2017
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Low supply and return district loop temperatures improve the effective thermal capacity of the BTES. In most cases,
the BTES is able to meet the demand, with the exception of stretches of extreme cold days, which require higher
supply temperature and thermal power. Figure 11 shows the maximum and minimum yearly temperatures for sensors
located in the water piping at the top of the boreholes, with 24-1 and 23-1 being closest to the centre, and 24.7 and
23.7 being closest to the edge of the BTES (see Figure 6). Charging and discharging of the BTES is done in a way
to promote thermal stratification within the BTES, with higher temperatures at the centre.
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Fig. 11: Maximum and minimum yearly temperatures for sensors located at the top of the boreholes

During those 10 years of operation, DLSC has not experienced a stagnation episode in its glycol loop. This is mostly
because there is enough capacity in the BTES to absorb all the energy produced. Nonetheless, the system is equipped
with dry coolers that can reject enough heat to prevent the system from reaching a boiling state. The favourable
conditions have resulted in longer glycol life and the fluid has not been replaced since the initial charge in 2007.
Figure 12 shows the results of glycol pH and reserve alkalinity analysis throughout the last 10 years.
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Fig. 12: Glycol pH and reserve alkalinity

342

Reserve Alkalinity (ml HCL/ 10 ml)

8.8

L. Mesquita / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

5. Lessons Learned and Future Outlook
Overall, the system has successfully demonstrated the reliable operation of a high solar fraction solar district heating
system with seasonal thermal storage in a very cold climate. In ten years of operation, only 2 of 798 solar collectors
have been replaced and regular testing of the propylene glycol-water heat transfer fluid shows negligible
deterioration, indicating many more years of service can be expected.
Adjustments and improvements have been implemented, such as better controls. Issues that could have led to
significant performance and reliability problems were corrected early on. For example, a design oversight of the
outlet ports in the upper half of one of the short term storage tanks led initially to lower thermal performance. It was
promptly identified and corrected. This underlines the importance of technical and financial resources for monitoring
and correction of eventual issues, common in pilot systems with this level of complexity. Careful design is seldom
enough.
The DLSC builder, land developer and municipality were included in the project planning process from the
beginning. This proved to be the right approach since their experience with and understanding of the home buyer’s
perspective had a significant positive influence on important design decisions throughout the process. It was also
valuable in building confidence in the project regarding the market acceptance of the unfamiliar technologies being
applied.
The homes were sold very quickly, with a long waiting list of potential buyers wanting to move into the community.
People who live in the community are very pleased with it and they have adapted very well to the constant attention
from outside, including opening their homes to people from over 20 countries around the world as far away as South
Korea, China, and Chile. DLSC house values have increased in step with conventional homes in the area. The
builder, the utility, the land developer and the municipality have all expressed interest in participating in the
implementation of similar projects in the future.
As with the other utilities, district heating loop piping needs be installed before the houses are built. Shut-off valves
in the utility easement near the street should be considered for subsequent projects to simplify the line installation
and connection process for the builder.
It is essential to have committed partners. In significant projects, unexpected issues will almost certainly arise,
however, with high levels of dedication and commitment, teams can identify acceptable paths forward which can be
successfully executed. Some of the unexpected issues the DLSC team faced included severe construction site
flooding, lower than expected reliability for some conventional equipment and some components that didn’t actually
perform to specification.
The ability to easily access and view detailed system operating data combined with the ability to compare actual
operation against predicted is extremely valuable for the successful commissioning and the efficient operation of
energy systems such as that used at DLSC. Going well beyond the obvious benefits of fine tuning control set points
and identifying failed sensors and mechanical components, the availability of these data has identified inoperative
control logic, inadvertent use of “temporary” set points, instances where plumbing modifications were warranted and
opportunities to reduce electricity consumption with improved control logic. The performance and financial
implications can be very significant if issues like these are not corrected.
Using the system data in conjunction with the TRNSYS design simulation has raised confidence in the ability to
predict the energy performance of similar systems. Monitoring has proven the design simulations to be generally
very accurate. Refined simulations have been subsequently used to perform feasibility studies for follow-on projects
using similar designs. The simulation model has also been used to look for evidence of soil drying within the borehole
field and conclude that no significant change has taken place in the bulk properties of the soil or in the performance
of the seasonal storage.
Drake Landing system is too small to be economically competitive with the current very low price of natural gas in
North America. However, subsequent feasibility studies show that larger systems of similar design can deliver solar
energy at about half of the cost compared to Drake Landing, and additional work is underway to improve cost
performance further. Current work includes model refining, O&M cost evaluation, and predictive control analysis
and test implementation.
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6. Nomenclature
Heat load (GJ)
Coefficient of Performance
Electricity consumption (GJ)
Solar Fraction

Q
COP
E
f

Subscripts
Solar and Thermal Storage
All Pumps
Houses

ss
ap
h
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Abstract

Solar thermal large-scale installations provide less than 1% of heat for DHC networks globally. The interest into
solar thermal energy installations increases, but still strong measures are necessary to promote the technology across
countries and energy policy frameworks. So how can the share of solar thermal energy be increased in district heating
and cooling networks globally? Today, technical, economic, and policy measures still restrict a profound market
development and limit the integration of large scale solar systems into different types of energy networks despite the
huge potential of the technology to provide heat based on renewable sources. The new IEA SHC Task 55 extends
research towards district heating and cooling networks, main system components and hybrid technologies.
Additionally, the Task provides a new platform for scientists and industry partners to share their knowledge and
solve pressing technical, political, and economic questions.
Key-words: IEA SHC Task 55, solar thermal large-scale installations, solar thermal systems, solar energy, district
heating, district cooling

1. Introduction
Renewable energies such as solar provide promising business opportunities for companies. Innovation efforts at the
right spot and at the right time can boost business success. Even international stock indices are aware of the economic
strength of energy company efforts towards sustainability-oriented measures (Provasnek et al. 2015). However,
increasing project dimensions require increasing technical capabilities and business model reliability. The cost
competitiveness of solar thermal heating and cooling technologies is defined by several factors. Among these are
initial costs of the solar thermal system, proper maintenance, or prices of alternatives. Solar thermal large-scale
installations suitable to be integrated into district heating networks face these challenges on a much larger scale than
well-established residential solar thermal systems. For decades, countries such as Denmark or Austria have paved a
way to upscale solar thermal systems up to GW sizes, with a number of implications due to system sizes.
Several technical design characteristics determine the specific energy output of solar thermal systems, such as
collector field losses, low temperature operations, or low return temperatures into solar collectors critical to storage
losses. One major specific problem of regions with strong seasons are system and operational losses during winter
times. The integration of solar thermal large-scale applications into district heating networks is problematic: Solar
radiation is low while temperatures of the district heating networks are high (90°C – 140°C flow temperature).
Additionally, the performance of collectors and their performance in field constructions do not correspond to their
designated lab test results. Storages, hybrid technologies (industrial waste heat, heat pumps, or storage types) and
optimized system components have to be aligned with all-year system requirements of district heating and cooling
networks to guarantee a high solar fraction.
The IEA SHC Task 55 is a follow up Task of the successfully terminated IEA SHC Task 45. The former task provided
research results on technical-economic parameters of large scale solar thermal plants (TASK 45, 2014). The new
task integrates past findings and extends research towards district heating and cooling networks, main system
components and hybrid technologies. Additionally, the new Task provides a new platform for scientists and industry
partners to share their knowledge and solve pressing technical, political, and economic problems. It aims to provide
options on how to best integrate solar thermal large-scale installations in combination with hybrid technologies (such
as seasonal heat storages or adsorption heat pumps) into district heating and cooling networks. It is central to focus
on the integration of solar thermal systems into network technologies, and on challenges which limit current
integration efforts.
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2. IEA SHC TASK 55: Structure and Strategy
The international cooperation on the integration of solar thermal large scale installations into district heating and
cooling networks is structured into four subtasks, A, B, C, and D. Subtask A focuses on district heating network
requirements and options to integrate solar thermal heating or cooling installations. Economic analyses, hybrid
technology applications, or control strategy challenges are major points of research. Subtask B elaborates on the
specific components of such systems, testing and monitoring projects as well as quality aspects of integrated
components. Subtask C emphasize the design of solar thermal systems. Projects elaborate on simulation tools,
collector designs or modular conception and construction measures. Finally, Subtask D promotes and disseminates
project results and know-how on SDH/SDC systems including hybrid technologies. It contributes business models,
market analyses and best practice examples. Experts on Task 55 key research areas exchange their main fields of
expertise in half-year cycles between 2016 and 2020, and aim to stimulate the growth and realization of a strong
SDH/SDC industry. Strategic steps to reach set objectives are high attendance rates at Task 55 Meetings, active
dissemination on most well-known industry platforms, increasing numbers of experts involved into Task 55 project
work activities and active participation in the International Energy Agency on local and international levels.

3. Network Analyses and Integration
The overall district heating or cooling network and integration aspects are central as soon as the solar share of a DHC
system reaches a level where the operation of the network and the other supply units is influenced significantly.
Best practice examples and case studies of existing, newly integrated and planned SDH and SDC systems with large
(>5%) solar fraction (typically of > 0,5MWth up to GWth), including characteristics such as typical network
temperatures, summer/winter load ratio, pressure level, collector fields, seasonal storages, hybrid-technology
implementation, hydraulics and control strategies are central to analyze the network and integration strategies. Case
studies, including potentials and barriers for the integration of solar thermal systems can show possible transition
strategies from no to 100% solar thermal supply. System challenges in the network especially affect the hydraulics
and the interaction with other supply technologies.
Technical and operational parameters of district heating systems differ across countries. In China, typical water
supply temperatures range from 115-130°C, whereas in Denmark 66-115°C apply. In Germany, temperatures range
from 90-113°C. Water return temperatures range from 50-80°C in China, 38-67°C in Denmark, and 30-60°C in
Germany. Chinese networks show losses of 20-50%, whereas Denmark has 19.8% and Germany on average 13%.
The volumes of networks in China have doubled since 2000 with rapid expansions, in Denmark networks are at the
age between 24-54 years, whereas in Germany, some networks are close to 100 years old (IRENA, 2017).
The inclusion of solar thermal devices into diverse, complex heat distribution systems is ambitious, but doable. Solar
thermal installations are based on renewable heat with minimal environmental impact. Disadvantages of the
technology are the irregularity of solar irradiation (on which the heat yield depends) and the typically negative
correlation between solar heat supply and heat demand. These disadvantages can be met by the use of storage tanks.
Furthermore, heat production can be supported by the use of heat pumps. Complex heat generation and distribution
systems incorporate many types of heat sources. The control of both the solar thermal systems and the heat
distribution network constitutes a major challenge. Standard strategies of independent linear controllers for individual
subsystems are not appropriate for control of transient modes. By disregarding the couplings between the systems,
changes in operating conditions in one system can lead to oscillations and suboptimal behavior in others, which again
can have repercussions on the first system. Unpredictable behaviors when integrating solar thermal systems into DH
networks can be met by subordinate model-predictive control approaches.
Simple linear controllers do not account for dead time (delay), which is unavoidably present in large thermal systems
fed by renewable sources. By a model-based approach, dead time can be explicitly taken into account in control
strategies. Since the velocity-dependent throughput time corresponds to the heating time in the collector, one has
some level of control over the outlet temperature by properly adjusting the mass flow. Adding an electrically operated
heat pump to the system allows to decouple (to some extent) outlet temperature and heat flux. With a model-based
control approach it is thus possible to independently prescribe target values both for outlet temperature and heat flux
(within technical and physical limits). By setting the target values for critical system quantities, a superordinate
predictive control system can make best use of all components and avoid unwanted situations, such as loaded storage
tanks at a time when considerable solar yields are possible (Lichtenegger, et al. 2015).
Necessary conditions to use these predictive control measures to integrate a solar thermal system into a district
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heating network are (Lichtenegger, Unterberger, 2015):
-

Sufficient knowledge of the system,

-

Reliable forecasts for solar irradiation,

-

Reliable forecasts for ambient temperature and heat demand,

-

Significant device for heat storage,

-

The system has non-trivial heat demand characteristics.

International research projects on elementary components of the integration of solar thermal systems are heat
portfolio, BiNe2+, UrbanDHExtended, OptENgrid, or BIGSOLAR. A switch to renewable energy sources for district
heating and cooling can help meet rising urban energy needs, improve efficiency, reduce emissions and provide costeffective temperature control. Under calculated conditions, DHC offers a cost-effective and energy efficient option.
There is significant potential to upgrade existing systems and create new networks using solar thermal large-scale
systems (IRENA, 2017).

4. Components testing, system monitoring and quality assurance
Operational conditions of components in large solar thermal plants usually differ from conditions under which
components were originally tested in laboratories. Based on findings of IEA SHC TASK 45 Subtask C - which
focused on system configurations, system performance, tools and guidelines for operating strategies, and models for
ESCo services – the parameter are scaled up to much bigger sizes (Putz, Provasnek, 2016). Plant-specific
characteristics, such as the azimuth, inclination, hydraulic effects, differentiated flow rates of parallel collector arrays,
or characteristics of the heat transfer media determine how solar thermal systems operate. To reduce the uncertainty
on the performance of solar thermal systems and to increase the planning reliability of systems to be integrated into
DHC networks, current test methods have to be scrutinized and the actual operating conditions have to be put into
consideration.
One major research project named `MeQuSo´ provides Task 55 with data on In-situ tests of the power output of large
collector arrays to assess the thermal performance of the deployed collectors under real operating conditions in the
field. By monitoring the performance of different collector types, assessments on the quality of individual products
and external influences in the field are possible. Existing measurement data of solar thermal plants are not sufficient
to improve current collector test approaches, since the needed quantities might not be measured and the accuracy
might not be adequate. This is certainly true for radiation, since precise measurement of radiation is not always
mandatory for control systems of solar thermal plants. A solar thermal plant called `Fernheizwerk´ was equipped
with high precision measurement equipment to meet the data quality requirements of the project MeQuSo. Test
results show that the field performance of a number of collectors differ highly from tests performed in the laboratory.
Findings provide more accurate efficiency values under real operating conditions in the field, a higher reliability of
the expected solar yield, and will lead to performance improvements of future collectors, collector arrays, and
components of the total solar thermal system (Doll, Ohnewein, et. al 2016).

5. Design of the Solar Thermal System and of integrated Hybrid Technologies
The design of solar thermal systems defines their architecture, modules, and interfaces. The data on the design have
to focus on the demand of specified requirements. Ideally, theory on system design and product development merge
and are transported to the market, leading to innovative large-scale solar installations suitable for SDH. Core steps
include the analysis, architecture and engineering of solar thermal components. Hybrid technologies can help to
shape the change into DHC solar thermal innovation. Elements from new solar thermal system designs can be
combined with technologies of the status quo. Hence, two technologies are combined with one another.
New systems can be based on a first simulation of solar thermal systems and their components, such as storage,
piping, and hybrid technologies such as heat pumps. The project at hand elaborates on characteristics of collector
array units, large and seasonal storages, hydraulics, and heat pumps within system operations. Large scale collector
fields are simulated and compared to related measurements in field tests. Optionally, the simulation tool can be
corrected. Next, parameters of seasonal storages are calculated and guidelines for the design and construction of
different storage types identified. Hydraulics within systems are sensitive to a variety of parameters. These
parameters have to be optimized. Piping within large systems and options for a modular conception and construction
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of very large systems have to be investigated. The subsequently developed modes provide new findings for
performance surveillance, system design, and system control measures.
Steps to evaluate and optimize the design of solar thermal systems include:
-

Investigation of measured long-term field performance in relation to standardized collector test information

-

Development of tools/models for annual performance predictions at different operating conditions and field
designs

-

Solar radiation modelling

-

Assessment of different collector types for large collector fields

-

Investigation of system performance and control for a collector field with series connection of different
collector types

-

Investigations on influence of the design of the solar collector loop on the thermal performance of solar
collector fields

-

Analyzing pressure loss and flow distribution in collector components, collectors, and collector fields

Focusing on renewable energy sources, solar thermal energy can be generated by more than one renewable source at
a time. Examples are sources of solar, biomass, or geothermal. The hybrid energy generation module of solar and
geothermal or solar and waste heat hybrid module are attractive, as they are abundant in nature and from the industry,
and are very much environmentally friendly (TASK 55, 2017).
A component critical to solar thermal large-scale systems and their hybrid systems are thermal storages for achieving
high penetration levels. It increases the capacity factors or value of such energy systems and are therefore core to
any system design (IRENA, 2017).

6. Dissemination of SDH/SDC and of Hybrid Technologies in New Markets
Business activities on solar thermal energy are increasingly important contributors to the energy economy. Current
firms on the market are major sources of innovation, business development, and of new jobs. Securing financial
success for newly designed large scale solar thermal installations is still a challenge, as they are built upon intellectual
capital rather than on physical assets, which are still to be built. However, several companies are willing to `go boldly
where no one has gone before´ with solar thermal energy installations. For these companies it is central to identify
sources of financing and new business models.
One instrument to assist in the availability of financing are promotion activities for large SHC installations coupled
with existing DHC networks. Additionally, including industrial waste heating (and cooling) sources with the other
technologies of heat pumps, geothermal heat and thermal energy storages are attractive, innovative combinations.
Exemplary business models for these solar thermal and hybrid technologies are to be elaborated, as well as best
practice examples of already existing installations.
Besides, promising are also new industrial markets for solar heating and cooling systems, which need training
material in order to diffuse the technologies. Most countries could scale up renewable energy substantially in district
heating and cooling. In a few countries, such as Denmark and Switzerland, renewable energy already provides more
than 40% of district heat supply. Renewable energy such as solar thermal energy and hybrid technologies could
theoretically satisfy all DHC demand in 2030. However, a realistic potential for deployment differs from country to
country. China could realize a 24% renewable share in district heat generation, split equally between geothermal,
bioenergy and solar. In Denmark, the already high renewable share of 42% could reach 73%. The country is and will
remain a global leader in large-scale solar energy, which can be expanded to meet 13% of total district heat demand
by 2030, complemented by hybrid technologies of geothermal and bioenergy. In Germany, solar heat could reach a
share of 6% in DH networks by 2030.

7. Summary and Outlook
IEA SHC TASK 55 focuses on very recent efforts of a number of stakeholders to increase the share of solar thermal
large-scale installations in district heating and cooling systems. District heating systems spilt the local production of
energy and its consequences (such as CO2 emissions) from its consumption. Despite already being considers as more
environmentally friendly than conventional single energy systems, district heating systems can still increase their
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environmental performance by integrating renewable sources. Optimizing system operation, achieving economies of
scale, integrating large scale storage and holistic system designs are essential to accelerate the deployment of costeffective solar thermal assisted DHC systems. As the systems of solar thermal and geothermal large scale improve
and grow, DHC systems will also offer increasingly attractive synergies.
Mismatches between load patterns and the supply from solar radiation can already be balanced to a great extent with
thermal storage facilities. Storages are expected to become integral, with DHC systems coming to play a pivotal role
in enabling variable renewable sources. Solar thermal large-scale applications are only used in a few places today
but have significant potential. Countries such as China become increasingly dependent on variable renewables due
to pollution crises. Next steps have to promote demonstration projects for the new technologies. Due to the limited
number of systems already in place (despite in Denmark), the availability and suitability of renewable resources for
DHC is often unclear. For solar district cooling technologies, demonstration projects will have a significant positive
effect on investors´ and customers´ trust into the technology.
As installations in Denmark have shown for decades, large scale solar thermal systems are a promising technology.
However, several challenges are still to be met: Which approaches are most promising in integrating such systems,
how should the DHC systems be designed, which components fit best into the system and which business models
actually meet most stakeholders´ needs? Examples of already existing installations and elaborations on promising
new markets and market developments are much needed fields of expertise. IEA SHC TASK 55 tackles these
challenges and will provide answers to all questions by mid-2020.
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Abstract
The paper presents the concept and measurement results of a solar thermal pilot plant for decentralized feed-in
to a 2nd generation district heating network. Ambitious conditions for both target temperature level and pressure
difference are fulfilled with a return line to supply line feed-in (RL/SL) design. The use of water as solar liquid
requires an active frost protection using return line district heating water. The stagnation state is investigated by
the application of distributed temperature sensing (DTS). The measurement results include one frost protection
and almost one feed-in season.
Keywords: solar thermal, decentralized feed-in, stagnation, frost protection, control concept, measurements

1. Introduction
Decentralized feed-in of solar thermal gains can contribute to the decarbonisation and flexibilisation of modern
district heating networks (e.g. Heymann, et. al., 2017). The development of standards concerning network feedin substations and their control concepts is the research goal of the ongoing research project
“Kostenreduktionspotential beim Ausbau der Solarisierung von Fernwärmenetzen durch Standardisierung”1.
These standards are derived from practical experiences of the planning, the commissioning and the operation of
pilot plants – including the solar thermal system and the substation itself – as well as simulations studies.
In this paper the design and control concept of a pilot plant is presented which is in operation at the Centre for
Energy Technology (CET) in Dresden since November 2016. The network feed-in substation is connected to a
2nd generation network (according to Annex X classification Rosa, et. al., 2014) and was developed in
cooperation with the local network operator as part of a feasibility study for larger collector fields. The pilot
plant is designed for the RL/SL feed-in into the district heating network - the most common and most flexible
type of decentralized network integration.
This paper presents detailed measurement results and details of the control algorithms for the three main
operation modes (hereafter referred to as states) of the network feed-in substation:
• Feed-in of solar energy,
• Stagnation and
• Active Frost Protection for the water-based solar circuit.

1
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2. Concept of the District Heating Network Feed-in Substation
The pilot plant is connected to the primary district heating network of the city with a nominal pressure stage of
PN25 and the nominal target feed-in temperature is 110 °C. Therefore solar vacuum tube collectors working
according to the heat pipe principle are used in the collector field (CF). The collector field consisting of six
subfields C1..C6 has a total gross area of 84 m² (total aperture area 48 m²) and an inclination of about 31° facing
south. The design heat flow rate is 30 kW based on a total incline irradiance Gt,i= 1000 W m-2 and collector field
temperatures of 115/70°C. The subfields C1..C6 are connected in series (see Fig. 1).
The circulation pump in the solar circuit PuSTS is a speed-controlled pump group where only one pump is used in
main operation at a time and where the other pump is hold as a spare component. The redundancy is important
to guarantee the functionality of frost protection. The compressor-based pressure maintenance is connected to
the system in the supply line of the collector field through stagnation cooler. This cooler is built as a finned tube
radiator which limits the maximum steam spread in case of stagnation, reduces the design volume of the
common additional auxiliary vessel and thereby the design volume of the pressure maintenance expansion
vessel.

Ta

distributed temperature
sensing (DTS)

TC4 THP

PM
TSL,CF

C4

C5

cooler

C6

PuSTS
C2

HM FP
pLP TSL,STS

PHP
C3

frost protection
VDH,FP
DH DH
Va3 SL RL

Gt,i

TRL,STS

TSL,DH

QSTS
TRL,DH
PuDH,F

Va1

Va2
VDH,F

'pDH

HM F

C1
TRL,CF

VSTS

PuDH,FP
External Release

TPipe,CF TC1
Fig. 1: Schematic of the feed-in substation (Ta – ambient temperature, C – collector, CF – collector field, DH – district heating,
HM – heat meter, F – feed-in, FP – frost protection, HP – highest point, LP – lowest point, PM – pressure maintenance, Pu –
pump, Va – valve, STS – solar thermal system )

The speed-controlled feed-in pump PuDH,F is necessary to overcome the pressure difference ∆p DH in the DH
network and generates the feed-in volume flow. The proper selection of this component is essential to assure the
feed-in of the solar yields into the network. This is often complicated due to the lack of information about ∆pDH,
TSL,DH and TRL,DH at the feed-in point for the course of the year and the future development of these values.
Before feed-in the bypass valve Va1 will be opened to heat up the medium in the district heating side of the
substation to prevent cold plugs in the network but will be closed during feed-in. It can also be opened during
times of partial load/low irradiance to raise the RL temperature T RL,DH when the speed-controlled pumps reach
their minimal flow rate. The valve Va2 is used to realize an external unblocking. If necessary the network
operators can withdraw the release signal and prevent/stop the feed-in by closing the valve and shut of the
pumps. The valves Va2 and Va3 are used to switch the flow direction between RL/SL in the state Feed-in (Va2
open, Va3 closed) and RL/RL for heating the STS in the state Frost Protection (Va2 closed, Va3 open). A
separate frost protection pump PuDH,FP is used because of different design parameter for the RL/RL frost
protection heating (low discharge head) and due to redundancy.
A minimum sensor equipment is necessary for the plant operation. It consists of five temperature sensors (T SL,CF
TSL,STS TRL,CF and TSL,DH, Ta), the radiation sensor Gt,i as well as two heat meters. The heat meter HM F
ሶ
of the feed-in heat meter is used for a
measures the heat fed into the network. The volume flow signal ܸୈୌǡ
control loop by an analogue module. There is a second heat meter HM FP, which measures the heat required for
frost protection. These two separate heat meters are necessary as long as no bidirectional heat meter is available
on the market that is certified for billing.
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The monitoring package consists of additional temperature sensors, three pressure sensors (p HP, pLP, ∆pDH), a
ሶ , as well as a distributed temperature sensing system (DTS see Herwig, Rühling, 2014). The
flow meter ܸୗୗ
DTS uses an optical sensor cable, which is attached to the collector pipe of the system in order to measure the
temperature distribution with a high spatial and time resolution. This is helpful for detailed analysis of the states
Frost Protection and Stagnation.

3. State Feed-In
3.1 Controller
In order to operate the network feed-in substation in the Feed-in state a set of three controllers is used (see Tab.
1). The controller C1 is used for the matched-flow control of the collector field output temperature T SL,CF by
adapting the pump speed of PuSTS. This controller compensates changes mainly in the radiation Gt,i and the
return line temperature TRL,STS. The objective is to keep the heat exchanger input temperature TSL,STS higher than
the setpoint of the feed-in temperature TSL,DH – to guarantee heat transfer – and to keep the average temperature
of the solar thermal system low to minimize losses.
Tab. 1: Closed-loop PI-controllers for state Feed-in

Name
C1
C21
C22

Control variable
TSL,CF
TSL,DH
ሶ
ܸୈୌǡ

Setpoint
115..120°C
110°C
results from control signal of C21

Output
speed PuSTS
setpoint C22
speed PuDH,F

The two general main tasks of controlling the feed-in pump PuDH,F are:
x

ሶ despite the strongly changing pressure difference of the network
to guarantee a stable volume flow ܸୈୌ
∆pDH but corresponding to the current solar yields and

x

to operate with minimal power consumption.

A cascaded controller is used (see Fig. 2 left) to achieve both tasks. The temperature controller C21 finds a
ሶ of the controller C22 and thereby the
solution for the equation (eq. 1) by adjusting the volume flow setpoint ܸୗ
ሶ . The inner controller compensates any change of the pressure difference of the network ∆pDH.
volume flow ܸୈୌ
ሶ directly instead of using a
This is energetic efficient, because the pump speed is changed to manipulate ܸୈୌ
throttling or bypass valve. The volume flow signal of the heat meter HM F can be used directly e.g. through an
additional analogue module, depending on the kind of heat meter and the achievable update interval. The tested
substation works well when controllers are updated every four seconds.
ܶୗ  ൌ ܶୗǡୈୌ ൌ 

ሶౌ ڄదڄ౦
ொሶ

ሶ Ǥ Ǥ ܸୈୌ
ሶ 
 ܶୖǡୈୌ ܶୗ Ǥ Ǥ ܶୗǡୈୌ ǡ ܸୗ

(eq. 1)

The compensation of the variable pressure difference ∆pDH by using the volume flow controller C22 (see Fig. 2
Right) is realized in three steps:
1.

The setpoint volume flow is reached at the actual pressure difference ∆p DH,1 (steady state)

2.

ሶ differs from the setpoint as a result of the disturbing pressure difference ∆pDH,23 .
The volume flow ܸୈୌ
The feed-in temperature TSL,DH will differ from its setpoint as well. (instationary)

3.

The controller C22 compensates the pressure difference variation and the feed-in temperature will not
be affected. (stationary)

ሶ of the HM F can also be used to find the right pump speed to overcome the
The volume flow signal ܸୈୌ
pressure difference ∆pDH when the feed-in starts (Rosemann, et. al., 2017a). The integration of this signal into
the plant control as described above is recommended because of the low additional costs for reading out this
signal and the high advantages for solving the common technical pressure difference ∆p DH problems in district
heating networks (Lennermo and Lauenburg, 2015).
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Fig. 2: Left: Cascade controller for the feed-in temperature TSL,DH
Right: Characteristic curves of the feed-in pump PuDH,F and the operation points 1..3
during the control action of C22 reacting on a step of ∆pDH
(1 – Starting point, 2 – after step of ∆pDH without reaction of C22, 3 – Final stage after correction of the pump speed)

3.2 State Machine
For the correct operation of a district heating network feed-in substation, the controller and actuators of the plant
have to be de-/activated and set to corresponding values at the right moment. This task is solved with a state
machine (see Fig. 3). A state is a set of actor and controller settings which structures the operation of the plant
into sequential steps. The entry point of the state machine is “Start”. There is always only one active state. The
active state checks the criteria pointing to the connected states and starts a transition if the logical expression of
all criteria is true. Global states are special states that always check their entry criteria because of their high
priority, which is used e.g. for safety technology. States can consist of substates. This is used to cluster states to
visualize their coherence (e.g. to heat up the solar thermal system is always a part of the feed-in).
A criterion is based on measurements of physical values and durations. A duration can be based on a physical
criterion (additional time criterion, “How long is a physical condition met”) or on the active time of a state
(τState, “How long is a state active”). The parameters of the criteria depend on the concrete plant and its
constraints.

FrostProtection
Active
Frost
Protection
FrostProtection
Inactive

Stagnation
Active
Stagnation

not Released

No
Release

Stagnation
Inactive

Released

GlobalStates have priority.
GlobalStates always check their criteria.

Name

State, Substate

Name

Global State
Transition

StateCriterion1 OR
StateCriterion2

Criteria Logic which is tested
Additional time criterion

Start

Standby

Feed-In

Detail: Substates of State Feed-In
Standby

G > G_Min AND
(T_SL,CF > 115°C OR
T_RL,CF > 115°C)

T_SL,CF < 100°C OR
(T_SL,CF < 90°C AND
Τ_State > 30min)
HeatUp
STS
T_SL,STS > 90°C

(T_SL,DH < 95°C OR
T_SL,DH < 95°C OR
T_SL,DH < 90°C)
AND T_SL,DH < 90°C
τ_State > 5min

HeatUp
DH
T_SL,DH >95°C

Prepare
GetInto
Net

Va1Closed

T_SL,DH < 95°C OR
T_SL,DH < 90°C
GetInto
Net

T_SL,DH < 95°C OR
T_SL,DH < 90°C
AND
τ_State > 5min
Continiuous
Feed-In

V_DH > 0,1m³/h

Fig. 3: State diagram of the net feed-in substation with detailed substates of the state Feed-in
Released – External release signal is true and feed-in allowed
G_Min – minimal radiation threshold calculated on basis of the collector curve
The criteria for Stagnation and Frost protection are discussed in the corresponding section.
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Tab. 2: Description of the substates for the state Feed-in and controller activity (○ – inactive, ● - active)

State

Description

C1

C21

C22

Standby

Default State with no activity of the plant (night, cloudy day, winter
day)

○

○

○

HeatUpSTS

When high temperatures are detected in the collector field, Pu STS is
activated and the hot fluid is moved into the network feed-in
substation.

●

○

○

HeatUpDH

When the hot plug reaches the heat exchanger, the district heating
side of the network feed-in substation is heated up by opening the
bypass valve Va1 and starting the feed-in pump PuDH,F.

●

○

○

PrepareGetIntoNet

The bypass valve Va1 is closed.

●

○

○

GetIntoNet

ሶ is detected.
The pump speed PuDH,F rises until a volume flow ܸୈୌ

●

○

●

ContinuousFeed-In

Hot water heated by the collector field is fed into the district heating
network

●

●

●

3.3 Measurement results
The exemplary measurement results of the state Feed-in (see Fig. 4) start at 8:00 of 22th of June and end at 18:00
with an average radiation of 530 W m-2 and an average ambient temperature of 31 °C.
The plant is operated according to the state machine described above with the substates from Tab. 2. In the
morning, the system starts in Standby until TCF,SL or TCF,RL exceeds 115 °C. The collector field return line
temperature TRL,CF is remarkable higher than the collector field supply line temperature mainly due to shading of
C6. From 9:20 to 10:00 the active state falls back to Standby. The fallback is triggered by the low solar thermal
supply line temperature TSL,CF < 90 °C criterion. This undesired behavior sometimes happens due to mentioned
collector temperature variation during the heat up and is a specialty of the collector field design of the pilot
plant. After reaching the state HeatUpSTS again the hot medium is transported to the heat exchanger and the
district heating side gets heated up. During the Continuous Feed-in from 11:20 to 17:10 three different
disturbances occur, which are well compensated. TSL,DH very accurately reaches its dynamic setpoint:

x

12:00, 15:50 – Peaks in the pressure difference ∆p DH are compensated by the pump speed adaption of
the controller C22.

x

13:30 - The rising of the return line temperature T RL,DH by 10 K is compensated with a higher volume
ሶ
flow ܸୈୌ
by the controller C21.

x

ሶ
14:30 – The radiation starts to drop caused by clouds. The solar volume flow ܸୗୗ
is reduced by the
controller C1. The high thermal capacity of the collector and the medium as well reduces the sensitivity
to radiation disturbances.

The continuous volatility of the district heating return line temperature T RL,DH is caused by the periodic opening
and closing of the control valve of a district heating substation located in the long stub pipe to the district
heating network.
In the evening the feed-in temperature TSL,DH falls below 95 °C and the feed-in is stopped by falling back to
Standby. During the day 82 kWh solar thermal energy where fed into the district heating network mainly at the
desired feed-in temperature of 110 °C. The current amount of heat fed into the network from January to
September 2017 – without final optimization of the state machine and controller – is 8.556 kWh.
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Fig. 4: Measurement data for state Feed-in,
a) ambient, b) solar system, c) district heating side
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4. State Active Frost Protection
4.1 Controller and State Machine
The frost protection has to prevent all parts of the installation from cooling down to a temperature near the
melting point of the solar liquid. To achieve this, a lower limit for the medium temperature in the solar system
of 5 °C is defined. If any of the temperature criteria goes below this threshold, the state Frost Protection is
activated. This state is defined as a global and is checked in every iteration.
If activated, heating water from the district heating return line flows through the district heating side of the
station and back to the return line via the frost protection branch with the heat meter. The separate pump PuDH,FP
(see Fig. 1), which is installed in parallel to the feed-in pump PuDH,F, is used for this issue. The frost protection
stops and returns to the Standby state, when all observed sensors exceed the upper threshold value of 10 °C and
a minimum runtime is reached.
The tested variants concerning the details of the state Frost Protection made during the winter season 2016/2017
are shown in Tab. 3. First tests were done with the activation of the pumps when any of the collector field
temperatures falls below the lower limit. These temperatures are reported by sensors installed in the piping of
the supply and return line (TSL,CF TRL,CF) and sensors in the connection pipes of the collector field (T HP, TPipe,CF).
The pumps are stopped if all measured temperatures go above the upper threshold. It has been shown, that a
minimum runtime of 13 min is necessary to assure at least one turn of the fluid through the solar thermal system.
Furthermore detailed evaluations using the DTS showed that under some conditions the collectors cool down
faster than the piping of the collector field (see Rosemann, et. al., 2017b). Therefore two collector sensors CS
(TC1, TC4) had been included in the scanning routine to detect low medium temperature within the collectors.
Tab. 3: Tested criteria for the de-/activation of the state Frost protection (○ – on, ● - off, | - “or”, & - “and”)

Name

5 °C

5 °C, 13min

5 °C,
13min, CS

Frost
protection

Criteria

Pump activity
PuSTS

PuDH,FP

Enter

(TSL,CF | TRL,CF | TPipe,CF | THP) < 5 °C

●

●

Exit

(TSL,CF & TRL,CF & TPipe,CF & THP) > 10 °C

○

○

Enter

(TSL,CF | TRL,CF | TPipe,CF | THP) < 5 °C

●

●

Exit

(TSL,CF & TRL,CF & TPipe,CF & THP) > 10 °C
AND RUNTIME PuSTS > 13 min

○

○

(TSL,CF | TRL,CF | TPipe,CF | THP | TC1 | TC4) < 5 °C

●

●

(TSL,CF & TRL,CF & TPipe,CF & THP & TC1 & TC4) > 10 °C
AND RUNTIME PuSTS> 13 min

○

○

Enter
Exit

4.2 Measurement results
In Fig. 5 the measurement data for the operation of the frost protection using the latest level of development are
shown (5°C. 13min, CS). The measurement period starts at midday of the 8 th of February and ends at midday the
day after. The average ambient temperature was -2.7 °C, at minimum -4.7 °C and the sky was clouded. The
upper chart illustrates temperature profiles gained from the sensors of the solar thermal system and the collector
field. The lower chart contains the temperature values on the district heating side.
The temperatures in the collector field increase in the afternoon due to solar gains and are dropping constantly
afterwards. The solar gains only effect the sensors located directly next to the collectors. The temperature in the
25 m long connection pipe between C1 and C2 T Pipe,CF is not raised. At 19:50 T Pipe,CF triggers the first frost
protection period (#1). All other frost protection periods (#2 to #4) are triggered by the collector sensor TC4.
ሶ ) when the state Frost Protection is active. The volume
The solar pump operates at its maximum speed (ܸୗୗ
ሶ is controlled in order to reach a supply line temperature of 20 °C in the
flow on the district heating side ܸୈୌ
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solar circuit. The temperatures on the district heating side T RL,DH and TSL,DH are very low, almost at room
temperature.

Fig. 5: Measurement data for state Frost Protection, a) solar system, b) district heating side

The solar thermal plant is connected to the district heating network via a long stub pipe. In the presented time
period the connected consumers have no heat demand and the return line cools down. The frost protection can
be guaranteed anyway, because it’s little heat demand and the big transfer surface of the heat exchanger. Overall
a heat demand for the frost protection of 4 kWh was
measured at that day.
Fig. 6 shows the daily heat demand for the frost
protection over the daily ambient temperature for the
whole winter season. Days with a relatively high
irradiation (> 1,2 kWh/m² in collector plane) are
colored red, others blue. As expected the heat
demand for frost protection increases with
decreasing ambient temperatures. This demand is
clearly reduced at days with high solar gains. The
frost protection starts at daily average ambient
temperatures of about 3 to 5 °C. The heat demand
can go up to 14 kWh per day at very cold days with
daily average ambient temperatures under -5 °C.
For the optimized and save variant of the state Frost
Protection ( 5 °C, 13min, CS) only 9 days with a
heat demand are available. The heat demand added
up to 273 kWh for the whole winter season, which is
about 2 – 3% of the annual heat output fed into the
district heating system. This is in the range of known
plants with active frost protection.

Fig. 6: Statistical evaluation of the frost protection
season in winter 2016/17, daily average,
low irradiation < 1,2 kWh/m² in collector plane per day ≤ high
irradiation
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5. State Stagnation
5.1 Controller and State Machine
The operation of a solar thermal system can stop during the day even though there is a solar irradiation. This can
occur because of a case of damage, a plant maintenance or the operator of the district heating network
withdraws the release signal. The stagnation concept has to ensure an intrinsic safety of the installation to handle
this issue. Stagnation is detected by the state machine observing the collector field supply line temperature
TSL,CF. If it exceeds the limit of 138 °C for more than 5 min or if it exceeds 140 °C the state Stagnation is
activated. This mainly stops the solar circulation pump. No other switching operation is necessary. The
stagnation cooler should limit the produced steam volume and the compressor pressure maintenance should take
this volume and keep the pressure in the tolerated range.
The state Stagnation is left when TSL,CF falls below 120 °C for more than 5 min or under 110 °C. The Stagnation
state is implemented as global state.

5.2 Measurement results
Fig. 7 shows a test of the state Stagnation at the 5th of September 2017. It was a warm (up to 25 °C) and sunny
day with some clouds during midday (maximum 1000W/m² in collector surface). Subfigure a) shows ambient
conditions, Subfigure b) pressures at the lowest and highest point in the system (p LP, pHP) and the filling level of
the expansion vessel (VPM). Subfigure c) includes temperatures of the collector field (where TC6 is measured
with the DTS), the calculated boiling temperature under the conditions at the highest point and the volume flow
ሶ . Subfigure d) is a carpet plot of the DTS with the time on the x-axis and the
in the solar thermal system ܸୗୗ
position in the collector field on the y-axis. The temperature is color coded (dark-blue means cold, light-blue
means feed-in temperature, green means boiling temperature, red means superheated steam).
In the morning the system starts in Standby until one temperature of the collector field exceeds 115 °C. From
10:00 to 10:50 the solar and afterward the district heating side is heated up followed by the state Feed-In. At
12:00 the release signal is withdrawn manually and the system changes to Standby. At about 13:00 the state
machine recognizes the state Stagnation. Using the DTS, which can measure the temperature not only at discrete
locations, the boiling temperature is already reached at 12:30 in C5 and C6. The filling level sensor V PM also
recognizes a fast increase from 14 to 28% at this point in time, which means that first steam is produced here.
Solar liquid displaced by the spreading steam bubble can only flow in the direction of the supply line into the
pressure maintenance due to the plant configuration.
The equalizing of the pressure values at the highest pHP and lowest point p LP in the system between 12:30 and
13:00 is very interesting. This results from the falling water level when the steam fills the supply line and finally
reaches the stagnation cooler at the lowest point. The pressure maintenance keeps the pressure level at the
lowest point constant and thus increases the pressure at the top of the system pHP. This behavior can reduce the
dynamic of the beginning stagnation because the boiling temperature is slightly increased.
According to subfigure d) at about 13:00 the boiling point is reached in all collectors and all connection pipes
between C2 and C6. When C1 is filled with steam a steam front fills about 8 m of the connection pipe between
C1 and C2. The cool water in the connection pipe is pushed in C2 and C3 and temporary causes a condensation
here. When the steady state is reached in C1 the steam front in the connection pipe condenses again and sucks in
steam from C2 into the connection pipe. At first in C1 the steam is superheating, because here are the lowest
dynamics. Shortly before 15:00 the superheating also occurs in C5 and C6 and at 16:00 in C4. In C2 and C3
there is boiling liquid for the whole measurement day.
At 16:30 the maximum filling level of the expansion vessel is reached with 65%. The stagnation cooler can
safely limit the produced volume of steam. The solar irradiation is decreasing in the evening hours. Starting
from 17:30 the steam front is declining, which makes the pressure at the highest point p HP decrease again. At
18:15 subcooled liquid reaches the collector field and the steam condenses very fast and empties the expansion
vessel. This causes a short and small underrun of the allowed pressure level p LP. The state Stagnation is left.
The presented stagnation test (and several others) shows that the Stagnation state can be handled safely.
Produced steam is condensed in the stagnation cooler. The compressor pressure maintenance can take all of the
produced steam volume and can mostly keep the pressure in the desired range.
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Fig. 7: Measurement data for stagnation, a) ambient, b) pressure maintenance, c) solar system, d) DTS of the collector field
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6. Conclusions/Prospects
The planning of the pilot plant, the realization and the operating experience of almost one year have already
provided valuable information which can be used for standardization of decentralized feed-in substations. There
is a need for clarification with the district heating companies regarding the control accuracy of the feed-in
temperatures. A high control accuracy of the feed-in temperature always is reached at the expense of a higher
variation of the feed-in volume flow and vice versa. For solar thermal systems, a higher temperature tolerance
especially in the morning during heat up or during phases of clouds would ease the general operation. Especially
for district heating systems with a crucial solar fraction a high variation of the feed-in volume flow can cause
hydraulic problems and interference.
The use of water as solar liquid is feasible with an active frost protection in the winter season. It is necessary to
take the different cooling behavior of the collectors and the piping into consideration. A well designed separate
stagnation cooler combined with a small additional auxiliary vessel can safely limit the steam spread and protect
the membrane of the expansion vessel. This combination can reduce the design volume of the expansion vessel
thus reduce investment costs.
Solar thermal gain prognoses will be possible after the validation of a simulation model for the decentralized
solar thermal feed-in substations. It is intended to make simulations studies regarding the generalization of the
current control concept (state machine) and a model predictive control concept. The commissioning of a
combined supply and feed-in substation connected to a low temperature district heating network in Berlin
Adlershof1 is in progress. This will extent the monitoring portfolio of the research project.
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8. Appendix: Units and Symbols
Table 4: Symbols

Quantity
Area
Global irradiance or
solar flux density
System mass
Mass flow rate
Pressure (absolute)
Pressure difference
Heat
Heat flow rate

Symbol
A
G

Unit
m2
W m-2

m
m
p
Δp
Q
Q

kg
kg s-1
bar
bar
kWh
kW

Temperature
Efficiency
Time


K
W

°C
s

Table 5: Abbreviations and subscripts

Quantity
Ambient
Collector
Collector field
Collector sensor
District heating
Feed-in
Frost protection
Heat meter
Highest point in system
Lowest point in system
Network feed-in Substation
Pressure maintenance
Pump
Return line
Valve
Solar thermal system
Supply line

Symbol
a
Col
CF
CS
DH
F
FP
HM
HP
LP
NFS
PM
Pu
RL
Va
STS
SL
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Abstract
The integration of large and very large solar thermal plants in district heating (DH) networks gained increasing
attention in recent years. However, the integration poses some challenges, especially for large shares of solar heat.
This contribution gives an overview of the approach chosen within Subtask A of the IEA SHC Task 55 for
assessing the impact of high shares solar thermal energy on the overall district heating and cooling network and
different integration aspects in order to maximize the share of solar thermal energy. This includes:
•

Collection and analyses of case studies for assessing the technical requirements of large shares

•

Economic analyses of overall DHC networks, their supply strategies, transition strategies, heat demand
and energy price scenarios

•

Analyses of DHC network hydraulics, evaluation of hybrid technologies and possible supply points for
large solar thermal installations

•

Overall DHC network control strategies and other measures for increasing solar thermal fractions

This contribution describes the used approach and selected preliminary results
Keywords: solar district heating; case studies; integration aspects; transition strategies; network performance;
hydraulics; control strategies; return temperature reduction.

1. Introduction
In recent years, megawatt-scale solar thermal (ST) supply to district heating (DH) or district heating & cooling
(DHC) systems have gained increasing attention. This alternative energy is available almost everywhere (unlike
e.g. deep geothermal energy or industrial waste heat) and thus it can contribute to satisfy the increasing energy
demands of districts and cities. Further on, the use of solar thermal supported DHC networks has benefits on an
environmental (reduced emissions and air pollution) and systemic level (e.g. DHC infrastructure and local
economy). It can make use of synergies in the urban context (suitable integration into urban environment) and can
increase energy supply security (reduced fuel imports, diversification of the energy mix).
A breakdown of fuel use in DHC systems worldwide shows that 43.2% are fueled by natural gas, 43% are based
on coal and its products, followed by oil (4.3%), biofuel and waste (6.5%), or nuclear energy (0.2%). Solar based
energy supply accounts for far less than 0.01% globally. Still, the share of energy based on renewable sources has
been growing (IRENA, 2017). The presence of solar thermal supported DHC networks is highly diverse across
countries. E.g. Denmark is well known for its integration of large solar thermal plants into local DH networks.
Other countries, such as Austria, are about to implement even bigger solar thermal district heating systems.
In a simulation study1 for Austria, Denmark, Germany and Italy, a technical potential between 3% and 12% solar
share in 2050 has been estimated (solar share = heat supplied by solar thermal collectors / overall heat supply to
1
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the end customers). However, the integration of large solar thermal systems into existing and new DH networks
faces several challenges, especially the high network temperatures and the seasonal mismatch between supply and
demand, e.g. (BDEW 2017). This is especially relevant as soon as the solar share reaches a level, where the
operation of the network and the other supply units are influenced significantly.
The solar heating and cooling (SHC) technology cooperation programm (TCP) of the international energy agency
(IEA) was established in 1977 to promote the use of all aspects of solar thermal energy by international
collaborative effort of experts from various countries 1. Its primary activity is to develop research projects (Tasks)
to study various aspects of solar heating and cooling. Task 55 of the SHC TCP provides a platform for practitioners
and scientists to elaborate the benefits and challenges of solar district heating (SDH) and solar district cooling
(SDC) systems2. Hence, SHC Task 55 elaborates options and measures to realize sophisticated SDH and SDC
plants.

2. Methodology
The activities in IEA SHC Task 55 are funded through a task-sharing approach, where each participant contributes
resources in-kind (for example personnel or materials) 3. The task-sharing approach allows to connect existing
national and international projects via the international platform and thus benefit from international experience
and exchange. More than 25 international experts share their expertise on SDH and SDC systems, requirements
and integrational challenges, existing district energy systems face when integrating large amounts of solar thermal
energies. Task 55 is separated into the following 4 Subtasks: A: Network Analyses and Integration, B:
Components Testing, System Monitoring and Quality Assurance, C: Design of the Solar Thermal System and of
Hybrid Components and D: Promotion and dissemination of SDH/SDC and hybrid technologies in new markets.
This contribution describes the approach and selected preliminary results within Subtask A. It focusses on the
assessment of the impact of solar thermal technologies on the overall district heating and cooling network and
integration aspects in order to analyze barriers and opportunities for maximizing the share of solar thermal energy.
Subtask A is separated as follows:
1.

Assessment of technical requirements of existing and newly integrated large scale Solar DHC
networks. Aim is to understand the boundary conditions and parameters (technical, economical etc.)
enabling high shares of solar thermal supply to DHC networks.

2.

Economic analyses of overall DHC networks, their supply strategies, transition strategies, heat demand
and energy price scenarios. Aim is to understand possible pathways from zero (or very little) solar
shares to high or very high shares (e.g. 20-70%). Here, especially economic parameters should be
analyzed.

3.

Analyses of DHC network hydraulics, evaluation of hybrid technologies and possible supply points for
large solar thermal installations. This part focusses on technical aspects of the integration, building
upon existing analyses and case studies on solar thermal integration measures.

4.

Assessment of overall DHC network control strategies and other measures that can support the
integration of solar thermal energy and thus increase the solar thermal share.

Due to its interdisciplinary scope, activities in Subtask A will be performed in collaboration with other SHC Tasks
(e.g. Task 52 on “Solar Heat and Energy Economics in Urban Environments”4) and the IEA TCPs on District
Heating and Cooling (DHC) and Combined Heat and Power (CHP)5. For the later, one main cooperation will be
established to the new Annex TS2 on “Implementation of Low Temperature District Heating Systems”6.

1

https://www.iea-shc.org/
http://task55.iea-shc.org/
3
https://www.iea.org/media/impag/FAQs_new.pdf
4
http://task52.iea-shc.org/
5
http://www.iea-dhc.org
6
http://www.iea-dhc.org/the-research/annexes/2017-2020-annex-ts2-draft.html
2
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3. Selected preliminary results
The runtime of Task 55 is from September 2016 to End August 2020. During the first year, the work in Subtask
A focuses mainly on the set-up of the overall structure including a detailed work plan as well as analyzing and
consolidating the international activities and projects from the Task 55 participants. Within this contribution, some
selected preliminary results can be presented.
3.1. Assessment of technical requirements of existing and newly integrated large scale SDH/SDC –
collection and analyses of case studies
Initially, best practice examples and case studies of existing, newly integrated and planned SDH and SDC systems
with large (>5%) solar fractions (typically of > 0,5MWth up to GWth) will be collected. The case studies are
collected via supporting projects from the IEA SHC Task 55 partners as well as through a dedicated internet
research. A template for the data collection was set up with focus on:







temperature and pressure ranges of both networks and solar systems
solar thermal share
storage size
efficiency of the solar systems
economic parameters (which will be used in the section 3.2)
demand structure and possible additional summer demand (e.g. from adsorption chillers) .

Analyzing and comparing the existing case studies, potentials, challenges and barriers for the integration of solar
thermal systems will be analyzed. The following aspects should be handled:





What overall supply mix is the most economic/ ecologic for covering the heat demand in a given
network?
How to transform the DH network towards a maximum share of ST (and other low carbon sources?)
What is the impact of different boundary conditions (energy prices, demand development …)?
Evaluation of the system`s performance (e.g. Primary energy consumption and Socio-economic
benefits)

3.2 Economic analyses of overall DHC networks, their supply strategies, transition strategies, heat
demand and energy price scenarios
Based on the results of 3.1 and other case studies, possible transition strategies supporting a maximum share of
solar thermal supply will be derived.
One very prominent example is the transformation strategy developed for the city of Graz (Austria). Fig. 1, left
illustrates that current energy generation for district heating (DH) in Graz, Austria, is primarily based on waste
heat from fossil-fired combined heat and power (CHP) plants. Due to low prices on the European electricity
market, the operation of the CHP plants became increasingly uneconomic. Hence, the operator of the main CHP
plant in Graz recently announced its closure in 2020. As a result, almost 80% of the overall heat production in the
Graz DH network has to be replaced by new energy sources.
For developing future supply options, the city of Graz initiated a wide stakeholder process (Götzhaber et al 2017).
This process resulted in a bunch of measures including the project “BIG Solar Graz” which is supposed to have a
share of about 20% on the overall DH supply in Graz – see Fig. 1 right.

Fig. 1: Transformation strategies, example: Graz, left: current situation of the DH network in Graz, right: possible future supply
mix (Prutsch 2017, translated, p-t-h = power-to-heat)
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Current energy used for heating and domestic hot water in residential and service buildings in Graz is estimated
at 2,400 gigawatt hours per year (GWh/a). In total, 1,100 GWh/a (2013) are provided by DH. While Graz receives
935 GWh per year, corresponding to 39% of the cities heat demand, the remaining 165 GWh/a are distributed
beneath the southern communities around Graz, which are obtaining heat from DH mainly in winter. It is planned
to further increase the share of DH up to 56% until 2030. Operating temperatures vary seasonally. The system is
operated with flow temperatures up to 120°C in winter and up to 75°C in summer. The return flow temperature is
on average 60°C. The DH network is operating all seasons throughout the year in Graz, whereas the southern
communities are not supplied in summer.
The concept to integrate high solar thermal fractions into the DH network named “BIG Solar” aimed to investigate
a maximum solar fraction applicable (e.g. (Poier 2017)). It is limited to the basic condition of having a competitive
heat price compared to other sources of heat generation, such as from gas boilers for DH in Graz. Therefore, the
size and capacities of key components, namely the collector field, the pit storage, and the absorption heat pumps
(AHPs) were simulated in a certain range. Simulations aimed at identifying a system optimum for dimensioning
each component and ultimately for the whole system.
First, for estimating the overall potential of the concept the heat load profile of DH in Graz was divided into two
shares. A low temperature share for the basic heat load, provided either from solar and the storage directly and
from the storage via the AHPs indirectly and a high temperature share, which is mainly for peak load especially
in winter, provided by high temperature sources such as gas or biomass boilers. According to the calculation, the
BIG solar share may be roughly at 55% of DH in Graz with current boundary conditions. Moreover, by taking
into account that only one part of the energy is supplied by solar and the other part is supplied by the driving
energy for the thermal AHPs from an auxiliary heating source, the pure solar output would be 33%. Therefore,
detailed investigations of the concept were performed up to a solar fraction of 30%. TRNSYS, the transient system
simulation software tool was applied to run multiple up to a maximum solar fraction of 30% in order to identify
the technical and economic optimum. A series of simulations for collector field sizes between 20,000 m² up to 1
Million m², pit storage sizes between 100,000 m³ up to 2 Million m³ and 3 different sizes of AHPs (0, 50 and 100
MW heat output) were performed and evaluated. The multiple simulations with different parameter resulted in a
techno-economic optimum of 450,000 m² collector field area, a seasonal heat storage capacity of 1,800,000 m³
and AHPs with a total heat capacity of 100 MW for the DH network of the city of Graz.
The use of AHPs is a key element in the system. On the one hand, AHPs are used to raise the temperature from
the seasonal storage, when the storage is already partly emptied and temperature is lower than the minimum
necessary 80 to 90°C for DH. On the other hand, AHPs accelerate the cooling down process of the seasonal pit
storage, which means higher collector-efficiency at lower temperatures and therefore they lead to an essential
yield improvement of the specific net solar heat production. The solar thermal concept also foresees an auxiliary
heating component, which serves to power the generator of the AHPs and raises the temperature from the BIG
Solar system up to the required 120°C for DH in winter.
Technical limitations such as the maximum capacity of the DH transport line, current heat and temperature loads,
or future loads of waste heat from industries, were taken into account. Furthermore, a comprehensive cost
evaluation was performed by using capital budgeting. The most important economic key performance indicators
(KPIs) such as net present value (NPV), internal rate of return (IRR), discounted payback period (DPB) and
levelized cost of energy (LCOE) were calculated and evaluated for different financing scenarios.
To sum up, simulations show that the BIG Solar concept is technically and economically feasible. The economic
analysis shows that a heat price is comparable to other heating sources for DH in Graz. Although such a system
has high upfront investment costs, the payback-time is moderate and economically reasonable, even in the light
of neglected environmental benefits. Moreover, the project has flexible parameters. Given the boundary conditions
in Graz such as land availability, the size of the solar thermal system can vary between 150,000 and 650,000 m²
respecting the adaptation of sizes of the pit storage and the AHPs by feasible and economic sound price ranges
(Reiter, Poier, et al. 2017).
The study on solar thermal large-scale installations integrated into the DH network of the city of Graz was one of
the first analyses undertaken. Next to the study, a range of analyses named ´BSX-BigSolarX´ have been
performed. Results indicated flexible parameters and techno-economically feasible collector field sizes similar to
parameters identified in Graz. A number of study results will be available in upcoming Task 55 expert meetings.
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3.3 Analyses of DHC network hydraulics, evaluation of hybrid technologies and possible supply points
for large solar thermal installations
The technical integration options of the solar thermal energy will be evaluated from a hydraulic point of view.
This is including the differentiation between central and decentral supply into existing networks as well as
different local hydraulic connections and supply options. Also, the related challenges in the network performance
will be evaluated considering the interaction with other supply technologies. Fig. 2 shows possible supply points
for solar collectors in a DH network.

Fig. 2: Possible supply points for solar collectors in a DH network (from IEA SHC Task 45)

The central solar thermal systems are typically installed in combination with other heat-only or CHP plants and
provided with a thermal storage unit, e.g. (SDH Guidelines 2012). As contribution to IEA SHC Task 55, the
project partner PlanEnergi described the possible supply schemes of central solar systems; the most efficient
solutions have to be identified in each case according to more parameters, among others:
x
x
x
x

network supply and return temperature
Solar system supply temperature
Storage charge level and location of the possible storage charging/discharging points
Boiler operational flexibility to return temperature fluctuations

The connection of decentral solar thermal systems is investigated in detail by (Schäfer et al. 2015), who analyzed
the state of the art identifying 31 case studies in Austria, Denmark, Germany, and Sweden, and evaluated the
potential and barriers for optimizing the integration. In the most cases (29), the connection is return-to-supply, in
one case return-to-return, and in one case both options are possible. Contrarily to central collectors, the storage
unit is not necessarily present in the decentral plants. Simulations allowed identifying the size of the existing
users’ connections as a possible hydraulic bottleneck limiting the solar share: in one case study, the solar collectors
cannot entirely integrated into the network if the aperture exceeds 25% of the available roof area. Such issues can
be faced adding new appropriate connections or/and storage units. As expected, the best solutions are highly casesensitive.
However, while the network parameters considered in the existing studies are essentially the supply and return
temperatures and the thermal load, a more complete investigation should take into account further aspects playing
as well an important role in the integration of solar thermal systems. In particular, a solution-oriented approach to
hydraulics cannot exclude the topology of the entire network and the (possible) supply points: the effects and the
potential of the integration of decentral solar systems are in fact expected not to be the same in a linear, a ring, or
a mash network, as well as they will vary according to the location of the supply point [Köfinger et al 2016]. For
supply points outside the city center, hydraulic limitations might apply due to small pipe diameters in outskirt
network branches. In some cases, the possibilities for bidirectional flows in line networks should be also
investigated.
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3.4 Overall DHC network control strategies and other measures for increasing solar thermal fractions
Another focus of Subtask A is on the assessment of measures for increasing the solar fraction. In doing so, the
following measures should be considered:
Short term flexibility measures: In district heating networks, normally two distinct customer side heating load
peaks occur at almost the same time of the day typically as morning and evening peaks (see Fig 3, right). This
requires the intervention of additional peak boilers, usually operated with fossil fuels at high costs. Solar thermal
energy has its supply peak usually directly in-between the morning and evening peak and therefore can only partly
be used for covering the heating load, especially in summer times, when the solar thermal supply surpasses the
heat demand. Short term flexibility measures for overcoming this mismatch include centralized and customer side
storages, the utilization of the network as storage and customer side load shifting, with all measures mentioned
being state-of-the art.
In (Schmidt and Basciotti 2014), those measures have been analysed and compered based on a literature review
and network simulations of a typical rural heating network in Austria. The results can be summarized as follows:
x

Centralized storage tanks are already used in many DH networks for various reasons (as back-up, for
decoupling heat and electricity production in CHP and for peak load reductions) and represent a suitable
measure for short term flexibility at a high economic viability.

x

Smaller distributed storages at the customer side have a high storage capacity and the additional
potential to reduce the pumping energy. However, they are very investment cost intensive and difficult
to implement.

x

The utilization of the network as storage is promising due to the very low investment costs and the
resulting fast amortization, however, restrictions on the network side (i.e. the thermal expansion due to
the additional temperature changes causes stress in the pipes and other system components) allow only
limited number of temperature changes and lead to the risk of piping leakage respectively.

x

Implementing load shifting for larger loads (e.g. hotels, swimming pools, shopping centre) is another
conceivable measure resulting in a cost effective generation of short term flexibility. However, the
practical implementation on a large scale needs further investigation.

In conclusion, for improving the supply of solar thermal energy in DH networks, the penetration of short-term
flexibility measures and their cost-effectiveness need to be improved, including the development and integration
of new technologies (e.g. storages, controls), services (including customer involvement) and business models.
Also measures for forecasting the flexibility of the DH network need to be develop in order to be included in the
overall system management.

Fig. 3: Mismatch between the DH network demand and seasonal (left) and daily (right) behavior of different heat sources

Long term flexibility measures: Beside the short term mismatch, a major barrier for integrating solar energy and
other renewable heat sources (such as geothermal energy and ambient heat) as well as waste heat in DH networks
is their seasonal mismatch to the demand profiles (see Fig. 3, left). Here, two cases have to be differentiated:
First, DH networks with very low operational costs in summer, i.e. the base load is covered by heat pumps,
geothermal energy or industrial waste heat. For economic reasons, those sources should not be turned off or
operated on part load for allowing solar energy to be integrated. As a consequence, every notable solar supply in
summer times needs to be either cooled to the ambient or stored for transition times or winter. This applies also
for a base load supply by waste incineration, having a “must-run” condition.
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Second, DH networks where the base load is covered by supply units that consume fuels, e.g. fossil fired CHP
plants or biomass plants. Here, the solar energy can actually safe operation costs and could be economically
beneficial. However, subsidies and profits on the electricity markets from CHP plants might require those plants
to run as well in summer times. Also very large shares of solar energy, i.e. exceeding 20% of the overall heat
supplied to the network, need to be stored in a seasonal storage anyways, e.g. (Winterscheid et at 2017).
For this purpose, various seasonal storage systems are available nowadays, including aquifer, borehole, pit, tank
storages, e.g. (SDH Guidelines 2012). However, these systems have up to now mainly been integrated in
small/rural networks or building clusters in Germany, Denmark and Sweden. For increasing the long term storage
capacity of larger, urban DH networks, the disadvantages of seasonal storages, especially the mismatch of the
maximum storage temperature to the typical network temperature level, the high space requirements and the high
investment costs need to be overcome.
One example for the integration of seasonal storages is the urban DH network Linz (Austria). Here, available
industrial waste heat from a steel mill cannot be fed directly into the network during summer times since a waste
incineration plant already covers the whole summer load and has a must-run condition (Pauli 2016). As a
consequence, the integration of a seasonal storage was investigated for shifting the summer surplus waste heat
into the transition time. Within a pre-study (Muser et al 2015) possible locations, geometries and costs of a
seasonal storage for the Linz DH network have been analysed. Based on this study, two different operational
scenarios for the integration of this seasonal storage have been analysed (Köfinger et al 2017): First, a “simple”
operation strategy of the seasonal storage, where the storage is mainly charged in the summer and discharged in
autumn/winter. Further on, a “strategic” operation strategy has been developed, allowing also short term
charging/discharging and as a consequence also to enhance the operation of the existing CHP plants and reduce
the use of the peak load boiler. Whereas the “simple” charging strategy the 1.8-fold storage capacity can be used,
for the strategic charging strategy, this value goes up to 4.4 and therefore increases its economic feasibility. As a
consequence, in a best case scenario a payback period of ~20 years could be achieved, although various
uncertainties (especially electricity prices) apply. Together with high investment costs of about 100 mil. Euros,
the investment risk for the storage is unacceptable high in the particular case. However, smaller DH networks
with lower network temperatures and lower investment costs have already proven to be realizable.

Fig. 4: Simulation based evaluation of the integration of a seasonal thermal storage in the DH network of Linz (Austria) for
improved waste heat utilization, top: reference scenario without seasonal storage, bottom: integration of the seasonal storage in a
low temperature scenario with enhancement of the network (Köfinger et al 2017)

Control strategies for an efficient integration of solar thermal plants into district heating networks: The
operation of a district heating network incorporating different producers with at least one being a solar thermal
plant and different consumers in any case goes along with several control problems to be considered.
At first, the scheduling (load respectively energy management) of the different producers and possibly also
consumers has to be managed properly, i.e. a strategy which is able to plan ahead the use of the different
components is necessary. This is especially important when slowly reacting and/or weather dependent heat
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producers, such as solar thermal plants, or relevant energy storages, as it is the case in both the short and long
term flexibility measures previously mentioned, have to be considered. Thus a high-level control has to decide
the general mode of operation and adjust the reference values for different process variables, such as for example
the required outlet temperature of the collector field. In most practical applications this high-level control is
specifically adjusted to the particular heating network and bases on various standard controllers and additional
expert rules. Within the last years it got increasingly popular to incorporate weather forecasts, however, with the
control algorithms still basing on specific expert rules.
A very promising alternative approach is the application of a model predictive controller (MPC). MPC bases on
mathematical models used to predict the future behaviour of the system for different courses of the manipulated
variables. This allows to determine the optimal future course of the manipulated variables, thus in the specific
case of a district heating network with different producers and consumers the optimal future operational strategy.
This prediction is periodically repeated always using updated values for the state of the different components. The
different approaches for MPCs for (bidirectional) heating networks mostly base on mixed-integer linear programs
(MILP), since not only continuous states but also discrete states, e.g. for the activation and deactivation of specific
producers, have to be considered, e.g. (Moser et al 2017). The resulting optimization problem of the MPC,
formulated as mixed-integer linear program (MILP), has to be solved by appropriate MILP solvers. In order to
provide the MPC with the future heat demand of the consumers or for example the future solar yield to be expected
additional forecast methods have to be applied. Within the Task both control approaches, control strategies based
on expert rules as and different MPC approaches, as well as forecast methods for the future heat demand or the
solar yield to be expected are considered.
Second, it must be ensured that the heat produced by the different producers is properly fed into the district heating
network and transported to the corresponding consumers. If there would be only one (central) heat producer in a
network, this would be comparatively simple. In this case the pumps supplying the network would aim for setting
the differential pressure in such a way that the supply is ensured even for the most distant consumer. However, in
the general case, this is more complex, since it has to be ensured that the pumps of the individual producers do
not work against each other. At first it has to be distinguished between producers which need to feed into the
network immediately, since they cannot store the heat produced locally, and producers coupled with a buffer and
consequently able to temporarily store the heat produced. One common approach is to use heat producers with
buffer storages for maintaining the differential pressures, while the others regulate the mass flows of the feeds to
ensure that their heat is properly transferred to the heating network. In detail, the finally applied approaches
strongly depend on the actual heating network and there is also no systematic approach available in literature.
Third, the mode of operation of the collector field chosen by the high-level control (load respectively energy
management) has to be realized by the respective low-level control at the solar collector site as efficiently as
possible. Strictly speaking the outlet temperature of the collector field respectively the different sub-fields has to
be controlled by adjusting the flow rate to the current radiation. This is in general done by varying the pump speed.
Additionally, the individual fields are typically equipped with adjustable balancing valves in order to ensure an
adequate flow distribution in the individual subfields. These valves can either be adjusted manually for nominal
operation or be driven by a servomotor in order to achieve an adequate flow distribution for every operating
condition and thus avoid exergy losses by mixing flows with different temperatures. The controllers applied
typically are simple linear PID controllers, which in some are enhanced by a static feedforward control signal for
the pump speed based on a static model for the heat output of a solar collector representing a static energy balance,
where the parameters are determined in a standardized collector test (EN12975-2) and can be found in the
datasheet. In research more advanced approaches can be found, e.g. (Camacho et al, 2007), but they have not
reached a wide practical distribution up to now. A promising approach, also using mathematical models describing
the collector field but explicitly aiming for practically manageable complexity, is presented in another article
within this conference proceedings (Unterberger et al, 2017).
Measures for reducing the return temperatures: The potential for the utilization of solar thermal, but also other
alternative heat sources such as industrial waste heat, geothermal energy and heat pumps, in DH networks is
strongly correlated to the temperature level at which the networks are operated. Currently, many “traditional”
existing DH networks are not designed for a significant share of solar thermal energy due to the relatively high
network temperatures, often between 60°C (return) and 120°C (supply). Fig. 4 compares “traditional” high
temperature DH networks with low temperature systems enabling higher shares of solar thermal energy.

369

R. Schmidt / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 5: Schematic description of the influence of the temperature level of the district heating network on the potential for the
utilization of solar thermal energy (left: high supply and return temperatures in the DH network result in a limited potential of
solar thermal energy, right: decreasing return and supply temperatures enable an increasing share of solar thermal energy)

Most of the technical measures for transforming traditional DH networks towards low temperature systems are
well known, mature and in principle straightforward in their implementation. They can be distinguished in
following areas:
-

building side optimization such as hydraulic balancing and the correct use of thermostatic radiator valves
Detecting and minimizing errors and faults in substations and domestic hot water preparation
cascading (using the return flow of high temperature customers as a supply to low temperature customers)

Within Subtask A business models, existing strategies and the impact of different approaches from the
participating parties as well as from literature should be analysed in detail within the Task. Here, a strong link to
the currently starting IEA DHC Annex TS2 on low temperature district heating systems will be established.

4. Discussions
Based on the preliminary results, a literature review and stakeholder discussions, following analyses of the
strengths, weaknesses, opportunities and threats (i.e. SWOT analyses) for the integration of solar energy into DH
networks can be summarized:
Strengths: Besides being free of any emissions such as CO2, NOx or others (including noise), the main asset of
solar thermal energy supply to DH networks is the good availability and the very low operation cost in
combination with fuel independency and long term stability. Compared to other renewable sources, especially
biomass, the required specific land use area is very low, e.g. (Poier 2017). The DH network temperatures in
summer times are in general lower, supporting the efficiency of the collectors. Thermal driven adsorption chillers
can increase the summer demand and thus absorb a possible surplus heat in summer times. The solar thermal
components as well as different centralized and decentralized integration concepts are state-of-the-art and well
proven in various DH networks already. Further on, producers of components for solar thermal collectors and
system installers are often available regionally, resulting in high local added value.
Weaknesses: Additional to the high specific investment costs of solar thermal energy systems, the main
disadvantage is the supply competition to other renewables (e.g. heat pumps, geothermal energy), waste heat (e.g.
from industrial processes) and pants with must-run condition (e.g. waste incineration) in summer times. Seasonal
storages for shifting the summer surplus heat to transition or winter time are available, but difficult to integrate in
urban DH networks. Further on, higher network temperatures in winter times reduce the efficiency of the
collectors. Also the integration of thermal driven adsorption chillers require higher network temperatures. For
reaching significant solar shares, the systems require large areas that are limited and costly in an urban context.
Larger and low-priced areas are likely to be far from the city center and thus additional investment costs for
transport pipes and hydraulic limitations for supplying to outskirt network branches might apply.
Opportunities: For different reasons, many DH network operators are working continuously on the reduction of
their network temperatures and this will increase the efficiency or solar thermal systems by trend. The utilization
of large shares of other renewable or alternative heat sources (such as heat pumps, geothermal energy and waste
heat) in DH networks supports the integration of seasonal storages. Finally, for accomplishing the COP21 targets,
direct or indirect subsidies (e.g. CO2 taxes) for solar thermal energy are either already in place or are currently
discussed in some countries.
Threats: One main threat are the long payback times of the systems, reducing the flexibility in the overall system.
Further on, large and exposed collector areas might be damaged due to more frequent extreme weather events due
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to the climate change, resulting in by trend lower heat energy supplied the network and higher maintenance cost.
Finally, the price of the land for installing the collectors might increase, as soon as the land owner get aware of
the aim of the intended land use and want to increase their own profit – especially if only limited areas are
available.

5. Conclusion & outlook
Solar thermal energy is one of the few renewable heat sources, that is available almost everywhere and can bring
multiple benefits to DH networks (on an environmental and systemic level) with very low operation costs and
risks. However, the integration of large solar thermal systems into existing and new DH networks faces several
challenges, especially the high specific investment costs, the mostly very high network temperatures and the
seasonal mismatch between supply and demand.
Task 55 of the IEA Solar heating and cooling technology cooperation program provides a platform for
practitioners and scientists to elaborate the benefits and challenges of solar district heating (SDH) and solar district
cooling (SDC) systems. As part of Task 55, Subtask A focusses on the assessment of the impact of solar thermal
technologies on the overall district heating and cooling network and integration aspects in order to analyze barriers
and opportunities for maximizing the share of solar thermal energy.
During the first year, the work in Subtask A focuses mainly on the set-up of the overall structure including a
detailed work plan as well as analyzing and consolidating the international activities and projects from the Task
55 participants. However, some preliminary results already show the strengths (especially small running costs),
weaknesses (especially the high specific investment costs and a competition to renewable or must-run base load
supply), opportunities (especially decreasing temperature levels and possible subsidies) and threats (especially
long payback times) for a large scale integration of solar energy into existing and new DH networks. More results
from Subtask A can be expected in the next years.
The international cooperation between IEA SHC Task 55, Subtask A and the IEA DHC TCP will lead to a more
holistic understanding of integrated systems with a clear focus on achieving a high share of solar thermal supply
in DH networks by following up on some best-practice examples from Denmark and the current discussions in
Graz. Both TCPs show significant expertise, which in the past had mainly been focused on each system
individually. In a future energy system, the different sectors have to be highly integrated to reflect developments
not only in Task 55, but also in other IEA TCPs.
Finally, it should be mentioned, that the integration of solar thermal energy can trigger some significant synergies:
most of the measures supporting the integration of solar thermal energy also support the integration of other
renewable and alternative energy sources such as heat pumps, geothermal energy and industrial waste heat.
Although being in competition to each other, especially seasonal storages are a key element for the other sources
as well. Additionally, the integration of various heat sources and efficiency measures will require an overall
management strategy, supporting also the integration of solar thermal energy.
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Abstract

Two types of simulation software TRNSYS and Polysun are studied to check their suitability for solar district
heating system planning. A reference case, a part of the Vallda Heberg district heating system is modelled in both
tools and results are compared with available measured data and with each other. Models are successfully
calibrated. TRNSYS and Polysun models have deviations in main key figures compared to the reference case less
than 2% and less than 8% respectively. A sensitivity analysis of key parameters shows that the two tools give
similar results.
Keywords: solar thermal, district heat, dynamic simulation, TRNSYS, Polysun,

1. Introduction
Approximately 10% from EU heat market is covered by district heating (Dalenbäck, 2011), thus giving solar
district heating a good potential to also be implemented in existing networks.
Furthermore, there are examples where the employment of solar thermal technology in combination with biomass
combustion can supply 100% renewable district heating (Faninger, 2000). However, there are a number of
obstacles for the wide spread implementation of solar district heating (SDH) systems, namely: high investment
costs, technological difficulties and lack of engineering experience (Dalenbäck, 2011).
Considering complexity of the systems, usage of new technologies and the lack of engineering experience,
computer modeling of the solar district heating systems is a key to successful system implementation. It is
achieved through market available computer simulation software or self-developed tools. Several studies have
been made employing such tools, of which the scope and purpose vary.
Considering the wide implementation of simulation software for the design and the optimization of solar district
heating systems, it is important to investigate how applicable available tools are. In the present study two different
tools are compared TRNSYS 17 (Klein, 2012), originally developed at SEL, and Polysun (Rezaei et al., 2009),
developed by Vela Solaris. The base case for this investigation is a part of the solar-assisted block heating system
for a new building area in Vallda Heberg, Sweden.

1.1. Aims
The main aim of the study is to determine how applicable Polysun and TRNSYS are for simulation of block
heating solar systems, which include advanced controlling strategies and/or complex hydraulics. In order to do
this, different aspects should be considered. Available component models should be detailed and robust enough
to build such system in the given boundary conditions. It should be possible to calibrate the model with the real
system. Changing of the boundary conditions and sensitivity analysis of different components should lead to wellexplained changes in the system model performance.

1.2. Methodology
As a base case, sub-station 1 (SS1) of the Vallda Heberg district heating system was chosen. The models, in
TRNSYS 17 and Polysun, were constructed based on drawings, known properties and operational strategies of
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the sub-station. The whole study is performed taking into perspective the boundary conditions, assumptions and
limitations of the available data and models.
The system has been monitored to evaluate and fault-find the system. Based on data of the monitoring system and
weather data of the Swedish Metrological and Hydraulic Institute (SMHI) for the monitoring period, input files
have been constructed for the models in order to calibrate them using the measured energy, flows and
temperatures. For the calibrated models, sensitivity analyses for key parameters were performed using Meteonorm
weather data. The process and results of calibration as well as the models` reactions in sensitivity analyses were
used to determine applicability, usability and limitations of the tools for the given case.

2. Description of the system
The local district heating system comprises one central heating plant (HP) for which the details are listed below
in table 1 (the left part). It features a 250 kW wood pellet boiler (and an oil boiler for back-up) and four substations
(SS1-4) connected to the primary culvert (PC).
Buffer storage tanks are installed in the central heating plant and in each substation. There are 108 m2 evacuated
tube solar collectors (ETC) on the heating plant and 570 m2 flat plate roof-integrated solar collectors (FPC) in
connection to the substations. Solar heat is targeted to cover 40% of the end-use of space heating and domestic
hot water.
The focus of this study is SS1 with secondary distribution culvert and connected houses, of which the details are
shown below in table 1 (the middle part).
Tab. 1: Details of the central heating plant (HP) and of substation 1 (SS1) at Vallda Heberg, Sweden

Heating plant (HP)

Substation 1 (SS1)

Load (SS1)

Key characteristics

Values

Key characteristics

Values

Key characteristics

Values

Installed storage
volume

15 m3

Installed storage
volume

15 m3

Single family houses

19

Installed collector area

108 m2
(ETC)

Installed collector
area

142 m2
(FPC)

Heating area per
house

140 m2

Collector Slope
ȕ $]LPXWK Į

70°/30°

Collector Slope
ȕ $]LPXWK Į

27°/30°

Heating area total

2660 m2

PC design operating
temperatures (S/R)

75°C/50°
C

Load capacity solar
HEX

85 kW

Specific demand heat

59
kWh/(m2·yr
)

PC pipe diameter ØPC

100 mm

Load capacity
auxiliary HEX

165 kW

Specific demand
electricity

34
kWh/(m2·yr
)

Load capacity solar
HEX

65 kW

PC connection pipe
diameter ØCP

50 mm

SC length (total)

938 m

Load capacity biomass
boiler

250 kW

SC target temperature

58°C

Load capacity oil
boiler (backup)

500 kW

SC pipe diameter Øsc

63 mm

Load capacity PC
HEX

1000 kW

The secondary heat distribution system between the substation and the buildings is a so called GRUDIS 2-pipe
system (Zinko 2004) where hot water is circulated in plastic (PEX) pipes, similar to a standard DHW circulation

374

A. Sotnikov / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

system. The pipes are located in an insulating (styrofoam) box buried in the ground, with fig. 1 showing the
distribution to the houses and the placement of the sub-station as well as heat meter points.

Fig. 1: Drawing of distribution network and houses connected to SS1 (Olsson and Rosander, 2014)

142 m2 aperture area of flat plate collectors are connected to SS1. 38 m2 on the roof of the substation, while the
second field 104 m2 located on multi-family buildings. The solar collectors deliver heat to the storage tanks via
an external heat exchanger, as the collector loop fluid is a water-glycol mixture. One pump is controlled on each
side of the heat exchanger by matched flow rate. The fixed solar collector flow rate is 0.38 l/min per m2 aperture
area. The pumps are controlled based on “sensors” in storage, collector outlet and heat exchanger outlet. To obtain
stratification, two inlet heights to the storage are possible from the charging loop. Fig. 2 shows how the different
loops are connected by heat exchangers.

Fig. 2: Schematic drawing of SS1 with installed heat meters (Olsson and Rosander, 2014)

The circulation pump is running at constant flow. The cold water inlet of the loop is supplied through the storage
to be pre-heated. If the storage temperature is high enough, the DHW circulation will pass through the storage as
well. The primary culvert delivers heat to the secondary distribution loop via a heat exchanger when the solar heat
of the sub-station is not sufficient to maintain 58°C outlet temperature. If the temperature after this heat exchanger
is more than 60°C (due to high temperatures in the storage tank), cold water is mixed to lower the supply
temperature.
The load is represented by a group of single-family houses and the DHW-circulation in the secondary culvert
(SC). Details of the load are shown in table 1 (the right part).
All buildings are designed as passive houses according to the Swedish standards, i.e. well insulated buildings with
air tight envelopes, and supply and exhaust ventilation with heat recovery is applied in all buildings (Jimmefors
and Östberg, 2014). Roof overhang and balconies provide sun shading to reduce solar gains in the summer period.
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Each house has two floors, and a total heated area of 140 m2. The hot water circulation of the secondary culvert
is connected to each individual building. The hot water is delivered directly for tapping and for heated appliances
(e.g. washing machines). The circulating flow is passing through the floor heating loop in the bathroom and utility
room without control (ie all year) as well as through a heat exchanger coupled via a thermostat controlled waterglycol loop that delivers heat to an air heating coil. Space heating is provided by the air heating coil to the supply
air, which is pre-heated by the exhaust air using a rotating heat recovery unit.

2.1. Monitoring system
The monitoring system is logging every hour. Temperatures, flow rates and energy rates (and total quantities) are
measured to evaluate the system performance of houses, distribution network and heating plant/substations.
Incoming solar energy and auxiliary energy from heating central and hot water circulation losses are monitored
at the substation, as shown in fig. 2. The DHW and space heating loads are measured in all houses. Temperature
to and from houses are measured as well.
In 2014 the whole area of Vallda Heberg had a low heat demand, corresponding well to the design values. The
measured yearly load of sub-station was 59 kWh/(m2 living area) including circulation losses. Distribution losses
are a large share of the yearly load (25 %), especially due to the low space heating demand of the buildings.
Solar fraction of SS1, SF (eq. 1), is calculated by the supplied solar (Qsolar) compared to load (Qload) as the
relative saving of energy from the main heating plant:
ܵ= ܨ

ொೞೌೝ
ொೌ

(eq. 1)

The actual solar utilization and solar fraction are larger than what is measured in the sub-station directly, due to
the evacuated tubular collectors installed at the main heating plant. The specific collector performance of the flat
plate collectors connected to SS1 was 297 kWh/(m2·yr).

3. The models
The system models have been created based on known system properties and the available monitored data.
Measured temperature levels and flow rates were used as a guideline when setting the controls of the model.
Monitored data concerning energy consumption of the area has been used to calibrate the load parts of the model
(space heating and distribution losses) and to create a load input file (domestic hot water). The monitored data for
energy to the substation from heating plant and flat plate solar collectors are used to calibrate the supply parts of
the models.
A hot water pattern input file has been constructed using DHWCalc (Jordan and Vajen, 2003) so that it matches
the measured monthly demand data for all 19 houses of the network. The cold water inlet temperature variation
during the year is based on information from the provider (8 to 16°C – January coldest) as this temperature is not
measured.
Weather data of 2014 from SMHI has been collected on hourly basis as input file for the calibration process. This
includes direct and global solar radiation data for horizontal surfaces for the area constructed by SMHI based on
interpolation of values of other Swedish locations (SMHI, 2015).
The calibration itself has been based on monthly energy balances, due to the large uncertainties when combining
short time interval interpolated weather data, limited measurement points and general assumptions.

3.1. TRNSYS and Polysun models
TRNSYS is a component based dynamic simulation tool, where the user combines component models and user
defined equations and controls. The timestep used is 3 minutes. Integration and convergence tolerances are 0.001
relative.
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Fig. 3: System model in TRNSYS

Polysun is a dynamical simulation tool, which is used principally for design and planning of renewable energy
systems. Polysun uses variable timestep. The largest timestep is chosen which satisfies convergence criteria, but
not larger than 3 min and 12 min for day and night respectively.

Fig. 4: System model in Polysun

The main components of SS1 are storage, heat exchangers and solar collectors. Other modelled components
include pumps, valves and collector loop pipes.
The solar collectors are modelled as two flat plate collector components using the parameters for the installed
collectors from Solar Keymark certificates. The pipe lengths to the two fields are included to simulate thermal
capacity, time dependency and heat losses. The flow is distributed to the two fields dependent on collector area,
so that the area specific flow rates are the same for both fields.
Even though the storage is cubic in reality, it is modelled as a vertical cylinder. Real inlet and outlet heights are
used both for tank charge- and discharge.
In TRNSYS the distribution pipe is simulated using Type 951 buried twin pipe in the ground (Thornton 2012),
comprising supply and return pipe inside one shell of insulation. In Polysun an existing pipe model was extended
to simulate buried pipes. Each pipe has a separate shell. The models assume circular shape while the real twin
pipe has rectangular insulation. The part of the flow which is due to DHW tapping is withdrawn from the flow at
the end of the secondary culvert. The rest of the flow is for space heating with no flow bypassing the houses.
In TRNSYS one two-zone building is modelled to simulate an average of the 19 space heating loads of the 19
buildings. The flow rate to the building is thus one nineteenth of the total flow in the secondary culvert, after
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DHW has been extracted. When the hot water returns to the network pipe the flow rate is multiplied by 19 again,
while assuming that the return temperature is valid for the whole flow. In this way the space heating demand of
the simulated building acts as average of all buildings in the network.
In TRNSYS inputs for outer area of walls in different directions and air volume of the two zones have been
modelled based on drawings of the house. Windows and shading (provided by roof overhang and balcony) are
accounted for. Internal gains are added to the main area (i.e. not bathroom) based on known electricity
consumption (70 % is expected to be gained as heat) and the average number of inhabitants (4 seated at rest). The
yearly measured average electricity consumption is 4700 kWh per house. One zone is bathroom including floor
heating, and the other zone comprises all other indoor areas, which are heated by mechanical ventilation only. All
of the hot water circulation initially passes through a glycol heat exchanger, then through the floor heating. The
glycol loop heatsup the inlet air via a heat exchanger after it is pre-heated by ventilation heat recovery unit. There
is a bypass valve in the glycol circuit that is controlled by a room thermostat, and thus varies the addition of heat
to the inlet. The heat recovery efficiency is a function of the ambient air, and the unit is turned off at ambient
temperatures above 16°C.
In Polysun the space heating load is modelled as two one-zone buildings. The first building model represents the
living area with a fan-coil heating system. The second building model represents a bathroom and a floor heating
system. There is no flow separation since the first building represents total load of living areas of all 19 buildings,
the second building represents total load of bathrooms of all 19 buildings.
In Polysun the same boundary conditions for building as in TRNSYS are considered, but since one building
represents 19 buildings it is scaled down. The actual size is chosen during model calibration. For the living room
internal gains are increased. These gains represent gains from bathroom, since there is no connection between the
living area and the bathroom in the model.

3.2. Assumptions / simplifications in the models
Pressure drops are generally neglected, as pressure is not the driving force of flows in the models. This causes
issues when controlling valves, as the flows rates are controlled upstream. Thus hydronic diverting valves are
controlled based on equations, which are working ideally. Pipes and valves without flow during normal operation
have been neglected. The primary culvert heat exchanger is modelled to give constant outlet temperature (perfect
flow control on primary side).
In TRNSYS external heat exchangers are modelled without thermal capacity and heat loss coefficients. Heat losses
of the solar heat exchanger lumped together with the return pipe of the solar loop. The UA value is constant for
the solar heat exchanger. Pipes in solar loop have constant loss coefficient.
In Polysun, the main simplification is the use of two one-zone building models instead of one two-zone building
model. So heat gains from bathroom to living area are not modelled. Heat exchangers are modeled without thermal
capacity. Two independent buried pipes are used to model secondary culvert, therefore pipe thermal interaction is
not considered.
Only modelling one house and one distribution pipe is a big simplification, and it is only possible in this study
because the dynamic effects of the space heating elements are not the focus of this study.

3.3. Calibration
A few unknown properties were found by parameter identification based on comparison with monthly heat
balances.
For TRNSYS model room set-point temperature of air heating, maximum heat recovery efficiency (80 %) and
maximum external shading share (80 %) were estimated in this way. External shading is activated when solar
radiation on the wall surface is above 200 W/m2 until it decreases to less than 120 W/m2. Floor heating was
simulated using an active floor layer. The parameters of the floor were calibrated to reach around 200 W all year
from water circulation to bath zone. Heat loss coefficient of pipe in solar loop was calibrated to monthly values
of solar gains.
For Polysun model sizes of buildings which represent living area and bathroom were defined by parametric
identification. Set-point temperature of air heating was also estimated in this way. Thickness of insulation of
buried pipe was defined based on losses in distribution system. Thickness of insulation of pipes in solar loop was
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calibrated to monthly values of solar gains.

3.4. Simulated versus measured
Fig. 5 shows how the measured loads and solar gains of the block-heating system correspond to the simulated
values on a monthly basis. Solar gains correspond very well, which is partly due to the calibration process.
Considering loads, simulated values correspond well with measured values for simulations performed with
TRNSYS. The simulated values obtained in simulations with Polysun show minor deviations due to the
application of the one-zone model, as mentioned earlier.

SS1 monthly energy, E [MWh]
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Fig. 5: Measured vs. simulated in TRNSYS and Polysun heat loads and solar heat to storage for SS1 in 2014

4. Model comparison
Table 2 and 3 below show comparison between measured and simulated values of key figures. The simulation
results obtained with TRNSYS show very good agreement at production and load sides. Relative deviation on an
annual basis for each key figure is lower than 1.5 %.
Polysun model has the highest deviation from measured value for space heating, which was partly compensated
by calibrating distribution losses to achieve expected solar performance. Therefore, production side has very good
agreement with measured data. Relative deviation on an annual basis is lower than 1.5 %.
Tab. 2: Monitored and simulated in TRNSYS yearly key figures, and the deviation between these values

Parameter

Monitored [MWh]

Simulated [MWh]

Deviation
[MWh]

Deviation, %

Space Heating

71.9

72.6

0.7

1.0

DHW

45.2

44.7

-0.5

-1.2

Distribution losses

36.1

36.5

0.4

1.2

Solar to storage

42.1

42.5

0.4

0.8

Primary culvert heat

111.1

110.6

-0.5

-0.4

Tab. 3: Monitored and simulated in Polysun yearly key figures, and the deviation between these values
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Parameter

Monitored [MWh]

Simulated [MWh]

Deviation
[MWh]

Deviation, %

Space Heating

71.9

77.5

5.6

7.8

DHW

45.2

44.4

-0.8

-1.6

Distribution losses

36.1

33.5

-2.6

-7.3

Solar to storage

42.1

42.1

0

0

Primary culvert heat

111.1

113.1

2

1.2

5. Sensitivity analysis

SS1 monthly energy, E [MWh]

For the sensitivity analysis weather data for a standard average year shall be used. For this purpose, Meteonorm
data for this location is chosen. Therefore, the first study is sensitivity of the models to different weather data.
Figure 6 and 7 show how simulated values for energy demand and solar gains vary according to the choice of
weather data.
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Fig. 6 and 7: Comparison of Polysun (left) and TRNSYS (right) simulated 2014 data with Meteonorm data: heat loads and solar
heat to storage for SS1.

The Meteonorm average year is colder and has lower solar radiation level than 2014. It corresponds very well
with TRNSYS results: annual total demand is higher and annual solar gains are lower with the weather data of the
Meteonorm average year.
Polysun shows that even though shapes of the curves are similar to ones from TRNSYS, the absolute values do
not reflect adequately the change of weather data. The main reason for it is an uncertainty in the building model,
namely thermal performance of the one-zone model the size of which was calibrated according to thermal behavior
of 19 multi-zone buildings.
Since the main focus of this study is to evaluate how Polysun can simulate the collector field and the substation
as well distribution network and how close it can get to TRNSYS results, further sensitive analysis is done based
on key figures normalized to the basic case simulated with the Meteonorm average year. In this way an influence
of the uncertainty of the building model can be eliminated and other parts of the model can be studied.
Thus sensitivity analysis consists of two parts. The first part is a study of an influence of density of the heating
network on the solar fraction of the sub-station and distribution losses in the system. The density of a distribution
network is a relationship between the number of houses and the length of the distribution network. For the present
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study the number of building is constant and equal to the actual number of buildings at the site. The length of the
distribution network is varied from 0.5 to 2.5 times of the actual length. The study showed a good agreement
between both tools, as shown in the fig. 8.
The second part of the sensitivity analysis is a study of the influence of different collector field sizes and storage
tank sizes on performance of the system in terms of solar energy supplied to the system from the store. Collector
field size is varied from 0.5 to 2 times of the basic case. A relative storage volume (storage volume / collector
aperture area) is varied for each collector field size from 0.5 to 2 times of the basic case. In this way a matrix of
25 systems is built.
In the fig. 9 matrix results for solar energy supplied to the system from storage are shown. For all cases Polysun
results are close to TRNSYS showing consistency between tools.
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Fig. 8: Sensitivity analysis of influence of heating network density on district heating system performance (solar fraction, value of
distribution losses, solar energy to the system and share of distribution losses in total demand) for TRNSYS and Polysun models
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Fig. 9: Sensitivity analysis of influence of collector and storage sizes on system performance for Polysun and TRNSYS models.

6. Conclusion
Applicability of Polysun and TRNSYS for simulation of block heating solar systems was studied by comparison
with measured data and performing a parametric study. As a reference case Vallda Heberg decentralized solar
district heating system was chosen. It was proven that if enough measured data is available and controlling strategy
as well as main system parameters are known it is possible to calibrate models in Polysun and TRNSYS with high
degree of accuracy. Relative deviations of all annual key figures of both tools compare to the real case are low
and monthly values are also in good agreement. Relative deviations of annual key figures for TRNSYS and
Polysun are < 2% and < 8% respectively.
In order to compare model behaviors a sensitivity analysis was performed. First of all, instead of actual weather
data Meteonorm average year data was used. With the new weather data TRNSYS showed expected performance.
Since the year 2014 was rather warm, total demand for the average year is higher than for 2014. For the same
changes in boundary conditions Polysun showed poor agreement – total demand for the average year
approximately equals to the one in 2014 and is significantly higher than TRNSYS. It means that the building
model in Polysun does not respond adequately to change in the weather data. The main reason is that the one-zone
building model is not suitable to simulate such complex case (multi-zone building with complex interaction
between zones).
Then two cases were studied; influence of a density of the heating network on a solar fraction of the sub-unit and
distribution losses in the system; and influence of different collector field sizes and storage tank sizes on
performance of the system in terms of solar energy supplied to the system and a solar fraction. In order to eliminate
influence of the building model, key figures were normalized to the base case and plots were built based on these
normalized values (fir. 8 and fig. 9). The plots show very good agreement between Polysun and TRNSYS. It
means that Polysun simulates the changes in the same way as TRNSYS for collector and store sizes as well as
pipe length/energy density of the network.
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Abstract
2

More than 1.3 million m solar heating plants are in operation in Denmark by the end of 2016. Most existing
collectors in the solar heating plant are flat plate collectors. To maximize the advantages of flat plate collectors and
parabolic trough collectors in large solar heating plants for a district heating network, a novel combined solar
collector field with 5960 m2 flat plate collectors (FPC) and 4039 m2 parabolic trough collectors (PTC) in series has
been constructed in Taars, Denmark. The design domain variables of the combined solar heating plant require to be
considered in the optimization routine to get the optimal performance of such plant. A validated TRNSYS-Genopt
model was set up to optimize key design parameters and investigate the potential performance of the combined
solar heating plant. It is found that the design concept of hybrid solar heating plants with flat plate collectors and
parabolic trough collectors in series can be feasible in Denmark. The results of optimal design parameters could
guide engineers and designers in the design, construction and control of large-scale combined solar heating plants.
Keywords: combined solar district heating plants, flat plate collectors, parabolic trough collectors, LCOH.

1. Introduction
Large scale solar district heating plants have gained great success in Europe, particularly in Denmark. Denmark
is the frontrunner country in the large scale solar district heating plants. Most solar collectors in the existing solar
heating plants in Denmark are ground mounted flat plate collectors. A hybrid solar heating plant with flat plate
collectors and parabolic trough collectors was put into operation in August of 2015. The aim of this study is to
optimize the hybrid solar heating plant based on the Levelised Cost Of Heat (LCOH).

2. Case study
The Taars solar heating plant was put into operation in August of 2015, consisting of a 5960 m2 flat plate
collector field and a 4039 m2 parabolic trough collector field in series [1]. Figure 1 briefly illustrates the basic
principle of the plant. The solar collector fluid of the parabolic trough collectors is water, while that of FPC is a 35%
glycol/water mixture. The return water from the district heating network is heated up to 70°C by the heat exchanger
connected to the flat plate collector field. Then the water from the flat plate collector field is heated to the required
temperature by going through the parabolic trough collector field. The orientation of parabolic trough collector
axes is 13.4° towards west from south. The parabolic trough collectors track the sun rays from east to west when
the collectors work during the daytime. There are six rows of parabolic trough collectors and the row distance is
12.6 m. The length of each row is about 120 m. The parabolic trough collectors were delivered by Aalborg CSP
A/S. The orientation of the flat plate collectors is south and the collector row distance between flat plate collectors
is 5.67 m. The tilt of flat plate collectors is 50°. The flat plate collectors consist of two types of flat plate collectors,
namely HTHEATboost 35/10 and HTHEATstore 35/10, delivered by Arcon-Sunmark A/S. Half of flat plate
collectors are HTHEATboost 35/10, while the other half is HTHEATstore 35/10. The backup heat resource is two
natural gas boilers. Two tanks with a total volume of 2430 m3 are used as heat storage for several days in the
summer. The lessons from the operation are that the parabolic trough collectors have to be defocused in several
sunny days in summer because of limited heat storages and heat demand. A validated TRNSYS model was
developed to optimize the hybrid solar heating plant to reach the minimum nLCOH [2]. The yearly DNI and global
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radiation in the Design Reference Year are 1150 and 1030 kWh/m2 respectively. The typical heat demand is 20167
MWh per year.

Fig.1.Illustration of the Taars solar heating plant [3].

3. Method
LCOH definition has two boundary conditions for the solar district heating network in this study. One boundary
condition is elaborated only for the solar collector field and heat storage. Other boundary condition not only
includes the solar collector field and heat storage, but also takes conventional heat supply into consideration. The
former is called by net LCOH (nLCOH). nLCOH is used in this study and can be expressed as equation below: Is is
the initial cost, DKK; T is the lifetime, 30 years; r is the discount rate, 3%; Ps is the operation and maintenance cost,
SE is the energy produced, kWh. The operation and maintenance cost of the flat plate collector field every year is
assumed as follows: a) 2 DKK/MWh heat produced for maintenance fee; b) 1.5 kWh electricity/100kWh heat
produced for operation (2.3 DKK/kWh electricity). The operation and maintenance cost of the parabolic trough
collector field every year is assumed to be 0.8% of the initial cost. The initial cost of the flat plate collector field
without foil was assumed as 2180-2400 DKK/m2 (500-10000m2). The cost of the flat plate collector field with foil
was assumed as 7.6% higher than that of the flat plate collector field without foil. The cost of the parabolic trough
collector field is 40-70% higher than that of the flat plate collector field. Detail information is shown in the
reference [4].
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4. Results and conclusions
FPC without FEP
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Fig.2. Minimum LCOH and optimal parameters based on different prices of the PTC [4].

Fig.2 shows the optimal solar collector area for different scenarios. The Taars bar shows optimal solar collector
area for the reference case. Different scenarios for different parabolic trough collector price levels are also
investigated, if the the price of the parabolic trough collector field decreases by 10%, 30% and 50% in the future.
All the scenarios show that the design concept that the hybrid heating plant with flat plate collectors and parabolic
trough collectors can be feasible in Denmark. Further information please find in the published papers.
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Abstract
The integration of solar thermal plants into district heating grids requires advanced control strategies in order to
utilize the full potential in terms of efficiency and least operating effort. State-of-the-art control strategies cannot
completely fulfill this since they are not able to consider the physical characteristics of the different components,
nor do they take information on future conditions and requirements into account properly. A promising attempt
for improvement is the application of model-based control strategies together with practicable forecasting
methods for both the solar yield as well as the heat demand. This contribution will present the results of several
projects performed on the development of suitable mathematical models, forecasting methods and control
strategies relevant for the integration of solar thermal plants into district heating grids.
Keywords: model-based control strategies, forecasting methods, solar thermal plants, district heating grids

1. Introduction
Modern large-scale solar thermal plants are increasingly used as heat sources for heating grids. In urban
environments, they are also often set up with local buffer storages and the possibility to directly supply local
consumers with heat. In this specific case an additional bi-directional transfer station can be used which allows
the supply of the local consumers with heat from the grid in case there is too little solar energy available. The
most beneficial operating strategy of such a configuration first of all depends on the point of view: For the
operator of the solar thermal plant, who is responsible for the supply of the local consumers, maximizing the onsite consumption will be most beneficial, since the prizes for heat fed into and taken from the heating grid
typically differ significantly. For the operator of the heating grid, generally a different operating strategy would
be most beneficial, since all other components and parties have to be taken into account. This contribution will
focus on control strategies for an efficient integration from the point of view of the solar thermal plant operator,
but also parts relevant for the district heating grid operator will be outlined.
The most important part of the solar thermal plant is the collector field. In the most general case, this solar
collector field consists of several subfields connected in parallel that can differ in size. These differences in size
have their origin in the optimization of the collector area under the local constraints of the place of installation
which are often encountered in urban areas. In order to ensure an adequate flow distribution in the individual
subfields, and to avoid exergy losses by mixing flows with different temperatures, the individual fields are
typically equipped with adjustable balancing valves. These valves can either be adjusted manually for nominal
operation or be driven by a servomotor in order to achieve an adequate flow distribution for every operating
condition.
There are two major challenges to be faced when controlling such plants. The first challenge is to use the
generated heat in an economically optimal way. The price for selling heat to the grid is typically lower than the
price for buying it back, so an effective buffer management strategy is necessary which ensures the heat supply
to the consumers while maximizing profits. The decision whether the heat currently generated should be stored
in the buffer storage or be fed into the district heating grid determines the required feed temperature. When
feeding into the grid, a minimum feed-in temperature must be provided by the plant; when feeding the local
consumers via the buffer storage, a lower feed temperature is normally sufficient and thus a higher efficiency in
the collectors can be obtained, a point that needs to be considered in the buffer management strategy.
The second challenge is to keep the outlet temperature of the solar collector field within certain boundaries and
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adjust it quickly regarding the mode of operation (store the heat in the buffer storage vs. feeding it into the
district heating grid) even for fast changing ambient conditions. This is difficult because of several factors: first,
there are delays between the control actions and the resulting outlet temperature changes, and the actuators are
usually slow. Second, the outlet temperature depends on the accumulated influence of the solar irradiation
during the transition time of the water through the collectors, thus requiring control strategies incorporating
some kind of memory to obtain a good outlet temperature control performance.
To deal with these challenges, state-of-the-art control systems of solar thermal plants are often hierarchically
structured. On a high-level basis, typically a set of rules defines the general mode of operation (e.g. feeding the
heat into a district heating grid vs. storing it in the local buffer storage). On the low-level basis, control tasks
such as controlling mass flows and temperatures are mainly handled separately for each subfield using simple
linear PID controllers, which in some cases are enhanced by additional expert rules and, for example in the case
of controlling the solar collector output temperatures, by energy balance calculations. On both control levels
typically neither the non-linear and coupled characteristics of the different components are considered, nor is
information on future conditions and requirements taken into account. Thus the default strategies applied on
both levels usually do not yet utilize the full potential of modern solar thermal plants, mainly resulting in
efficiency losses, even unused solar energy and increased operating efforts due to the need of frequent reparametrization by the operators.
For both control levels, the most promising alternative approach would be the development and application of
appropriate model-based control strategies combined with a good forecast of the expected heat generated by the
plant and the heat demand of the local consumers.
Model-based control strategies base on mathematical models describing the fundamental static or dynamic
characteristics of the different components and systems and thus allow an explicit consideration of the physical
characteristics of the different components. In the case of high-level control, the specific method of model
predictive control can also take information on future conditions and requirements into account. The models for
most of the components and systems of interest available prior to the beginning of the work underlying this
contribution were either too complex (used for comprehensive simulation studies) or too simple (static mass and
energy balances). For this reason, the development of mathematical models suitable to serve as a basis for
model-based control strategies represents a necessary part of the overall control development.
Furthermore, the available forecasting methods for solar yield and heat demand were in most of the cases
mathematically by far too complicated, tailored for a specific application and very often not adaptive. Thus, they
cannot serve as a general basis for model-based control strategies, which is why the development of general,
simple and adaptive forecasting methods for the solar yield as well as the heat demand is another prerequisite
for the final application of model-based control strategies.
This contribution presents a summary of the results of several projects performed on the development and
validation of mathematical models suitable for model-based control strategies (section 2), forecasting methods
for both the load demand as well as the solar yield (section 3) and control strategies relevant for the integration
of solar thermal plants into district heating grids from the point of view of the solar thermal plant operator
(section 4). Finally, section 5 sums up the results and draws a short conclusion.

2. Mathematical modelling
The modelling for the low-level control focusses on the correlation of pressure differences and mass flows in
hydraulic components as well as the heat transfer, i.e. the temperature levels especially at the outlet of the
components or systems as functions of the inlet temperature, ambient conditions and mass flows. The modelling
for the high-level control focusses on heat storage and heat loss and aims at mathematically more simple models
usable in optimization problems such as those formulated in model predictive control. Appropriate models for
all relevant components in a solar thermal plant (buffer storage, collector fields and all hydraulic components for
the heat distribution such as piping, pumps and valves) respectively control levels were developed, of which the
model of the buffer storage as well as the solar circuit and its components are described exemplarily in this
section.

388

V. Unterberger / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

2.1 Buffer storage
Buffer storages are used in order to decouple the occurrence of heat production from heat consumption at least
at a certain degree. The mathematical modelling of buffer storages is primarily important for the high-level
controller in order to estimate the available heat in the buffer within the next hours.
The modelling of buffer storages can be conducted in different levels of detail. In literature, models ranging
from three-dimensional partial differential equations used for computational fluid dynamic (CFD) simulations,
to single ordinary first-order differential equations can be found. In the next section three model of different
detail are described: a detailed model primarily useful for simulation purposes (PDE model); the simplest
possible model that is usually used for high-level, optimization-based control purposes (single integrator
model); and a new, purpose-built linear hybrid model that combines the advantages of both for more accurate
prediction results (hybrid model).
PDE model
A reasonable compromise of complexity and accuracy when considering a typical cylindrical buffer storage is to
neglect the radial temperature dependency and assume a constant temperature at a specific axial (vertical)
position. This assumption is supported by the usual mechanical construction of inlets aiming at a good radial
distribution of entering fluids and thus minimal axial mixing. This leads to a mathematical model of one partial
differential equation with only one spatially dependent variable (typically the temperature), where all relevant
mechanisms of heat transfer are considered, e.g. (Cruickshank, 2009; Hemmer, 2014; Zlabinger, 2017). In
simulations, the differential equation should preferably be solved implicitly in order to increase numerical
stability and reduce computational effort. Typically, all model parameters can be determined from geometrical
data and data sheets, but if they are not available or if the geometries are exceedingly complicated, it could be
easier to determine some model parameters experimentally. This typically also would lead to an improved
reproduction of the energy losses to the environment.
Fig. 1 shows results of an exemplary experimental verification of the model described in (Hemmer, 2014)
performed with a commercially available buffer storage with a capacity of 1500 l. In the beginning, the upper
third of the boiler got heated up to 70°C while the two lower thirds remained at ambient temperature. In the next
step the lower part got heated up via an internal heat exchanger. In order to evaluate the simulation results, 12
vertically distributed temperature sensors have been installed. Despite the challenging setup the model describes
the measured behaviour sufficiently well.
A model like this can be used for simulation purposes and even in a predictive high-level control not based on
linear optimization. However, such controllers typically are computationally expensive and cannot rely on
standard solvers. A simpler prediction model for the future available heat is thus required.

Fig. 1: Exemplary comparison of measured (black) and simulated (grey) vertical temperature distribution in a buffer storage
while transferring heat via an internal heat exchanger in the lower third of the buffer.

Single integrator model
The single integrator model is the simplest approach for a linear model of a buffer storage and describes the
dynamic behavior of the buffer storage on the basis of a simple energy balance
ௗா౩౪౨
ௗ௧

ൌ σ ܧሶ୧୬ െ  σ ܧሶ୭୳୲

(eq. 1)

with the stored energy as state variable  ܧand the in- ܧሶ and outgoing ܧሶ energy flows as inputs.
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This model describes the energy content of typical cylindrical buffer storages sufficiently well to be used in
model predictive control strategies with approximately constant inlet temperatures during the optimization
horizon and comparatively quick charging and discharging cycles, where a detailed description of the losses is
not crucial (Moser, 2017). But as soon as different, varying temperature levels or long-term operating cycles
have to be taken into account, a more complex model has to be considered.
Hybrid model
In (Zlabinger, 2017) a more detailed but still linear approach is suggested, which is able to consider a finite
number of different inlet temperatures and in- and outlets at different heights as well as all relevant mechanisms
of heat transfer (convective heat input and output at predefined heights, axial heat conduction, environmental
losses and natural convection). It is a hybrid, linear model that divides the buffer volume into different zones
with constant mean temperatures and variable heights. The quantities of heat stored within these zones represent
the continuous state variables of the system, and are described by simplified energy balances. The energy flows
to the connected consumers and from the producers constitute the input variables. Depending on the heights of
the zones in relation to the heights of the in- and outlets, different energy flows have to be considered. They are
selected depending on additional discrete state variables that are used to distinguish between the different
operating states. In the simplest form of the model, the consumers’ return temperatures and the producers’ feed
temperatures are assumed to be constant, but through further case differentiation, varying inlet temperatures can
be represented as well. Finally, the model can be described in the form of a mixed logical dynamic model
(Bemporad and Morari, 1999), which is well-suited for the design of model predictive controllers for the highlevel control as discussed in chapter 4.

2.2 Solar Circuit
The solar circuit in general consists of pipes, a pump, valves and several subfields, made up of multiple solar
collectors, connected in parallel. It is connected to other hydraulic circuits via a heat exchanger. All these
components have to be described through their thermal characteristics (heat transfer) as well as their hydraulic
characteristics (correlation of pressure differences and mass flows) as described next.
Thermal characteristics
The thermal characteristics of pumps, valves and insulated pipes can be neglected for control purposes since no
relevant heat transfer occurs. Only the thermal characteristics of the solar collector subfields are of major
importance, for which several models of different levels of complexity already exist. On the one hand there
exists a static model for the heat output of a solar collector based on a static energy balance, where the
parameters are determined in a standardized collector test (EN12975) and can be found in the datasheet. This
model is sometimes already used in today’s control strategies in order to calculate a static feedforward control
signal for the pump, and can be incorporated into solar yield forecasting methods (see section 3).
On the other hand there are more sophisticated dynamic models, such as models consisting of two coupled
partial differential equations for the fluid and the absorber temperature of the collector, e.g. (Camacho et al.,
2007a). Such more complicated models are often linearized in an operating point in order to obtain linear
models. These linear models represent the dynamics of the outlet temperature of the collector field depending on
the inlet temperature and the solar irradiation (Lemos et al., 2014) and can be used for model-based outlet
temperature controllers. In several articles, the complicated models are used in combination with modelpredictive controllers, e.g. (Camacho et al., 2007b; Lemos et al., 2014), but still more at an academic level or
implemented in small-scale demo plants (Andrade et al., 2015).
Hydraulic characteristics
The hydraulic characteristics, namely the correlation of pressure differences and mass flows of the individual
components in the solar circuit, play an important role for the low-level control. For pipes, valves and pumps
simple models describing their static as well as their dynamic characteristics are summarized in (Unterberger et
al., 2017). A turbulent flow regime can be assumed for all these components. When considering collector fields
consisting of several large flat plate collectors this is different. The collector fields experience different flow
regimes varying from laminar to turbulent as well as transition regimes between them. Thus, it is not sufficient
to describe the correlation between pressure difference and mass flow through a purely quadratic equation.
Another challenge in modelling the hydraulic characteristics of solar collector fields is the influence of the
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temperature. Due to the significant rise in temperature of a fluid flowing through a collector, its viscosity and
density are highly affected. This effect even increases further when an anti-freeze mixture is used. This results in
varying hydraulic resistance values depending on the temperature levels and temperature increases.
These challenges can be dealt with by expressing the pressure difference over a subfield 'psubf as a combination
of the pressure difference in a laminar flow regime 'plam and the pressure difference in a turbulent flow regime
'pturb:
οୱ୳ୠ ൌ ο୪ୟ୫  ο୳୲୰ୠ

(eq. 2)

The pressure difference in the laminar regime 'plam is based on the friction along a straight pipe of constant
cross section described by the Darcy-Weisbach equation (Rouse, 1946). This is a linear correlation between the
pressure difference 'p and the mass flow ݉ሶ for a certain fluid temperature T. The correlation depends on the
pipe parameters diameter and length and is proportional to the temperature dependent kinematic viscosity of the
fluid ߥሺܶሻ. The constant parameters, diameter and length can be combined in a constant parameter R0,lam,which
has to be determined experimentally for a specific temperature ܶ :
୪ୟ୫  ൌ

ఔሺ்ሻ
ఔሺ்బ ሻ

ܴǡ୪ୟ୫ ݉ሶ

(eq. 3)

The pressure difference in the turbulent regime 'pturb is represented by an empirical formula usually used to
describe the pressure drop due to an abrupt change in the pipe cross section as e.g. caused by a bezel. It is a
correlation between the pressure difference and the square of the mass flow, with the constant parameter R0,turb,
experimentally determined for a specific temperature ܶ , and the density of the fluid ߩ:
୳୲୰ୠ ൌ 

ఘሺ்బ ሻ
ఘሺ்ሻ

ܴǡ୲୳୰ୠ ݉ሶଶ 

(eq. 4)

In practical applications, using the mean temperature between inlet and outlet of a solar collector usually
provides a sufficiently accurate approximation of the correlation.
If a balancing valve is installed at the entry of the collector subfield, it is useful to describe the hydraulic
characteristics of the collector subfield together with the balancing valve. In this case, both the laminar as well
as the turbulent temperature independent coefficients (ܴǡ୪ୟ୫ ǡ ܴǡ୲୳୰ୠ ) are modelled as a function of the valve
position. This in turn allows calculating the valve position necessary to obtain a desired mass flow through the
subfield given a specific pressure difference provided by the pump, which is useful for feedforward control
strategies.
A comparison of the model with measurement data for a single collector subfield with an overall size of 172 m²
is shown in Fig. 2 for stepwise changes of the plug position of a balancing valve.

Fig. 2: Exemplary comparison of the measured (blue) and the modelled (red) mass flow through a solar collector field
(172 m²) for stepwise changes of the plug position of a balancing valve at its inlet at a constant rotational speed of the pump.
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3. Forecasts
The high-level controller, which is often called energy or load management system, of the solar thermal plant
should incorporate forecasts for both the expectable solar yield and the expectable heat demand of the
consumers in order to optimally plan generation, storage and consumption of heat.
Many different approaches for performing these forecasts can be found in literature, but almost all of them are
highly academic and very complex. They are often tailor-made for specific configurations, require high
computational effort and, due to their complexity, a comprehensive mathematical educational background of the
implementing control engineers. Therefore, most of them are inappropriate to be widely used in practical
implementations.
To be practical applicable, the forecasting methods first of all need to be general in order to cover a big variety
of systems. Furthermore, the methods should be easy to implement and use little computational resources so that
they can be integrated into the PLCs typically used for controlling solar thermal plants. Finally, the methods
need to be able to adapt to varying conditions such as shading or changing consumer behavior. In this section,
methods for predicting the future heat demand and the future solar yield are presented which fulfill these
requirements and are thus usable in both solar thermal plants and district heating grids.

3.1 Forecasting method - heat demand
The method for forecasting heat demand presented in (Nigitz and Gölles, 2017) is based on the empirical
analysis of the correlation between weather data and heat load data of several types of consumers. The analysis
revealed that there exists an approximately linear correlation between load demand and ambient temperature and
that there is a characteristic dependency of the heat load on the time of the day. Furthermore, it was also found
that the individual days of the week do not have to be considered explicitly, but a distinction between working
days and weekends/holidays turned out to be necessary.
The method predicts the heat demand of the consumers and corrects it by using the current prediction error as
well as basic expert knowledge. The method itself is based on a linear regression model for each hour of the day
describing the dependency of the heat demand on the ambient temperature. The parameters of the regression
model are updated every hour taking into account the actual heat flow and the ambient temperature of the
previous days, where only similar days are considered (work days or weekends/holidays). The only inputs
necessary for the method are the measured heat flow supplied to the consumers and the predicted ambient
temperature, provided e.g. from a weather service provider. This means that no parameterization is needed and
no complex model of the connected buildings or the consumer behavior is necessary. Fig. 3 shows an exemplary
forecast for the heat demand of a local consumer connected to the buffer storage of a thermal solar plant,
compared to the actual load demand.

Fig. 3: Exemplary prediction of the load demand of an on-site consumer (connected load: 35 kW) compared to the actual
(measured) load demand together with the (measured) ambient temperature for a representative work week.

3.2 Forecasting method - solar yield
The method developed to forecast the solar yield is based on an extensive analysis of weather data and
measurement data from a large-scale solar thermal plant. The analysis showed that the static collector model
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(see section 2.2) with the model parameters from the datasheet, determined according to European Standard
EN12975, does not directly lead to satisfying results but represents a suitable basis to forecast the solar yield.
This is because the model parameters are only valid for stationary conditions in the laboratory and not for the
dynamic conditions occurring in the daily operation. Furthermore, these model parameters would have to
change over time because of polluted collector surfaces decreasing the optical efficiency, or because of the
decay of materials leading to higher convective heat losses of the collector.
For this reason the method developed is based on the static collector model, but continuously estimates the
collector parameters based on previous data. Like the method for forecasting the future heat demand, the method
to forecast the future solar yield is based on linear regression models for each five minutes of the day describing
the dependency of the solar yield on the ambient temperature, the global solar irradiation and the absorber
temperature.
The parameters of the static collector model are adapted every five minutes, taking into account the past values
of the measured solar yield, the measured ambient temperature as well as the measured global solar irradiation.
By doing so, the pollution of the collector fields, the decay of the materials as well as the influence of local
shading is automatically considered. In addition, no manual parameterization efforts or complex dynamic
models are necessary. The only inputs necessary for the method are the measured solar yield and both the
predicted and measured values for ambient temperature as well as global solar irradiation.
Fig. 4 shows an exemplary forecast of the solar yield for a sunny summer day of a subfield with 172 m² built in
2009, compared to the expected solar yield calculated with the static collector model with the parameters taken
from the datasheet of the manufacturer as well as the actual measured solar yield. For this verification, real
weather forecast data from the company meteoblue AG (https://www.meteoblue.com) was used, which provides
weather information world-wide. This method will be extended by a correction approach in order to react on
prediction deviations, which is for example necessary in case of very cloudy days.
It can be seen that the static model with the parameters taken from the datasheet would indicate the solar yield
before 8 am as soon as global solar irradiation is predicted, not considering the heating up phase of the collector
subfield. Furthermore, most of the time the static model is overestimating the solar yield. Only in the afternoon
the prediction of the static collector model seems accurate. In fact this has its origin in the course of the
predicted global solar irradiation which in the afternoon is below the measured one compensating the general
overestimation of the collector efficiency. In contrast, the predicted solar yield resulting from the developed
forecasting method with the parameters based on previous measurement data describes the real generated solar
yield of the subfield throughout the day very well.

Fig. 4: Comparison between the measured solar yield, the predicted solar yield and the solar yield calculated with the static model
and the parameters taken from the datasheet for a collector field of 172 m².
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4. Control
The control of a solar thermal plant connected to a heating grid and local consumers must handle multiple
aspects. Locally, a high-level controller must decide when to feed heat into the grid, when to store it locally and
when to consume heat from the grid. A low-level controller must take care of temperature and mass flow control
in the solar collectors, and of the heat distribution to and from the local buffer storage. At the heat transfer
station, a grid controller must handle the feeding of heat into the grid or the transfer of heat from the grid to the
local buffer storage. Such bidirectional heat transfer stations are still a matter of research, and often two transfer
stations are operated in parallel, one for each task.
The different model-based controllers developed base on different methods from control theory. Fig. 5 shows
the main idea of a model predictive controller used for the high-level control providing the reference values for
all the underlying low-level controllers.

Fig. 5: Schematic overview of the interactions of the different control systems addressed

As an example for the different low-level controls to be considered, the control of the most important part, the
solar circuit is discussed in more detail. The task of the low-level controller of the solar circuit is to realize the
reference values given by the high-level control as efficiently as possible. In case of the solar collector circuit,
this only influences the desired collector outlet temperature, which is different depending on the mode of
operation of the plant - feeding the heat into the district heating grid requires a higher outlet temperature than
storing it in the local buffer storage.
The desired outlet temperature of the solar circuit is realized by the model-based solar circuit control. It controls
the pump in such a way that the mass flow necessary to achieve the desired outlet temperature is reached. In
case there are motor-driven balancing valves installed in the subfields, these can be used to individually control
the mass flows through the individual fields, and the controller has to adjust the valves appropriately. One
possible control concept to accomplish this task will be described next, first for the case that controllable
balancing valves exist in each collector subfield, then for the case where no motor-driven balancing valves exist.
In a first step, the mass flows through the N individual subfields (݉ሶଵǡ to ݉ሶேǡ ) necessary to achieve the
desired outlet temperature Tout,des are calculated based on a thermal model of the solar collector field, e.g. the
static collector model based on the energy balance mentioned in section 2. This requires the knowledge of
(measured or predicted) influencing variables such as the global solar irradiation G, the ambient temperature Ta
and the inlet temperature to the collector subfields Tin. The parameters of the thermal models for each subfield
can be continuously estimated according to the forecasting method for the solar yield in order to consider
shading, pollution of the collector surface or decay of materials.
In addition to this static calculation, the individual desired mass flows are continuously updated by a
temperature controller. The temperature controller compares the current outlet temperatures of the individual
subfields T1,out to TN,out with the desired outlet temperature Tout,des. Based on this comparison, the desired mass
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flows calculated in the first step are either in- or decreased. In the simplest case, the temperature controller
consists of very slowly adjusting PI controllers, but also more sophisticated, model-based control techniques
could be used.
In the second step, the sum of the desired mass flows, together with the nominal positions of the valve plugs ߮ כଵ
to ߮  כே are used to set the rotational speed of the pump nP and, as a consequence, the differential pressure ȟ .
The nominal positions of the valve plugs are chosen between 80-100%, where 0% corresponds to a closed valve
and 100% to an open valve. They should be chosen as high as possible in order to avoid unnecessarily increased
pressure losses, but keeping in mind that controllability is reduced when the valve is opened too much because
the valve will have less effect on the mass flow closer to the opened state.
The results of the two steps, the desired mass flows and the differential pressure of the pump, are used in a third
step to determine the individual actual valve plug positions. In order to realize the adjusted desired mass flows, a
feedforward controller for the valves is used. In this feedforward controller the valve positions ߮ଵ to ߮
necessary to accomplish the desired mass flows are determined based on the differential pressure provided by
the pump and the hydraulic model of the solar collector subfield (see section 3). In the simplest case this
feedforward control can be implemented neglecting the hydraulic couplings between the subfields, but even
more extensive control techniques using graph-based algorithms, e.g. (Hassine and Eicker, 2014), could be used
which take into account the hydraulic couplings by solving the equations simultaneously.
In case of larger model deviations, an additional slow controller could compare the actual valve positions (߮ଵ to
߮ ) with the nominal ones (߮ כଵ to ߮  )  כin order to adjust the rotational speed of the pump. Fig. 6 shows a
schematic representation of the described strategy for the solar circuit control.
In case that there exist no motor-driven balancing valves in the solar circuit, the control strategy can be
simplified to steps one (calculating the desired mass flows) and two (choosing the rotational speed of the pump),
by adding a control loop comparing the overall outlet temperature of the solar circuit with the desired one, and
adjusting the rotational speed of the pump accordingly.

Fig. 6: Control approach for the low-level control of the solar circuit.

5. Conclusion and outlook
In order to efficiently integrate solar thermal plants into district heating grids challenges regarding the hydraulic
control and the load management have to be dealt with. State-of-the-art control strategies cannot cope with these
challenges in optimally since they are neither considering the non-linear and coupled characteristics occurring in
such hydraulic systems, nor do they take into account future weather conditions and therefore cannot control the
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systems in a predictive manner. Instead, they can only react when a control deviation has already occurred. A
promising approach for improvement is the application of model-based control strategies together with
practicable forecasting methods for both the solar yield as well as the heat demand.
In this contribution models, forecasting methods as well as control strategies for solar thermal plants were
presented exemplarily and verified with either measurement or simulation data, already showing good results.
Some of the presented approaches such as the forecasting methods can serve as a basis for developing similar
methods for the heating grid as well. Future investigations have to address the cooperation of the solar thermal
plant with the district heating grid: for example the interactions of the high-level controllers in charge of the
respective load management. This issue is relevant for all kinds of consumers also acting as producers, and is
still a topic of current research.
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Abstract

In this paper, a novel approach for manufacturing cost effective polymeric solar-thermal collectors is described.
The approach known as Twin-Sheet-Thermoforming (TST) is suitable for mass-production and enables a
significant cost saving potential compared to conventional, metal-based collectors. Based on an absorber made
of acrylonitrile butadiene styrene (ABS), a collector prototype was set-up and tested according to EN ISO
9806:2013. The results were compared to data available both from literature and market available polymeric
collectors. The tested prototype shows a higher solar-thermal efficiency compared to market available polymeric
collectors and a similar efficiency compared to laboratory prototypes recently described in literature. Against
this background, the production and manufacturing costs of polymeric solar-thermal collectors become
increasingly important, as these costs directly affect the Levelized Cost of Heat (LCOH) of a solar-thermal
system equipped with such collectors.
Keywords: Solar-thermal flat-plate collector, Collector Efficiency, Polymeric Materials, Experiment

1. Introduction
Currently, solar-thermal systems are facing two challenges: On the one hand, the low commodity prices for oil
and gas on the world market cause longer payback periods for solar-thermal systems. On the other hand, heating
with other renewable energy sources (e.g. heat pumps in combination with photovoltaic systems) becomes
economically more attractive. In order to remain competitive compared to other heat generation systems, prices
for solar-thermal systems must be significantly decreased. According to Ivancic et al. (2014), current heat
generation costs of solar-thermal systems have to be halved to become cost competitive with heat generated by
fossil fuels (fossil fuel parity). To achieve this goal, different approaches are currently pursued, e.g. increasing
the collector efficiency or decreasing the installation costs with so-called plug-and-function systems. Further
cost reduction can be realized by utilizing cost-effective, polymeric materials on both collector and system level.
In this study, the efficiency of a solar-thermal collector based on a polymeric absorber is investigated.

2. State of science and technology
2.1. Polymeric collectors described in scientific literature
The application of polymeric materials for solar-thermal collectors and systems has been subject of various
scientific publications. Next to economic key figures like investment and operating costs, the thermal efficiency
of polymeric collectors is of major importance for cost effective solar-thermal systems. However, the thermal
efficiency of polymeric solar-thermal flat-plate collectors is limited by the physical properties of polymeric
materials such as low temperature and pressure resistance.
Martinopoulos et al. (2010) determined the efficiency 1 of a polymeric collector (absorber area: 1.25 m2) both
experimentally and with a numerical flow simulation (CFD). A 10 mm thick honeycomb plate made of
polycarbonate (PC) was the basis for the absorber. Two acrylic, rectangular, 8 mm wide pipes were used as
header channels and connected with the absorber. The same 10 mm thick honeycomb PC plate was used for the
backside insulation of the collector. To minimize the thermal losses to ambient, a special nanogel was used,
enabling the overall heat transfer coefficient of the insulation to be lowered to 0.018 W m-1K-1. The authors used
a 3 mm thick transparent PC plate as a front cover. A circumferential, 30 mm thick insulation made of extruded
1
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polyurethane (PUR) minimized the thermal losses towards ambient. Black colored water was used as the heat
transfer fluid (HTF). The efficiency of this collector is shown in Fig. 4 (blue curve). The authors point out the
importance of a well-designed inlet of the absorber. In case of a poorly designed inlet, the HTF may not be
equally distributed across the whole area of the absorber. As a result, the remaining air inside the collector will
deteriorate the heat transfer from the absorber to the HTF, resulting in a decrease of the collector efficiency.
Based on the work of Martinopoulos et al. (2010), Missirlis et al. (2014) investigated different manifold
configurations in order to determine the optimal position of both the in- and outlet. The highest efficiency could
be obtained with a setup where both the in- and outlet pipe are aligned with the orientation of the honeycombed
absorber sheet. The efficiency curve of this setup is shown in Fig. 4 (red curve).
Sandnes and Rekstad (2002) carried out experimental investigations on a combined photovoltaic and solarthermal (PV/T) collector (absorber area = 0.48 m2). The twin-wall shaped polymeric absorber made from
polyphenylene ether (PPE) was filled with a ceramic granulate to increase the heat transfer between absorber
and the HTF. A 4 PPWKLFNVKHHWRIJODVVZDVXVHG Ĳ§ as a front cover. The HTF was pumped to the upper
manifold of the collector, from where it trickled down through the granulate-filled absorber due to the gravity.
The efficiency curve of this collector is shown in Fig. 4 (grey curve).
Ariyawiriyanan et al. (2013) tested five different (unglazed) polymeric collectors to determine both the
influence of the material and the aperture area on the thermal efficiency. Three absorbers had the same aperture
area (1.30 m2) but were made from different polymeric materials. The remaining two absorbers were made from
polyvinyl chloride carbon black (PVC-CB) and had an aperture area of 1.8 and 2.0 m2, respectively. According
to the results from an outdoor-measurement, the authors suggest to choose an absorber material with a high
thermal conductivity. In addition, a correlation between increasing aperture area and collector efficiency was
found. The efficiency of the 2.0 m2 absorber made from PVC-CB is shown in Fig. 4 (yellow curve).
Chen et al. (2015) also adopted the principle of extruded twin-wall sheets as the basis for a polymeric absorber.
The absorber (aperture area: 1.16 m2) consisted of an 8 mm thick twin-wall sheet. An additional 4 mm thick
twin-wall sheet was used as a front cover, a 20 mm thick foam material was used as the backside insulation.
Both the absorber and the glazing twin-wall sheet were made of transparent PC. In their study, the authors
mention one general disadvantage of connecting extruded twin-wall sheets with header channels made from
different materials: Due to different coefficients of thermal expansion, leakage may occur at higher operating
temperatures. To absorb the incoming irradiation, a black coating was applied to the transparent absorber. The
authors were able to demonstrate that the position of the coating (either top or bottom surface of the twin-wall
plate) hardly affects the thermal efficiency. The efficiency of the absorber is shown in Fig. 4 (black curve).

2.2 Market available polymeric collectors
The approaches described above resulted in some market available polymeric solar-thermal flat-plate collectors.
A honeycomb structure is used as an absorber (gross collector area: 0.95 m2) in case of the One Sun One World
solar collector. The structure is surrounded by a frame made from multiple polymeric parts which are welded
together (Buchinger and Barek, 2015). In between the polymeric absorber and the transparent, polymeric
glazing, a honeycomb matrix is inserted to mechanically support the glazing and to prevent large deflections of
the glazing (e.g. in case of snow load). In addition to the support function of the matrix, the convective losses
can be reduced by using such a honeycomb matrix (Hollands, 1965). An identical honeycomb matrix is used
between the backside of the absorber and the backside cover of the collector. In this context, the encapsulated
air inside the single cells of the honeycomb matrix acts like an insulator to minimize the backside losses to
ambient. The efficiency curve of the One Sun One World collector was determined according to EN ISO
9806:2013 (One Sun One World GmbH, 2015) and is shown in Fig. 5 (blue curve).
The collector Eco Flare 3M, patented by the Israeli manufacturer Magen Eco Energy, is composed of a large
number of individual plastic pipes (Sessler et al., 2011). The individual risers connect the two manifolds of
rectangular cross-section. The efficiency curve of the collector (gross collector area: 2.25 m2) was determined
according to DIN EN 12975-2:2006 (Magen eco energy, 2011) and is shown in Fig. 5 (red curve).
The Norwegian company Aventa AS utilizes an extruded twin-wall plate of polyphenylene sulfide (PPS) as a
basis for an polymeric absorber (Rekstad, 2012). A special feature of this collector (gross collector area:
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2.65 m2) is the arrangement of the two manifolds. Both of them are located below the absorber to ensure a
proper self-draining when integrating the collector into a drain back system (DBS). The front-side glazing is
made of a PC plate. The glazing, absorber and the backside insulation (mineral wool) are held together by a
frame made of aluminum profiles. The efficiency curve of the collector was determined according to DIN EN
12975-2:2006 (Aventa AS, 2014) and is shown in Fig. 5 (grey curve).
In conclusion, the application of polymeric materials in solar-thermal collectors has been investigated in depth
in scientific literature. Some of these concepts have been adopted by manufacturers of polymeric collectors and
further developed. It is worth mentioning that all concepts presented in scientific literature as well as all market
available polymeric collectors utilize pre-fabricated, semi-finished products (e.g. twin-wall-plates, pipes, etc.) as
the basis for a polymeric absorber. The main advantages of this approach relates to the fact that these semifinished products are widely used across several different industries (e.g. automotive or aerospace technology),
yielding relatively low component costs. However, this approach also lead to some disadvantages. Firstly, the
assembly of different parts yields higher production costs, either due to higher personnel or machine costs.
Secondly, leakage problems may occur in case of insufficient sealing (e.g. welding) between the connection of
single components or due to different coefficients of thermal expansion. Due to the lower raw material costs of
polymeric materials compared to metals, the replacement of metallic materials (e.g. copper, aluminum, etc.)
yields a cost saving potential. However, the manufacturing of polymeric absorbers and collectors should be
linked with the materials applied to unleash the full potential of polymers. Some of the disadvantages described
above can be compensated by utilizing a modern manufacturing technique for polymeric materials such as the
Twin-Sheet-Thermoforming (TST) process. The manufacturing of a polymeric absorber based on this approach
is described subsequently.

3. Setup of a polymeric absorber by means of the Twin-Sheet-Thermoforming
manufacturing process
Deviating from common approaches described in scientific publications, a highly automated manufacturing
process was chosen for mass production of polymeric absorbers. By comparing the respective advantages and
disadvantages of several different polymeric manufacturing processes, the Twin-Sheet-Thermoforming (TST)
manufacturing process was found to be the most suitable approach for manufacturing polymeric solar-thermal
absorbers. The major advantages of the TST process compared to other processes such as injection molding,
extrusion, blow molding or single-sheet-thermoforming are the low unit costs and the high reliability of the
process (Ehrenwirth et al., 2016). The necessary process steps for manufacturing a polymeric absorber with the
TST process are shown in Fig. 1. The major requirement for the TST is a molding tool that contains two halves.
Starting from an initial position with both mold halves open (c.f. Fig. 1-a), two polymeric plates (e.g. made of
PP, PC, etc.) are inserted and clamped by a mount (c.f. Fig. 1-b). In the next step, both the upper and lower plate
are heated up by means of radiators (c.f. Fig. 1-c). The necessary temperature depends on the type of material
used and the level of local deformation. Therefore, the temperature across the plate may vary. Prior to further
processing, the radiators have to be removed out of the processing zone (c.f. Fig. 1-d). Subsequently, a vacuum
is applied to both polymeric sheets (c.f. Fig. 1-e). The combination of the vacuum applied and the viscous
material yields the plates to adopt the form of the mold halves (c.f. Fig. 1-f). Afterwards, the mold halves are
closed, sealing together the upper and lower part of the absorber (c.f. Fig. 1-g). As soon as the final shape cooled
down, the mold halves re-open (c.f. Fig. 1-h). Cutting away manufacturing remnants leads to the final polymeric
absorber (c.f. Fig. 1-i). Applying both appropriate glazing to the front side and an insulation to the backside of
the absorber finalizes the process (c.f. Fig. 1-j).
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Initial position (Mold halves open)

Clamped polymeric sheets

(c) Radiators inserted

(d) Heated polymeric sheets

(e) Vacuum applied

(f) Deformed polymeric sheets

(g) Mold halves closed

(h) Mold halves re-opened

(i) Final absorber

(j) Final collector

Fig. 1: Necessary process steps for manufacturing a polymeric absorber.
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Based on the procedure described above, a prototype was set-up. A 4 mm thick front cover made of glass was
glued onto the absorber (c.f. Fig. 2, grey part). A 30 mm thick insulation made from PUR minimizes the heat
losses towards the backside (c.f. Fig. 2, crosshatched part). Special profiles made from aluminum were utilized
to build a frame, encapsulating the glazing, absorber and the insulation (c.f. Fig. 2, dark blue parts). For both the
back and side walls, 4 mm thick transparent walls made from poly(methyl methacrylate) (PMMA) were used.
Temperature sensors were applied on the backside of the absorber (TAbsorber), the insulation (TInsulation), the back
wall (TBackside), the outer side of the glazing (TGlazing) as well as the side wall (TSide) to monitor the temperature of
these components during testing. Thermocouples (type T) were used, positioned in the center of each component
and fixed with adhesive aluminum tape.

Fig. 2: Cross sectional view of the collector prototype.
The properties of this prototype are summarized in Tab. 1 (last column) and compared with information
available from other studies. Comparing the different parts such as absorber, insulation and glazing reveals that
the mounted prototype is similar to approaches described in recent studies.

Glazing

Insulation

402

Thickness

10 mm

Tested prototype
investigated in this study

Sandnes and Rekstad (2002)
1.30 - 2.00 m2

Chen et al. (2015)

Martinopoulos et al. (2010),
Missirlis et al. (2014)
1.30 m2

Area

Ariyawiriyanan et al. (2013)

Absorber

Tab. 1: Properties of polymeric collectors described in previously cited studies vs. tested prototype (last
column). Empty cells indicate that no information is available regarding the specific property. Crossedout cells (—) indicate that the corresponding collector does not include the specific property.

0.50 m2

1.20 m2

1.32 m2

8 mm

8 mm

PC

ABS

Twin-wall

Twin-SheetThermoforming

Material

PC

PPO

PVC-B, PB,
PP-R, PVC-CB

Type

Honeycomb

Twin-wall

Twin-wall

Thickness (back)

10 mm

50 mm

20 mm

30 mm

Material (back)

PC + nanogel

Mineral wool

Polyfoam

PUR

Thickness (side)

30 mm

—

—

—

Material (side)

PUR

—

—

—

Thickness

3 mm

4 mm

—

4 mm

4 mm

Material

PC

Glass

—

PC

Glass

Type

Plate

Plate

—

Twin-wall

Plate
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The efficiency of the tested prototype was determined according to EN ISO 9806:201 using the university`s
solar simulator. Fig. 3-a shows the setup of the test rig. The HTF is pumped through the tested prototype (2) by
means of a pump (1). An array of special lamps (not shown in the sketch) provides an irradiation with a
spectrum similar to the sunlight towards the collector. The energy absorbed by the collector is removed w of a
heat exchanger (3) to provide constant inlet temperatures. The volume flow rate is monitored with a magneticinductive flow sensor (4). Deviating from EN ISO 9806:201, an additional reservoir (9) was included to the
system. As this reservoir is open to the atmosphere, the operating pressure inside the system is a function of the
difference in height between collector and reservoir (Pascal`s principle). This setup was chosen to prevent
damages to the prototype in case of over-pressure. During the test, the inlet (5) and the outlet temperature (6) as
well as the ambient temperature (7) were monitored with temperature sensors. Furthermore, the in-plane
irradiation is recorded by means of a pyranometer (8). A photo of the prototype during testing can be seen in
Figure 5-b.

(a) Scheme of the collector test rig

(b) Photo of the tested prototype

Fig. 3: Determination of the solar-thermal efficiency according to EN ISO 9806:2013.

4. Results and discussion
The efficiency curve of the tested prototype in relation to data available from literature is presented in Fig. 4
(green curve). The measured efficiency curve is well comparable with the results reported by Martinopoulos et
al. (2010). Following the advices given by Missirlis et al. (2014), the efficiency of the prototypes could be
improved by means of an arrangement of the in- and outlet pipe into and out of the manifolds. A comparison of
the tested prototype with market available collectors reveals the highest solar-thermal efficiency of all polymeric
collectors analyzed for temperatures (Tmean - Tamb) / I < 0.07 m2KW-1 (c.f. Fig. 5). During measurement of the
solar-thermal efficiency of the prototype, the temperatures of each component of the collector were recorded.
Tab. 2 (first four rows) shows the steady-state temperatures for different inlet temperatures. Except for the
lowest inlet temperature (24.2 °C), the absorber always reaches the highest temperature measured, followed by
the glazing and the insulation. Between the insulation and the backside wall, only a small difference in
temperature is observed (0.2 °C – 1.4 °C). The temperatures of the side walls are ranging at similar levels as the
backside wall.
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100%

Martinopoulus et al. (2010)
Missirlis et al. (2014)
Sandnes and Rekstad (2002)
Ariyawiriyanan et al. (2013)
Chen et al. (2015)
Present study
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(Tin - Tamb) / I in m2KW-1
Fig. 4: Efficiency curve of the tested prototype (green curve) contrasted with data available from
literature.
100%

One Sun One World GmbH
Magen eco energy
Aventa AS
Present study
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10%
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(Tmean - Tamb) / I in
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0,09

0,10

m2KW-1

Fig. 5: Efficiency curve of the tested prototype (green curve) compared with market available polymeric
collectors (data source: One Sun One World GmbH (2015), Magen eco energy (2011) and Aventa AS
(2014)). The efficiency of One Sun One World solar collector was determined according to EN ISO
9806:2013, the efficiency of the collectors from Magen Eco Energy and Aventa AS according to DIN EN
12975-2:2006. For a comparability of the efficiency determined according to different standards, the
UDWLRVȘ0, a1 and a2 were multiplied by the ratio of the aperture surface area to the gross collector area in
the case of Magen Eco Energy and Aventa AS.

In addition to the case of HTF flowing through the absorber, the component temperatures were evaluated in case
of dry stagnation for two different values of irradiation (c.f. Tab. 2, last two rows). Special attention is attributed
to the maximum absorber temperature (93.6 °C), as this temperature is of crucial importance for the polymeric
material used. In case of ABS, the maximum permissible temperature for permanent operation ranges between
95 °C and 105 °C (Bonten, 2014, p. 199).
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Tab. 2: Measured component temperatures for different inlet temperatures in case of a filled absorber
and for different values of irradiation in case of an empty absorber (dry stagnation).
TInlet
in °C

TOutlet
in °C

TAmbient
in °C

TGlazing
in °C

TAbsorber
in °C

TInsulation
in °C

TWall (back) TWall (left) TWall (right)
I
in °C
in °C
in °C
in W/m2

24.2

30.7

26.5

35.5

30.1

28.5

28.1

29.6

27.5

852.5

35.9

41.5

26.4

38.3

40.4

28.9

28.1

29.9

28.0

853.4

50.5

55.1

27.1

43.2

53.7

31.5

30.3

31.6

29.8

852.1

65.1

68.4

26.6

47.3

67.3

32.2

30.8

32.0

29.9

851.9

Dry stagnation

26.6

64.3

93.6

33.7

31.9

32.9

31.3

879.3

Dry stagnation

27.5

54.7

88.7

33.5

31.6

31.6

29.9

635.0

5. Summary and Outlook
Within this paper, a polymeric solar-thermal absorber made of ABS was produced by means of the Twin-SheetThermoforming manufacturing process. Based on a literature research, characteristic properties of both
polymeric absorbers and other main components of polymeric solar-thermal collectors were identified and taken
into account when setting up an appropriate prototype. The evaluation of the solar-thermal efficiency according
to EN ISO 9806:2013 indicates competitive results compared to different concepts of polymeric collectors both
described in scientific literature and market available collectors. Against this background, the production and
manufacturing costs of polymeric solar-thermal collectors become increasingly important, as these costs directly
affect the Levelized Cost of Heat (LCOH) of a solar-thermal system equipped with such collectors. As a
technology capable of mass-production, the utilization of the highly automated TST for manufacturing
polymeric solar-thermal collectors enables a significant cost-reduction. However, due to material limitations
(such as low pressure and temperature resistance), polymeric solar-thermal collectors must always be considered
as part of an entire solar-thermal system. Extending the application of polymeric materials to other parts of a
solar-thermal system (e.g. pipes, heat storage, etc.) can therefore lead to further cost reductions. The
determination of the LCOH of such a polymeric solar-thermal system is therefore subject of further research.
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Abstract
The design of the active solar heating system is different in the passive solar room due to its passive
additional heat. The passive additional heat affected the active solar heating system thermal performance. So
the optimization of the system is necessary. In this paper, a solar heating building with active and passive
combination as the object of study. The TRNSYS simulation model of solar heating system was established.
The accuracy of the simulation model was verified by field test of indoor thermal environment for three
consecutive days in the heating season. Under the condition of typical meteorological data, the indoor
thermal environment of the whole heating season was simulated and compared under four different
conditions. The results show that when the active and passive solar heating technology coexists, the indoor
air temperature has been significantly improved. The design of the active system does not take into account
the influence of the passive solar room. The design parameters and operating parameters of the system were
analyzed by simulation in this paper. The research can provide the basis for the optimization of the active
solar heating system in the passive solar room, which is beneficial to the popularization and application of
solar heating technology.
Keywords: Optimization research, SWHS, TRNSYS, Passive solar house

1. Introduction
Almost all of China's heating areas are solar energy resources rich areas, with solar heating conditions.
Therefore, solar heating should be the village buildings heating and energy conservation priority
development direction. Active solar hot water heating technology has been correspondingly mature, many
areas have formed corresponding demonstration buildings (Wang et al., 2014; Yu et al., 2014; Zheng and
Han, 2013). The corresponding technical specifications and evaluation criteria have been formed (GB 504952009; GB/T 50604-2010; Zheng et al., 2012), to provide the basis for engineering application and
construction. In addition, many studies on solar hot water heating systems at domestic and abroad, mainly in
the system components optimization, operation control analysis and system evaluation research (Shukla et al.,
2013; Wang et al., 2015). The research on system component optimization mainly included thermal
collectors, water tanks and heat exchangers.
Although these studies provide a reference for the design and application of solar hot water heating systems,
these studies are less concerned with passive solar construction. Due to the larger additional heat of the
passive solar room, the heating needs of the building had significant difference between the day and night,
and the heat storage capacity of the active system had a great influence (Liu and Wang, 2016). At the
beginning of the design, the calculation method of the average heat consumption was used to determine the
design parameters of the active solar heating system (GB 50495-2009). It shows that active solar heating
system design in the passive solar building is not reasonable.
In order to obtain optimization design parameters of active solar heating systems in the passive solar rooms.
The TRNSYS system simulation model was established in this paper. The influence of the design parameters
and operating parameters of the typical meteorological year on the solar energy assurance rate and indoor
thermal environment of the whole heating season were compared and analyzed. For the passive solar rooms'
active solar heating systems to provided the basis for optimization. It was conducive to the promotion and

 
       
  !"  # $  "%  % &''
( ))*!$   #  "(!!"    

407

T. Li / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

application of solar heating.

2. The demonstration project
2.1. The demonstration project of solar heating system with passive solar house
The study object consists of two types of passive solar rooms, included thermal storage walls and additional
sun-space. The photo of the exterior feature of the demonstration project was shown in Fig. 1. The external
envelope of the building is a brick wall with 240mm thick. A 50mm thick XPS thermal insulation layer on
the South wall, and 80mm thick XPS thermal insulation layer on other walls. The roof consists of 160mm
thick Reinforced concrete and a 100mm thick XPS thermal insulation layer. The ground consists of a 150
mm thick Reinforced concrete and a 60 mm thick XPS thermal insulation layer. All of the windows adopt
plastic steel material Insulating glass, on both sides containing 16mm thick air layer and 4mm thick glass.
Southward, Northward and other directions to the windows with the height of 1800mm, 1500mm and
900mm respectively. The building plane is shown in Fig. 2. The basic parameters of the passive solar house
are shown in Table 1.
The active solar heating system is designed for heating the demonstration building. Included 7 flat plate
heaters modules with a total area of 14 m2, a storage tank of 200 L volume, a thermal collector circulating
water pump, a heating circulating water pump, water segregator and collector, controller and floor heating
end etc. Radiant floor heating using DN15 coil, spacing 300mm.

Fig. 1: Photo of the exterior feature of the demonstration project









Kitchen

Toilet



Living
Room
Master
Bedroom



Second
Bedroom

Fig. 2: Plane layout and size of the demonstration project (unit: mm)
Tab. 1: The components of the passive solar house
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Types

Component

Descriptions

Trombe
wall

Air vent

Size: 200mmh200mm, locate upper and lower three and two respectively

Glazing

4mm thick simple glass

Coating

10mm thick red corrugated sheet iron

Air layers

100 mm thick

T. Li / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Attached
sunspace

Sunspace

There are windows with a size of 1800mmh2100mm on the wall

Glazing

The attached sun-space covered with 5mm wire glass

3. TRNSYS modeling and validation
3.1 Thermal performance simulation model
Used TRNSYS17.1 (TRNSYS 17.1) to build the simulation model of the combined active and passive solar
heating system, as shown in Fig. 3. The building model in the system model was built in Google SketchUp
according to Section 2.1.1. And imported it in the TRNBuild to set parameters, further as an external file for
Type 56. There are two house connected forms in the actual building. The demonstration building has the
same house type, so one house of the building was chosen to build model. Assume that the walls of the two
rooms are adiabatic. Building adopted floor radiant heating. Living room, master bedroom and second
bedroom belonged active heating room, other rooms were non-heating. The heating temperature of the
heating room was set at 18 °C. The main TRNSYS components and parameters adopted were explained in
Table 2.

Fig. 3: TRNSYS modeling
Tab. 2: The main TRNSYS components and parameters

Name

Component

Main parameters

Descriptions

Weather date

Type 15-2

Number of surfaces: 2; slope of
surface-1: 30°; slope of surface-2: 90°.

The external file contains the TMY2 weather date of Gangcha. Used
for the optimization analysis.

Weather date
in test
conditions

Type 99

The measured meteorological
conditions during the test were
inputted.

Used for the model validation.

Building

Type 56

The room air exchange rate: 0.5 h-1;
the active layer of 3 rooms were
added.

The building model was built in
Google Sketch Up, and imported to
TRNBuild for setting the
parameters. For the thermophysical
properties please see Table 1.

Tank

Type534

Tank volume: 0.2m3, tank height:
0.9m, number of tank nodes: 2, outer
tube diameter: 0.025m, length of
coiled tubes: 5.7m, HX cross sectional
area: 0.45m2, coil diameter: 0.3m.

There has a heat exchanger in the
tank.

Controller

Type73

Collector area: 14m2, collector slope:
30°.

The thermal performance
parameters obtained from the
manufacture.

Auxiliary
heater

Type 6

Maximum heating rate: 10800 kJ h-1,
efficiency of auxiliary heater: 0.95.

Used for supplying the auxiliary
heater
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Base case: set point outlet
temperature: 40 °C.
Trombe wall

Type 36b

Wall height: 2.9m, wall width: 1.5m,
wall thickness: 0.33m, vent outlet
area: 0.2m2.

Used for calculating the energy of
trombe wall flow to MB and SB.

3.2 Tests and model validation
A demonstration project of solar heating in Northwest China is taken as the research object. One dwelling
with active and passive solar heating was test under the overall heating modes operating conditions.
Conducted a three-day continuous test on April 25 - 27, 2016. Test contents had outdoor weather conditions,
the indoor temperature of various function rooms of the two buildings and solar heating system operating
parameters etc. The main parameters of the test included: the global solar irradiance on the inclined collector
surface and the horizontal surface, ambient temperature, indoor temperature of various function rooms, the
inlet and the outlet temperature of each device, flow rate of each system. Time interval of the data acquisition
was 30 min. The measuring instruments and corresponding accuracies are listed in Table 3.
Tab. 3: Measuring instruments for the tests

Test instruments and type

Accuracy

Measurement parameter
-2

Solar pyranometer (TBD-1)

f8.789 W m

Recrding meter(QTS-4)

üü

Thermo recorder(TR-72ui)

±0.2 °C

Solar radiation intensity

Indoor and outdoor air temperature

Ultrasonic flowmeter(PH204)

±1.0% rdg

Flowrate of the pipes

Thermocouple thermometer(CENTER309)

±(1 °C+0.3%
rdg)

Import and export temperature of main
components

Meteorological conditions of weather data were tested as the input meteorological conditions for the model
validation. According to the reference Denget al. (2016), the meteorological conditions were added to the
input data in order to remove the initial thermal inertia of the building since the begins in the heating season
in this area. Comparion of heating room master bedroom indoor air temperature test data and simulation data,
as shown in Fig. 4. It can be seen that the overall correlation is good, although there is still a certain gap in
temperature. It may be due to the following reasons: The opening and closing time of the ventilation holes of
the heat storage wall was not set; residents and testers into and out of the room led to the actual increase in
the amount of cold air penetration etc. During the test, the maximum relative error between the master
bedroom test and the simulated temperature was 8.9% and the average of the relative error was 3.7%.
Therefore, the simulation results show that the calculation error can be accepted, the simulated model can be
trusted in the later analysis.
25

Temperature(°C)

20

15

10

Measured master bedroom temperature
Simulated master bedroom temperature

5

0
00:00

12:00

00:00

12:00

00:00

12:00

00:00

Time(HH:mm)
Fig. 4: Comparison of the simulated master temperature with the measured values during the test period
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4. Optimizing the results and discussion
4.1. Comparison of indoor thermal environment during heating season
Simulated and compared the building with or without a passive solar room and active solar heating system,
the master bedroom air temperature comparison shown in Fig. 5. It can be seen that the difference among the
four types of indoor air temperature at the beginning and the end of the heating season was smaller. At the
beginning and end of the heating season, the outdoor temperature was higher and the solar radiation intensity
is larger, the heat load of the building was smaller, and the passive solar room had a higher additional heat.
The passive additional heat can meet the heat required for the building basically. During the middle of the
heating season, the indoor air temperature of the active system was significantly higher than that without the
active system, the average temperature difference between the two is 14 °C or more. Because in the middle
of the heating season, the outdoor temperature was lower, the building heat load was larger, the passive
additional heat can not meet the heat supply of the building needs. The active solar heating system can
provide a higher heat supply to meet the indoor temperature requirements. In addition, throughout the
heating season, the active and passive combination of solar heating had the higher indoor temperature than
other types, the average temperature can reach 19.8 °C. So the active and passive combination of solar
heating technology is the most effective way to enhance the indoor thermal environment.
Conventional building
Building with SWHS

25

Building with passive house
Building with combination technology

20

Temperature(°C)

15
14°C

10

5

0

May 19

Apr 21

Apr 7

Mar 24

Mar 10

Feb 24

Feb 10

Jan 27

Jan 13

Dec 30

Dec 2

Dec 16

Nov 18

May 5

End

Middle

Nov 4

Oct 21

Oct 7

-5

Sep 23

Beginning

Fig. 5: Comparisonof air temperature in master bedroom

4.2. System design parameters optimization and comparison
(1) System capacity
In the building with or without passive components under different system capacity conditions (Solar
collector area and storage tank volume). Compared the solar guarantee rate and indoor air temperature, as
shown in Figure 6. It can be observed that the active and passive combination technoledge had more higher
solar energy assurance rate and indoor temperature than the active solar heating significantly. Passive solar
components for the building to provide a certain amount of heat, used to enhance the indoor temperature, and
further reduced the amount of auxiliary heat, thereby enhancing the solar guarantee rate. In addition, in the
active and passive combination heating technology, the solar energy guarantee rate increased with the system
capacity increasing, the growth of initial stage was larger. When the system capacity reaches 49-700 (m2-L),
solar guarantee rate and master bedroom temperature increase gradually slow with the increasing in system
capacity. At this point, the corresponding solar guarantee rate of 48.59%, master bedroom air average
temperature of 20.16 °C. Therefore, a reasonable system capacity design is not only conducive to enhance
the solar energy assurance rate and indoor thermal environment, but also to avoid blindly increase the system
capacity and thus reduce the initial investment of system.
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Fig. 6: Comparison of solar fraction and averagetemperature with the change of system capacity

(2) Tank volume
Under the condition of the building with or without passive components when the storage tanks had different
storage capacities. The solar energy assurance rate and indoor air temperature had compared. Shown in Fig. 7.
Similar to the system capacity change, the active and passive combination technolege can made higher solar
energy assurance rate and indoor air temperature than only the active system. The average temperature of the
indoor air increased slowly as the tank volume increaseing. The outlet temperature of the auxiliary heater
was set to a constant value, affected the heating system inlet temperature directly, so the indoor air average
temperature change was relatively small. The initial stage of changes of water tank volume , solar heating
guarantee rate increased faster; with the further increased in the volume of the tank, solar heating guarantee
rate growth rate gradually slow. It can be observed when the tank volume to a certain extent, although the
storage capacity of the tank will become larger, but the system can gradually increase to the maximum heat
storage capacity. Further increase the tank volume can not affect the stored heat amount of solar heating
system. So the tank volume can be determined in a certain range. Do not have to increase the initial
investment in the tank.
22

60

Combination technology
SWHS

Solar fraction(%)

Base case
40

20

30

19

20

18

Combination technology
SWHS

10
100

200

300

400

500

600

Tank volume(L)

412

700

800

900

17
1000

Average temperature(°C)

21

50

T. Li / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 7: Comparison of solar fraction and averagetemperature with the change of tank volume

(3) Solar collector area
Under the conditions of the building with or without passive components of different solar collector area.
Comparison of the solar energy assurance rate and indoor air temperature shown in Fig. 8. When solar
energy collector area changed, the average temperature of indoor air and solar heating guarantee rate
changed similar to the changes of tank volume. With the increasing in solar collector area, the system heat
collection increased. The heat of needed to store will increase gradually. But the tank capacity was limited,
its thermal storage capacity was limited, and can not be stored excess heat of the system. Therefore, in order
to meet the required heat supply in the night or rainy days of building. Need to increase the area of solar
collectors also need increase the relative capacity of the system.
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Fig. 8: Comparison of solar fraction and averagetemperature with the change of solar collector areas

Based on the comparative analysis of the above system design parameters. It can be observed that increasing
the system's single component capacity can increase in the early play a certain effect. But blindly increased,
will only increase the system investment costs, and not the relative gains. Should be combined with the
system as a whole, while changing the design parameters of the system components to get more efficient
solar heating system design. At the same time, should be combine with the system economic analysis in the
follow-up study, and further evaluation of the system.

4.3. System operation parameter optimization and design
Under the conditions of the building with or without passive components of different auxiliary heaters set the
outlet temperature conditions. Compared to the solar guarantee rate and the indoor air temperature, as shown
in Fig. 9. The solar energy assurance rate decreased as the auxiliary heater sets the outlet temperature
increasing, while the indoor average temperature increased as the auxiliary heater sets the outlet temperature
increasing. When the tank outlet temperature can not reach the auxiliary heater set temperature, auxiliary
heater operation will result in auxiliary heat increasing, resulting in reduce solar energy assurance rate. When
the outlet temperature is set above 45 ° C, the indoor air temperature is almost unchanged. As the heating
room has a set indoor temperature value, when the indoor temperature reaches the set value, the auxiliary
heater to stop running. Auxiliary heat was no longer changed, solar guarantee rate remained stable.
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Fig. 9: Comparison of solar fraction and averagetemperature with the change of auxiliary heater setting outlet temperature

5. Conclusion
The indoor heating effects of SWHS in passive solar house were analysed, by means of dynamic simulation
using TRNSYS software. The results have been well validated by comparison to the results of the
demonstration short-term test in April 25-27. During the test, it was found that the maximum relative error of
the master room test and simulated temperature was 8.9%, and the average relative error was 3.7%.
Contrasted the four types of building indoor thermal environment, found that active solar heating technology
had a significant role to enhance the indoor environment temperature.
Based on the simulation and optimization of the design parameters and operating parameters of the active
SWHS in the passive solar building, it is found that: When the area of the solar collector and the size of the
thermal storage tank are increasing in proportion, the growth rate of the indoor air temperature and the solar
guarantee rate is gradually reduced. Only increased the capacity of the storage tank and solar collector area,
can not enhanced the indoor thermal environment and increased the solar guarantee rate significantly.
Reasonable outlet temperature settings of auxiliary heater had a greater impact on system performance.
These findings can provide a basis for the application of active solar heating systems in passive solar rooms.
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x %DVLFFRPPRQ3K'FRXUVHV5HVHDUFKDQG3K',QWURGXFWLRQWRWKHUPDOHQHUJ\VWRUDJH7KHUPDOHQHUJ\
VWRUDJH PDWHULDOV 7HVWLQJ DQG FKDUDFWHULVDWLRQ RI WKHUPDO HQHUJ\ VWRUDJH PDWHULDOV DQG +HDW DQG PDVV
WUDQVIHUDQGVL]LQJRIHQHUJ\VWRUDJHGHYLFHV
x &RPPRQWHFKQRORJ\VSHFLDOLVDWLRQFRXUVHV7KHUPDOHQHUJ\VWRUDJHDSSOLFDWLRQVIRUEXLOGLQJV'HPDQG
VLGHPDQDJHPHQWFRQFHSWVDQGHQHUJ\VWRUDJH/DUJHVFDOHDQGLQGXVWULDOHQHUJ\VWRUDJHDQG(QHUJ\SROLF\
DQGPDUNHWGHYHORSPHQW
x 5HVHDUFK PDQDJHPHQW GLVVHPLQDWLRQ DQG FRPPXQLFDWLRQ FRXUVHV ³VRIW VNLOOV´  ,QWHOOHFWXDO SURSHUW\
DQGSDWHQWLQJLGHDV,GHDWRSURGXFWGHYHORSPHQW'LVVHPLQDWLRQDQGFRPPXQLFDWLRQRI5',)XQGLQJRI
UHVHDUFKDQGSURMHFWPDQDJHPHQWDQG0DQDJHPHQWDQGHQWUHSUHQHXUVKLS

2.1. Description of the courses
2.1.1. Research and PhD
7KH PDLQ REMHFWLYH RI WKLV FRXUVH LV WR LQWURGXFH WKH VWXGHQWV WR WKH EDVLF DVSHFWV UHODWHG WR WKH VFLHQWLILF
PHWKRG DQG SURYLGHV WKH VWXGHQWV ZLWK WKH GHWDLOV RQ WKH FRQFHSWV RI UHVHDUFK GHYHORSPHQW DQG LQQRYDWLRQ
5',  6SHFLILFDOO\ WKH FRXUVH SURYLGHV DQ LQWURGXFWLRQ WR WKH GLIIHUHQW UHVHDUFK PHWKRGV DQG H[SRVHV WKH
GLIIHUHQFHV EHWZHHQ WKH GHILQLWLRQ RI 3K' DQG LQGXVWULDO 3K' &RQFHSWV VXFK DV 5HVSRQVLEOH 5HVHDUFK DQG
,QQRYDWLRQ 55,  PDQDJHPHQW RI WKH UHVHDUFK GDWD DQG WKH ,QWHOOHFWXDO 3URSHUW\ 5LJKWV ,35  DUH DOVR GHDOW
ZLWK LQ GHWDLO 7KH VWXGHQWV DOVR KDYH WKH RSSRUWXQLW\ WR OHDUQ KRZ WR FRUUHFWO\ ZULWH D &9 DFDGHPLF DQG
LQGXVWULDORQH DQGVXSSRUWLQJVWDWHPHQWV

2.1.2. Introduction to TES
7KHFRXUVHZLOOLQWURGXFHVWXGHQWVWRWKHUPDOHQHUJ\VWRUDJH 7(6 IURPWKHUPRSK\VLFDOSURSHUWLHVRIPDWHULDOV
XVHGLQ7(6V\VWHPVWRWKHLULPSOHPHQWDWLRQLQWRWKHHQHUJ\V\VWHP7KXVLWZLOOLQWURGXFHWKHHQHUJ\V\VWHP
DQG SROLF\ GULYHUV GHVFULELQJ WKH WHFKQRORJLHV WKDW FDQ EH XVHG IRU VWRULQJ HQHUJ\ DQG IRFXVLQJ RQ
IXQGDPHQWDOV RI WKHUPDO HQHUJ\ VWRUDJH LWV WHFKQRORJLHV DQG LWV UROH LQ WKH HQHUJ\ V\VWHP ZKLOH SURYLGLQJ
GHWDLOVRQWKHUPRG\QDPLFSURSHUWLHVRIPDWHULDOV7KHOHDUQLQJSKLORVRSK\RIWKLVFRXUVHLVWRSURYLGHVWXGHQWV
HQRXJK LQIRUPDWLRQ LQRUGHU IRU WKHP WR EH DEOH WR DQDO\VH DSUREOHP UHODWHG WR WKHUPDO HQHUJ\ VWRUDJH DQG
KDYHDILUVWLGHDRQKRZWRVROYHLWE\7(6

2.1.3. Thermal Energy Storage Materials
7KHSXUSRVHRIWKLVFRXUVHLVWRSURYLGHDQRYHUYLHZRIWKHUPDOHQHUJ\VWRUDJHPDWHULDOVDQGWKHLUSURSHUWLHV,W
ZLOO DOVR LQWURGXFH D VHOHFWLRQ PHWKRGRORJ\ DV D WRRO IRU VHOHFWLQJ 7(6 PDWHULDOV SHUIRUPLQJ WKH EHVW IRU D
FHUWDLQ DSSOLFDWLRQ 1XPHULFDO PRGHOV ZLOO EH LQWURGXFHG IRU GHVLJQ DQG FDOFXODWLRQ RI FRPSRVLWH VWUXFWXUHV
LQFOXGLQJ 7(6 PDWHULDOV LQ RUGHU WR SHUIRUP DQ RSWLPDO VHOHFWLRQ UHJDUGLQJ HQHUJ\ HIILFLHQF\ 1XPHULFDO
PRGHOV DW PLFURQDQRVFDOH IRU 7(6 PDWHULDOV FDQ SURYLGH EHWWHU XQGHUVWDQGLQJ RI WKH KHDW DQG PDVV WUDQVIHU
SKHQRPHQDRQVPDOOVFDOHV 7KLVNQRZOHGJHFDQEHDSSOLHGWRWKHGHVLJQRIQHZHQHUJ\VWRUDJHPDWHULDOV$
FRQWLQXRXVOHDUQLQJSKLORVRSK\LVDGRSWHGLQWKLVFRXUVHZLWKHPSKDVLVRQSUREOHPVROYLQJWKURXJKDSSOLFDWLRQ
RIWKHUPDOHQJLQHHULQJIXQGDPHQWDOVHQHUJ\EDODQFHVDQGWKHUPRG\QDPLFV7KLVFRXUVHZLOOEHOLQNHGWRRWKHU
FRXUVHVVXFKDVEXLOGLQJRULQGXVWULDODSSOLFDWLRQV

2.1.4. Testing and characterisation of Thermal Energy Storage Materials
7KHFRXUVHIRFXVHVRQWKHFKDUDFWHUL]DWLRQRIHQHUJ\VWRUDJHPDWHULDOVDQGRQWKHPHWKRGVWKDWFRXOGEHXVHGIRU
WHVWLQJ WKHP ,W ZLOO SURYLGH WKH WKHRUHWLFDO EDFNJURXQG DQG VWDQGDUG RI FKDUDFWHUL]DWLRQ GHVFULELQJ DOVR WKH
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LQVWUXPHQWDWLRQ DQG WKH SDUDPHWHUV WKDW KDYH WR EH PHDVXUHG 7KHUPDO DQG VWUXFWXUDO FKDUDFWHUL]DWLRQ
WHFKQRORJLHV KDYH EHHQ VXEGLYLGHG LQ FRQYHQWLRQDO DQG ³LQ KRXVH´ 6XFK WHFKQRORJLHV DUH WKH REMHFWV RI WKH
OHVVRQVRIWKHFRXUVHZLWKWKHDLPWRRIIHUDFRPSOHWHRYHUYLHZRQ'LIIHUHQWLDO6FDQQLQJ&DORULPHWU\ '6& 
7KHUPRJUDYLPHWULF$QDO\VLV 7*$ 7KLVWRU\PHWKRGRORJ\DQGVWDELOLW\DQDO\VLVIRUKHWHURJHQHRXVPDWHULDOV
WHFKQRORJLHVIRUPHDVXULQJPRUSKRORJLFDOVWUXFWXUDODQGVSHFLILFVROLGSURSHUWLHVWKHUPDOGLIIXVLYLW\WKHUPDO
FRQGXFWLYLW\WKHUPDOH[SDQVLRQUKHRORJLFDOSURSHUWLHVYRODWLOLW\DQGYDSRXUSUHVVXUH/DEVFDOHH[SHULPHQWDO
DQG LQVLWX SURFHGXUHV IRU WKHUPDO UHVSRQVH FRPSDWLELOLW\ IODPPDELOLW\ DQG PHFKDQLFDO WHVWLQJ ZLOO EH JLYHQ
DOVR

2.1.5. Heat and Mass Transfer and Sizing of Energy Storage Devices
7KLV FRXUVH SURYLGHV WKH ,13$7+7(6 VWXGHQWV ZLWK EDVLF DQG DGYDQFHG NQRZOHGJH LQ KHDW WUDQVIHU ,W
DGGUHVVHVVXFKWRSLFVDVPXOWLGLPHQVLRQDOKHDWWUDQVIHUPDVVWUDQVIHUKHDWWUDQVIHUZLWKSKDVHFKDQJHWKHUPDO
GHVLJQDQGFRPSRQHQWPRGHOOLQJ,WLVHQYLVLRQHGWKDWVLQFHWKH3K'SURJUDPPHDOORZVHQUROOLQJVWXGHQWVZLWK
YHU\ GLIIHUHQW EDFNJURXQG WKHLU HQWUDQFH OHYHO NQRZOHGJH LQ KHDW WUDQVIHU PD\ VLJQLILFDQWO\ YDU\ )RU WKLV
UHDVRQ WKH OHDUQLQJ PDWHULDO LQFOXGHV VXFK YHU\ EDVLF LWHPV DV IXQGDPHQWDO KHDW WUDQVIHU PRGHV WKHUPDO
SURSHUWLHV RI PDWHULDOV DQG KHDW WUDQVIHU HQKDQFHPHQW 2Q WKH RWKHU KDQG VWXGHQWV ZLWK DQ DSSURSULDWH
EDFNJURXQGZRXOG SURFHHGGLUHFWO\ WR WKHOHVVRQVRQ EDVLF QXPHULFDO PHWKRGVIRU WKHUPDO SUREOHPV DQDO\VLV
DQGPRGHOOLQJRIKHDWWUDQVIHUZLWKSKDVHFKDQJHDQGVWXG\RIVSHFLILFHIIHFWVUHODWHGWRKHDWWUDQVIHULQSKDVH
FKDQJH PDWHULDOV 0DVV WUDQVIHU E\ GLIIXVLRQ DQG FRQYHFWLRQ LV LQFOXGHG DV WKH WKHRUHWLFDO EDVLV IRU
WKHUPRFKHPLFDOHQHUJ\VWRUDJH$QDGYDQFHGVWXGHQWZLOODOVRDFTXLUHEURDGNQRZOHGJHDQGSUDFWLFDOWRROVLQ
SULQFLSOHV RI WKHUPDO GHVLJQ PRGHOOLQJ DQG RSWLPL]DWLRQ RI KHDW WUDQVIHU HTXLSPHQW LQ JHQHUDO DQG VHQVLEOH
ODWHQWDQGWKHUPRFKHPLFDOHQHUJ\VWRUDJHGHYLFHVLQSDUWLFXODU

2.1.6. Intellectual Property and Patenting Ideas
7KH SXUSRVH RI WKLV FRXUVH LV WR SURYLGH WKH VWXGHQWV HQUROOHG LQ WKH ,13$7+7(6 3K' SURJUDPPH ZLWK DOO
IXQGDPHQWDO DVSHFWV RI ,QWHOOHFWXDO 3URSHUW\ ,3  LQ JHQHUDO DQG RI SDWHQWV LQ SDUWLFXODU 7KH ILUVW SDUW RI WKH
FRXUVHLVGHVLJQHGWRSURYLGHDQRYHUYLHZRI,3DQGWKHUHDVRQVZK\LWLVFRQVLGHUHGDQLPSRUWDQWHFRQRPLFDQG
FXOWXUDODVVHWLQWRGD\¶VOLIHDQGHFRQRP\$QRWKHULPSRUWDQWVXEMHFWRIWKHILUVWSDUWRIWKHFRXUVHLVGHYRWHGWR
WKHGHILQLWLRQRIWKHGLVVHPLQDWLRQH[SORLWDWLRQDQGFRPPXQLFDWLRQSODQ7KHVHFRQGSDUWRIWKHFRXUVHIRFXVHV
RQVRPHEDVLFVFRQFHSWVUHJDUGLQJSDWHQWVVXFKDVWKHUHOHYDQWSDUWVRIWKHSDWHQWV\VWHPDQGKRZWRPDNHXVH
RI SDWHQW LQIRUPDWLRQ WR HQFRXUDJH LQQRYDWLRQ DQG HFRQRPLF JURZWK SDWHQW FODVVLILFDWLRQ DQG WKHPDLQ WRROV
DYDLODEOHIRUSDWHQWLQIRUPDWLRQVHDUFK%HVLGHVWKLVWKHFRXUVHDOVRH[SODLQVWKHGLIIHUHQWZD\VWRDSSO\IRUD
SDWHQW DQG SUHVHQWV VRPH UHOHYDQW FDVH VWXGLHV IRU D EHWWHU XQGHUVWDQGLQJ RI WKH WKHRUHWLFDO LQIRUPDWLRQ
SUHVHQWHG

2.1.7. Idea to Product Development
7KH REMHFWLYH RI WKH FRXUVH LV WR SURYLGH WKH PHWKRGRORJ\ UHTXLUHG WR GHYHORS D SURGXFW VWDUWLQJ IURP WKH
SUHOLPLQDU\LGHD7KHVWUXFWXUHRIWKHFRXUVHVWDUWVZLWKDQLQWURGXFWLRQ ZLWKWKHQHHGIRULQQRYDWLRQ WKHQLW
GHVFULEHVWKHLGHDJHQHUDWLRQLGHDVFUHHQLQJLGHDGHYHORSPHQWDQGWHVWLQJIROORZHGE\WKHEXVLQHVVDQDO\VLV
ILQLVKLQJZLWKWKHWHFKQLFDOLPSOHPHQWDWLRQRIDQHZLGHD

2.1.8. Dissemination and Communication of R+D+I
7KLV FRXUVH DLPV DW SURYLGLQJ WKH VWXGHQWV VXIILFLHQW VNLOOV DQG LQIRUPDWLRQ QHHGHG WR ORFDWH DQG VXFFHVVIXOO\
DSSO\ IRU VXLWDEOH VRXUFHV RI UHVHDUFK IXQGLQJ DQG WR LQWURGXFH WKHP WR WKH EDVLFV RI SURMHFW PDQDJHPHQW
GLVVHPLQDWLRQH[SORLWDWLRQDQGFRPPXQLFDWLRQ6SHFLILFDOO\WKHFRXUVHSUHVHQWVWKHGLIIHUHQWW\SHVRIIXQGLQJ
DYDLODEOHDQGZKHUHWKHVHVRXUFHVRIIXQGLQJFDQEHIRXQGKRZQHWZRUNLQJFDQKHOSLQORFDWLQJIXQGLQJKRZ
WR SUHSDUH DQG ZULWH D SURSRVDO DQG KRZ SURSRVDOV DUH HYDOXDWHG )XUWKHUPRUH WKH FRXUVH DOVR SUHVHQWV WKH
GLIIHUHQWVWDJHVRIWKHOLIHF\FOHRIDSURMHFWDQGH[SODLQVWKHPDLQVNLOOVUHTXLUHGLQPDQDJLQJDSURMHFW)LQDOO\
WKH SXUSRVH DQG GHILQLWLRQ RI WKH UHVHDUFK GLVVHPLQDWLRQ H[SORLWDWLRQ DQG FRPPXQLFDWLRQ SODQ DUH DOVR
SURYLGHG

2.1.9. Funding of Research and Project Management
7KLV FRXUVH DLPV DW SURYLGLQJ WKH VWXGHQWV VXIILFLHQW VNLOOV DQG LQIRUPDWLRQ QHHGHG WR ORFDWH DQG VXFFHVVIXOO\
DSSO\ IRU VXLWDEOH VRXUFHV RI UHVHDUFK IXQGLQJ DQG WR LQWURGXFH WKHP WR WKH EDVLFV RI SURMHFW PDQDJHPHQW
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GLVVHPLQDWLRQH[SORLWDWLRQDQGFRPPXQLFDWLRQ6SHFLILFDOO\WKHFRXUVHSUHVHQWVWKHGLIIHUHQWW\SHVRIIXQGLQJ
DYDLODEOHDQGZKHUHWKHVHVRXUFHVRIIXQGLQJFDQEHIRXQGKRZQHWZRUNLQJFDQKHOSLQORFDWLQJIXQGLQJKRZ
WR SUHSDUH DQG ZULWH D SURSRVDO DQG KRZ SURSRVDOV DUH HYDOXDWHG )XUWKHUPRUH WKH FRXUVH DOVR SUHVHQWV WKH
GLIIHUHQWVWDJHVRIWKHOLIHF\FOHRIDSURMHFWDQGH[SODLQVWKHPDLQVNLOOVUHTXLUHGLQPDQDJLQJDSURMHFW)LQDOO\
WKH SXUSRVH DQG GHILQLWLRQ RI WKH UHVHDUFK GLVVHPLQDWLRQ H[SORLWDWLRQ DQG FRPPXQLFDWLRQ SODQ DUH DOVR
SURYLGHG

2.1.10. Management and Entrepreneurship
7KLV FRXUVH SURYLGHV DQ LQWURGXFWLRQ WR 0DQDJHPHQW DQG (QWUHSUHQHXUVKLS IRU FRXUVH SDUWLFLSDQWV ZLWK D
WHFKQLFDO EDFNJURXQG 7KH WRSLFV FRYHUHG LQ WKLV FRXUVH DUH SURWRW\SH WR PDUNHW URDGPDS EXVLQHVV LGHDV 
EXVLQHVVSODQQLQJ LQQRYDWLRQFRQFHSW HQWUHSUHQHXUVKLS VWDUWXSFRPSDQ\ PDQDJLQJILUPVIRUJURZWKDQG
EXLOGLQJVRIWVNLOOVLQPDQDJHPHQWDQGHQWUHSUHQHXUVKLS%\WKHHQGRIWKLVFRXUVHSDUWLFLSDQWVZLOOEHDEOHWR
JHQHUDWH EXVLQHVV LGHDV DVVHVV RSSRUWXQLWLHV IRUPXODWH EXVLQHVV VWUDWHJLHV ILQG WKHLU ILUVW FXVWRPHUV SURFXUH
IXQGLQJIRUVWDUWXSVDQGPDQDJHILUPVIRUJURZWK6RIWVNLOOVVXFKDVWHDPZRUNOHDGHUVKLSDQGFRPPXQLFDWLRQ
IRUPDQDJHPHQWDQGHQWUHSUHQHXUVKLSDUHFRYHUHGDVZHOO

2.1.11. Thermal Energy Storage Applications for Buildings
,QWKLVFRXUVHWKHPDLQEXLOGLQJLQWHJUDWLRQVWUDWHJLHVRI7(6V\VWHPVDVSDVVLYHDQGDFWLYHVROXWLRQIRUHQHUJ\
VDYLQJDQGLQGRRUWKHUPDOFRPIRUWFRQGLWLRQVDUHLQWURGXFHGDQGGLVFXVVHG7KHNH\HYDOXDWLRQPHWKRGRORJLHV
HJH[SHULPHQWDODVVHVVPHQWDQGPRGHOOLQJVLPXODWLRQDSSURDFKDUHDOVRSUHVHQWHGDQGGHHSO\DQDO\VHG7KHQ
WKHPRVWVLJQLILFDQWUHVHDUFKFRQWULEXWLRQVDUHGHVFULEHGDQGWKHXWWHUPRVWSURPLVLQJIXWXUHWUHQGVDUHRXWOLQHG
)LQDOO\ WKH VWXGHQW LV GULYHQ WR VHOHFW WKH SURSHU 7(6 VROXWLRQ ZLWK YDU\LQJ WKH PDLQ FRQVWUDLQW RI VHYHUDO
UHVHDUFKSUREOHPVDQGDOVRWKHGLVWULFWVFDOHDSSOLFDWLRQLVGLVFXVVHGLQFRRSHUDWLRQZLWKRWKHUWZRFRXUVHVRI
WKHVDPH3K'SURJUDPPH &RXUVHDQG&RXUVH 

2.1.12. Demand Side Management Concepts and Energy Storage
'HPDQGVLGHPDQDJHPHQW '60 LVEDVHGRQWZRHVVHQWLDOIHDWXUHVQDPHO\HQHUJ\HIILFLHQF\DQGRILQFUHDVLQJ
LPSRUWDQFHWKHUROHRIGHPDQGVLGHUHVSRQVH(QHUJ\HIILFLHQF\LVHVVHQWLDOLIZHDUHWRGHOLYHU]HURFDUERQDQG
ORZHQHUJ\VROXWLRQVIRUVRFLHW\&KDQJHVWRKXPDQEHKDYLRXUDQGFRQWUROV\VWHPVDUHLQFUHDVLQJO\SURYLQJWR
EH FULWLFDO LI HQHUJ\ VDYLQJV DV D UHVXOW RI WHFKQRORJLFDO GHYHORSPHQW FDQ EH PD[LPLVHG 2IWHQ WHFKQRORJ\
LPSURYHPHQWV DUH OHW GRZQ E\ WKH KXPDQ LQYROYHPHQW DQG KHQFH LW LV LPSRUWDQW WKDW WKRVH LQYROYHG ZLWK
UHVHDUFK LQWR WKH GHYHORSPHQW DQG LPSOHPHQWDWLRQ RI WHFKQRORJLHV XQGHUVWDQG GHPDQG VLGH PDQDJHPHQW
'HPDQG VLGH UHVSRQVH DGGUHVVHV YDULDEOH HOHFWULFLW\ DQG KHDW ORDG PDQDJHPHQW ZKHWKHU GULYHQ E\ YDULDEOH
UHQHZDEOHHQHUJ\RUEDWFKF\FOLFGHPDQGDQGVXSSOLHV7KHFRXUVHZLOOFRYHUWKHVXEMHFWDWPDFUR±FLW\OHYHO
GRZQ WR EXLOGLQJV ,W ZLOO RXWOLQH OHJLVODWLYH DQG LQFHQWLYH SURJUDPPHV GLVFXVV WKH ILQDQFLDO DVSHFWV DQG
FRQFOXGHZLWKFDVHVWXGLHVRI'60

2.1.13 Large Scale and Industrial Energy Storage
7KLV FRXUVH DLPV DW SURYLGLQJ WKH VWXGHQWV ZLWK LQIRUPDWLRQ DERXW WKH XVH RI WKHUPDO HQHUJ\ VWRUDJH
WHFKQRORJLHV LQ ODUJHVFDOH DQG LQGXVWULDO DSSOLFDWLRQV 7KH FRXUVH EHJLQV ZLWK DQ LQWURGXFWRU\ RYHUYLHZ RI
H[DPSOHVRIWKHLQWHJUDWLRQRIWKHUPDOHQHUJ\VWRUDJHLQSURGXFWLRQDQGHQHUJ\IDFLOLWLHVVSHFLILFDOO\LQHQHUJ\
LQWHQVLYHLQGXVWULHVFRQFHQWUDWLQJVRODUSRZHUDQGGLVWULFWKHDWLQJDQGFRROLQJ7KHVWXGHQWVZLOOEHLQWURGXFHG
WR UHFHQW UHVHDUFK SURJUHVV LQ WHUPV RI LQQRYDWLYH PDWHULDOV FRQWDLQHU GHVLJQV DQG FRQFHSWV IRU V\VWHPV
LQWHJUDWLRQIRUODUJHVFDOH7(66SHFLILFGHPRQVWUDWLRQDQGRSHUDWLRQDOUHDOZRUOGSURMHFWVDVZHOODVFROOHFWLRQ
DQGDQDO\VLVRILQILHOGSHUIRUPDQFHGDWDZLOOEHGLVFXVVHGLQGHWDLO'LIIHUHQWQXPHULFVLPXODWLRQH[HUFLVHVJLYH
DQLQWURGXFWLRQWRWKHFRPSXWHUDLGHG7(6GHVLJQDQGLQWHJUDWLRQXVLQJUHDOLVWLFVFHQDULRV7KHFRXUVHZLOOGHOYH
LQWR HQYLURQPHQWDO DQG HFRQRPLF DVSHFWV RI ODUJHVFDOH 7(6 LQVWDOODWLRQV VSHFLILFDOO\ LQWURGXFLQJ WKH XVH RI
/&$/&&DQGIXUWKHUDQDO\VHVLQWKHVHVWXGLHVDQGZLOOFORVHZLWKVHYHUDOUHDOZRUOGH[DPSOHVRIDSSOLFDWLRQV
LQODUJHVFDOHWKHUPDOHQHUJ\VWRUDJH&RPPRQLVVXHVZLWKLQGXVWULDOLQVWDOODWLRQVZLOOEHSUHVHQWHGLQFOXGLQJ
WKHVFDODELOLW\RI5 'UHVXOWV

2.1.14 Energy Policy and Market Development
7KHHQHUJ\SROLF\DQGPDUNHWGHYHORSPHQWFRXUVHWDNHVDKROLVWLFDSSURDFKLQORRNLQJDWKRZWKHUPDOHQHUJ\
VWRUDJH FDQ VROYH LVVXHV LGHQWLILHG DW (8 SROLF\ OHYHO ,W FRPPHQFHV E\ SURYLGLQJ LQVLJKWV LQWR HQHUJ\ SROLF\
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ZLWK SDUWLFXODU UHIHUHQFH WR UHQHZDEOH HQHUJ\ SROLFLHV DQG H[DPLQHV WKLV IXUWKHU E\ FRQVLGHULQJ JRRG DQG
SRRU SROLFLHV 7KHQ LQ D KHXULVWLF IDVKLRQ LW ORRNV DW WKH WKHRU\ DQG UHDOOLIH H[DPSOHV RI KRZ PDUNHW
GHYHORSPHQW WRROV FDQ EH XVHG WR LGHQWLI\ DQG GHYHORS QHZ RSSRUWXQLWLHV IRU 7(6 LQ WKH FRQWH[W RI HQHUJ\
HIILFLHQF\ DQG UHQHZDEOH HQHUJ\ WHFKQRORJ\ SROLFLHV 7KH FRXUVH DOVR H[DPLQHV KRZ EHVW WR LQIRUP SROLF\
WKURXJKNH\VNLOOVVXFKDVQHWZRUNLQJLQIOXHQFLQJDQGFRPPXQLFDWLRQDQGKRZWKLVFDQEHHQDEOHGE\EHLQJ
FORVHWRWKHFXVWRPHUDQGDZDUHRISUHGLFWHGIXWXUHPDUNHWGHYHORSPHQWV
(DFKRIWKHVHFRXUVHVLVFRPSRVHGRIYDULRXVWRSLFVDQGHDFKWRSLFLVWKHQFRPSRVHGRIGLIIHUHQWOHVVRQV7KH
OHVVRQVFDQWKHQEH³WDLORUSDFNDJHG´WRPHHWWKHQHHGVRIHDFKRIWKH3K'VXSHUYLVRUVIRUWKHLU3K'FDQGLGDWHV
7KHGHYHORSHGOHDUQLQJPDWHULDOLVLPSOHPHQWHGLQWKHFRQVWUXFWLYHDOLJQPHQWSHUVSHFWLYHLQWKH(,7 (XURSHDQ
,QVWLWXWHRI,QQRYDWLRQDQG7HFKQRORJ\ .,&,QQR(QHUJ\SHGDJRJLFDOPHWKRGRORJ\RIVWXGHQWFHQWUHGOHDUQLQJ
DOLJQHGWHDFKLQJDQGDFWLYHOHDUQLQJ %LJJVDQG7DQJ 

2.2. Online learning platform
$QHOHDUQLQJUHSRVLWRU\SODWIRUPKDVEHHQFRPPLVVLRQHGWRKRVWDOOWKHOHDUQLQJPDWHULDOVWKDWZLOOEHGHOLYHUHG
LQWKH3K'FXUULFXOD7KHSHGDJRJLFDOPHWKRGRORJ\LQVWXGHQWFHQWUHGOHDUQLQJFRQVLVWVRIFDUHIXOGHVLJQE\WKH
WHDFKHUV RI WKH LQWHQGHG OHDUQLQJ RXWFRPHV ,/2V  DVVHVVHG ZLWK WKH DFKLHYHG OHDUQLQJ RXWFRPHV $/2V 
DVVHVVPHQW TXHVWLRQV (,7 KDQGERRN   7KH RQOLQH OHDUQLQJ SODWIRUP VHOIOHDUQLQJ VHFWLRQ FRQVLVWV RI
UHFRUGHG OHDUQLQJ YLGHRV UHFRUGHG OHFWXUHV DXWRPDWLFDOO\ FRUUHFWHG H[HUFLVH UHPRWH ODE ILOPHG VWXG\ YLVLWV
DQGRQOLQHOLWHUDWXUHV5DQGRPL]HGDXWRPDWLFDOO\FRUUHFWHGFDOFXODWLRQH[HUFLVHVDUHWREHSURJUDPPHGVRWKDW
VWXGHQWVPD\WHVWWKHLUVNLOOVDQGNQRZOHGJHDWWKHLUFRQYHQLHQFH



%DVHG RQ WKH VSHFLILF FRQWHQW JHQHUDWLRQ DQG GHOLYHU\ QHHGV RI WKH SURMHFW DV ZHOO DV WKH GHPDQGV RI WKH
FRQVRUWLXP¶VSDUWQHUVWKHIROORZLQJPDLQIXQFWLRQDOLWLHVKDYHEHHQGHOLYHUHGVHWRIWRROVIRUFRQWHQWFUHDWLRQ
DQGFRFUHDWLRQEHWZHHQSDUWQHUVVHUYHUIRUFRQWHQWVWRUDJHDQGLQGH[DWLRQWRROVIRUDSSOLFDWLRQRIWKHDJUHHG
SHGDJRJLFDO PHWKRGRORJ\ V\VWHP IRU DFKLHYLQJ WKH  VWDJHV PDWHULDO UHYLHZ FRQWHQW PHWKRGRORJ\ ,7 
SURFHVVIURQWHQGDXWRQRPRXVVHOIRSHUDWLQJFRQWHQWGHOLYHU\V\VWHPZKLFKDOORZVWKHVWXGHQWWRIROORZWKH
FRXUVHVZLWKQRQHHGHGIRUWKHSURIHVVRUWRLQWHUYHQHIRUHQVXULQJWKHGXHOHDUQLQJSURFHVVWUDFNLQJPHFKDQLVP
RI VWXGHQW SURJUHVV LQFOXGLQJ FRPSOHWLRQ RI H[HUFLVHV DQG UHVXOWV SOXV JHQHUDWLRQ RI D UHSRUW JHQHUDWLRQ RI
FHUWLILFDWHDIWHUFRPSOHWLRQRIHDFKFRXUVH¶VOHVVRQFRPSOLPHQWDU\RQOLQHPDQXDODQGLQVWUXFWLRQDOYLGHRVIRU
VROXWLRQXQGHUVWDQGLQJDQGRSHUDWLRQ

2.3. Web-based platform
7KHLQWHUQHWKDVEHFRPHDSRZHUIXOWRROIRUUHDFKLQJDZLGHUDQJHRIJURXSVRISHRSOHDQGZHEVLWHVSURYLGHWKH
EHVW ZD\ RI WUDQVPLWWLQJ LQIRUPDWLRQ 7KH ZHEVLWH KDV EHHQ GHYHORSHG E\ RQH RI WKH ,13$7+7(6 SDUWQHUV
7&'DQGWKHGRPDLQRIWKHZHEVLWHLVZZZLQSDWKWHVHX VHH)LJXUH 7KHZHEVLWHLVDZHEEDVHGSODWIRUP
GHVLJQHGIRUH[WHUQDOFRPPXQLFDWLRQDQGGLVVHPLQDWLRQ7KLVLQFOXGHVDJHQHUDOGHVFULSWLRQRIWKHSURMHFWDORQJ
ZLWKDPRUHGHWDLOHGH[SODQDWLRQRILWVVSHFLILFREMHFWLYHSDUWQHUV¶ORJRVDQGOLQNVWRWKHLURZQZHEVLWHVDOLVW
RI SURMHFW UHVXOWV VXFK DV VFLHQWLILF SDSHUV DQG QHZVOHWWHUV SXEOLVKHG GXULQJ WKH SURMHFW OLIHWLPH LQIRUPDWLRQ
UHODWHGWRKRZWRHQURORQWKH3K'SURJUDPPHDGHVFULSWLRQRIWKHWUDLQLQJPDWHULDOWKDWLVEHLQJGHYHORSHG
LQIRUPDWLRQ UHJDUGLQJ SDVW DQG IXWXUH HYHQWV OLQNV WR RWKHU UHOHYDQW (XURSHDQ SURMHFWV DQG LQWHUQDWLRQDO
SODWIRUPVDQGFRQWDFWLQIRUPDWLRQ
&XUUHQWO\ RQO\ VWXGHQWV EHORQJLQJ WR WKH FRUH PHPEHUV RI WKH ,13$7+7(6 SURMHFW FDQ UHJLVWHU DQG WDNH
OHVVRQVIURPWKHRQOLQHOHDUQLQJSODWIRUP+RZHYHUH[WHUQDOSHRSOHIURPDFDGHPLDRUFRPSDQLHVPD\DOVRWDNH
FRXUVHVIURPWKHSODWIRUPLQWKHQHDUIXWXUH(QUROPHQWVZLOOEHSRVVLEOHE\ILOOLQJXSWKHIRUPWKDWZLOOEHPDGH
DYDLODEOHRQWKHSURMHFWZHEVLWHDQGDIWHUSD\LQJWKHFRUUHVSRQGLQJIHHV
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)LJ,PDJHHRIWKHZHEVLWHRIWKHSURMHFW

2.4. INP
PATH-TES label
7KHVWXGHHQWVZLOOLQJWRRDFKLHYHWKHUHFRJQLWLRQRII,13$7+7(
(6ODEHOVKRXOOGFRQWDFWWZRRSDUWQHUXQLY
YHUVLWLHVRU
LQVWLWXWLRQV WR MRLQ WKKHLU RZQ GRFWWRUDO SURJUDP
PPH XQGHU MR
RLQW 3K' VXSHHUYLVLRQ DOVRR FDOOHG FRWX
XWHOOH DQG
P
7R
R EH DZDUGHGG WKH ,13$7+
+7(6 ODEHO WKH 3K' FDQQGLGDWH PXVW IXOILO WKH
DFKLHYH WWKH QHHGHG PLOHVWRQHV
IROORZLQJJUHTXLUHPHQWWV
x

7
7RWDNHDWOHDVWW(&76IUR
RPOHVVRQVZLWWKLQWKH,13$
$7+7(6SURJ
JUDPPH

x 7
7R SHUIRUP DW OHDVW  PRQWWKV RI LQWHUQVVKLS RU VHFRQG
GPHQW WR D WK
KLUG SDUWQHU IU
IURP WKH ,13$
$7+7(6
FRQVRUUWLXPIRUDWOHHDVWPRQWKV
x 7
7R SXEOLVK DW OHDVW  VFLHQWWLILF MRXUQDO SSDSHU ZLWK FR
RDXWKRUV IURP
P  LQVWLWXWLRQQV IURP ,13$
$7+7(6
FRQVRUUWLXP
x

7
7RKDYHDWWHQGGHGDWOHDVWRQHHDQQXDO,13$
$7+7(6ZRUNVKRSWUDLQLQ
QJVFKRRO

0DLQ
QFKDOOHQJ
JHV
'XULQJWKKHGHYHORSPHHQWRIWKHSURMMHFWVRPHGLIIILFXOWLHVDQG FKDOOHQJHVKDDYHEHHQHQFRRXQWHUHGZKLLFKFDQEH
VXPPDUL]]HGDVIROORZVV
x

'
'HYHORSPHQWRRIWKHSURJUDP
PPH

x

7
7KHLPSOHPHQWWDWLRQRIWKHS
SURJUDPPHLQ HDFKFRXQWU\LQVWLWXWLRQ

x

7
7ZROHYHOVRIZ
ZRUN3K'SUR
RJUDPPHDQG
G0DVWHURI6FLHQFH 06F S
SURJUDPPH

x

7
7RHQVXUHWKHFFRQWLQXLW\RIWWKHSURJUDPP
PHDIWHU(8IXQ
QGLQJHQGV

7KHPDLQQGLIILFXOWLHVUUHJDUGLQJWKHGHYHORSPHQW RIWKHSURJUDDPPHFRQVLVWHHGLQWKHIDFW WKDWWKHFRQWHHQWVRIWKH
SURSRVHGGFXUULFXOXPVKRXOGUHVSRQG
GWRWKHQHHGV
VDQGJDSVLGHQ
QWLILHGE\WKH6(73ODQDQQGDWWKHVDPHWLPHWKH\
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PXVWPHHWWKHQHHGVRILQGXVWU\2QWKHRWKHUKDQGWKHSUHVHQFHRIPDQ\PHPEHUVZKRDUHQRWIURPDFDGHPLD
UHTXLUHG DGGLWLRQDO HIIRUWV WR VXFFHVVIXOO\ DGDSW DQG LPSOHPHQW WKH LQQRYDWLYH (,7 SHGDJRJLFDO PHWKRGRORJ\
LQWR WKH PDWHULDO GHYHORSHG /DVW EXW QRW OHDVW WKH GHYHORSPHQW RI D QHZ HOHDUQLQJ SODWIRUP IRU KRVWLQJ WKH
RQOLQHOHDUQLQJPDWHULDODQGWKHQHHGIRURQOLQHDVVHVVPHQWDFWLYLWLHVWKDWGRHVQRWUHTXLUHWKHSUHVHQFH
RIOHFWXUHVDFFRXQWHGIRUDQDGGLWLRQDOGHJUHHRIGLIILFXOW\
:LWK UHJDUGV WR WKH LPSOHPHQWDWLRQ RI WKH 3K' SURJUDPPH ULJKW IURP WKH EHJLQQLQJ RI WKH SURMHFW WKH
FRQVRUWLXPFROOHFWHGWKHPDLQLQIRUPDWLRQUHODWHGWRWKH3K'SURJUDPPHRQWKHWRSLFRIWKHSURMHFWLQHDFKRI
WKHDFDGHPLFLQVWLWXWLRQVSDUWLFLSDWLQJLQWKHSURMHFWDVZHOODVRWKHUVWKDWDUHLQFORVHUHODWLRQVKLSZLWKUHVHDUFK
FHQWUHV DOVR SDUWLFLSDWLQJ LQ WKH ,13$7+7(6 SURMHFW $IWHU FROOHFWLQJ DOO WKH LQIRUPDWLRQ WKH FRQVRUWLXP
UHDFKHG WR WKH FRQFOXVLRQ WKDW DOWKRXJK WKHUH DUH VRPH FRPPRQ LWHPV LQ DOO FRXQWULHV UHJXODWLRQV LW LV YHU\
GLIILFXOW WR GHILQH D XQLTXH LPSOHPHQWDWLRQ DJUHHPHQW IRU D MRLQW 3K' SURJUDPPH DEOH WR ILW DOO UHTXLUHPHQWV
IURPHDFKFRXQWU\&RQVHTXHQWO\WKH,13$7+7(6FRQVRUWLXPSURSRVHGWRFDUU\RXWGRFWRUDOWKHVHVLQDFR
WXWHOOHUHJLPHDVDQDOWHUQDWLYHZD\WRIXOILOWKHPDLQSURMHFWREMHFWLYHV$FRWXWHOOHLVDQDJUHHPHQWRQMRLQW
VXSHUYLVLRQ DW 3K' OHYHO DOVR NQRZQ DV FRWXWRULQJ  6XFK DJUHHPHQWV FDQ EH UHDFKHG EHWZHHQ WKH WZR
FRRSHUDWLQJXQLYHUVLWLHVWKH3K'FDQGLGDWHDQGWKHFDQGLGDWH VVXSHUYLVRUV7KHFRWXWHOOHDJUHHPHQWUHJXODWHV
HQUROPHQWVXSHUYLVLRQDQGWKHHYDOXDWLRQRIWKHFDQGLGDWH VGRFWRUDOGHJUHHWKHVLV7KH3K'FDQGLGDWHPXVWEH
HQUROOHG LQ ERWK XQLYHUVLWLHV DQG PXVW KDYH DW OHDVW RQH VXSHUYLVRU DW HDFK XQLYHUVLW\ )XUWKHUPRUH WKH 3K'
FDQGLGDWHPXVWKDYHDSHULRGRIVWD\DWERWKLQVWLWXWLRQV7KHWKHVLVPXVWKDYHWKHORJRRIERWKLQVWLWXWLRQVDQG
WKH FRRSHUDWLRQ DJUHHPHQW PXVW EH VSHFLILHG 8VXDOO\ D VLQJOH SXEOLF SUHVHQWDWLRQ RI WKH WKHVLV LV VXIILFLHQW
ZKLFKPXVWFRPSO\ZLWKWKHUXOHVWKDWDUHLQIRUFHDWWKHLQVWLWXWLRQZKHUHWKHSUHVHQWDWLRQLVWREHJLYHQ7KH
3K'FDQGLGDWHVKDOOUHFHLYHDGLSORPDIURPHDFKLQVWLWXWLRQ7KLVNLQGRI3K'LVZHOOUHFRJQLVHGLQPRVWRIWKH
SDUWQHUV¶ UHJXODWLRQV 7KHUHIRUH DW OHDVW  ELODWHUDO DJUHHPHQWV DUH EHLQJ QHJRWLDWHG EHWZHHQ SDUWQHU
XQLYHUVLWLHVDQGFXUUHQWO\WKHUHDUHDOUHDG\DIHZVWXGHQWVHQUROOHGLQFRWXWHOOH3K'V
%HVLGHVWKHGHYHORSPHQWRID3K'SURJUDPPHRQHRIWKHDLPVRIWKHSURMHFWLVWRDOVRLPSOHPHQWDMRLQW0DVWHU
RQ7(67KHUHLVDELJRSSRUWXQLW\IRXQGLQWKHIDFWWKDWWKHUHLVQRRWKHUPDVWHURQ7(6DURXQGWKHZRUOGDQG
WKDWZHKDYHGHYHORSHGKLJKTXDOLW\PDWHULDOGXULQJWKHSURMHFW8QIRUWXQDWHO\WRGD\LWLVQRWSRVVLEOHWRKDYH
DQ LQWHUQDWLRQDO MRLQW 0DVWHU SURJUDPPH RXWVLGH WKH (UDVPXV 0XQGXV SURJUDPPH WKHUHIRUH WKH FRQVRUWLXP
GHFLGHG WR VWDUW E\ LPSOHPHQWLQJ D QRQXQLYHUVLW\ 0DVWHU SURJUDPPH EXW DSSO\ LQ WKH QHDU IXWXUH IRU DQ
(UDVPXV 0XQGXV 1H[W VWHS ZRXOG EH WR DSSO\ IRU D XQLYHUVLW\ 0DVWHU RQ 7(6 E\ RQH RI WKH XQLYHUVLWLHV
PHPEHUVRIWKHFRQVRUWLXP+HUHWKHELJJHVWFKDOOHQJHZRXOGEHWRHQVXUHLWVORQJWHUPVXVWDLQDELOLW\EXWWKLV
LVEDVLFDOO\EDVHGRQWKHQXPEHURIVWXGHQWVWKH0DVWHUZRXOGKDYHHDFK\HDUDQGWKHKLJKVSHFLDOL]DWLRQRIWKH
0DVWHU PDNHV LW GLIILFXOW WR FRQYLQFH WKH DXWKRULWLHV RI LWV VXVWDLQDELOLW\ 7KHUHIRUH WKH ILUVW VWHS ZRXOG EH WR
LPSOHPHQWDQRQXQLYHUVLW\0DVWHURQ7(6DWRQHRIWKHFRQVRUWLXPXQLYHUVLWLHVZLWKWKHSDUWLFLSDWLRQIURPWKH
RWKHUFRQVRUWLXPPHPEHUVDVOHFWXUHUV:HH[SHFWWKDWDIWHUDVKRUWSHULRGRIVXFFHVVRIWKH0DVWHUZLOOEHWKH
EHVWZD\WRJRDVWHSIXUWKHUWRJHWDXQLYHUVLW\PDVWHURQ7(6RUHYHQDXQLYHUVLW\MRLQW0DVWHURQ7(6ZLWK
SDUWLFLSDWLRQRIDVPDQ\SDUWQHUVDVSRVVLEOHLQDMRLQWGHJUHH
)LQDOO\ RQH RI WKH PDLQ FKDOOHQJHV RI WKH SURMHFW UHIHUV WR WKH ORQJWHUP VXVWDLQDELOLW\ RI WKH SURMHFW RQFH
IXQGLQJIURPWKH(8HQGV,13$7+7(6KDVWKHDLPWRFRQWLQXHDVPDQ\\HDUVDV,QWHUQDWLRQDO1HWZRUNRQ
7(6ZLWKDMRLQW3K'SURJUDPPHDQGDMRLQW0DVWHUSURJUDPPH&XUUHQWO\WKHFRQVRUWLXPLVZRUNLQJRQWKH
GHYHORSPHQWRIDVWUDWHJ\WRDGGUHVVWKLVLVVXH7KHPDLQSUREOHPVWRDGGUHVVFRQVLVWVLQKRZWRSURYLGHWKH
IXQGLQJ QHFHVVDU\ WR PHHW WKH FRVWV UHODWHG WR WKH HOHDUQLQJ SODWIRUP DQG IRU PDLQWDLQLQJ XSGDWLQJ DQG
UHYLHZLQJWKHOHDUQLQJPDWHULDODQGDOVRWRHVWDEOLVKDQDSSURSULDWHJRYHUQDQFHVWUXFWXUHIRUWKHIXWXUHQHWZRUN
7KHFRQVRUWLXPLVFRQVLGHULQJWZRSRVVLEOHRSWLRQVFRQWLQXLQJDVQHWZRUNEDVHGLQRQHRIWKHSDUWQHUV QRZLW
LVWKH8QLYHUVLW\RI/OHLGD RUFUHDWLQJDQRQSURILWDVVRFLDWLRQ,QDQ\FDVHWKHPHPEHUVKLSLVEDVHGRQFXUUHQW
SDUWQHUVWKDWDUHWKHFRUHRIWKHIXWXUHQHWZRUNRIWKLVSURMHFWRQWKHORQJWHUP)RUWKHIXWXUHVXVWDLQDELOLW\RI
WKH SURMHFW WKHUH ZLOO EH D PHPEHUVKLS IHH DSSOLHG WR DOO PHPEHUV +RZHYHU WKH FRUH PHPEHUV ZLOO DYDLO D
PHPEHUVKLSGLVFRXQWLIWKH\WDNHUHVSRQVLELOLW\RILPSURYLQJPDLQWDLQLQJDQGXSGDWLQJWKHOHDUQLQJPDWHULDO
1HZPHPEHUVDUHDOZD\VZHOFRPHWRMRLQRXUQHWZRUNXQGHUWHUPVDQGFRQGLWLRQVWKDWZLOOEHDJUHHGE\WKH
FRUHPHPEHUV
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&RQFOXVLRQV
7KH ,13$7+7(6 SURMHFW ZDV ODXQFKHG LQ 0D\  ZLWK WKH PDLQ JRDO WR FUHDWH D QHWZRUN RI DFDGHPLD
UHVHDUFK LQVWLWXWHV DQG 60(V WR LPSOHPHQW D MRLQW 3K' SURJUDPPH RQ 7KHUPDO (QHUJ\ 6WRUDJH 7(6 
WHFKQRORJLHV7KHSURSRVHG3K'FXUULFXOXPDLPVWRPHHWWKHQHHGVDQGILOOWKHJDSVLGHQWLILHGE\WKH6(73ODQ
( 7 5RDGPDS WKURXJK SURYLGLQJ TXDOLILHG SURIHVVLRQDOV VSHFLDOL]HG LQ 7(6 WHFKQRORJLHV IRU (XURSHDQ
UHVHDUFKDQGLQGXVWU\LQVWLWXWLRQV
$ FXUULFXOXP FRQVLVWLQJ RQ  FRXUVHV KDV EHHQ SURSRVHG ZKLFK DUH FXUUHQWO\ EHLQJ GHYHORSHG E\ WKH
FRQVRUWLXP 7KURXJK DFWLYHHQJDJHPHQW ZLWK GLIIHUHQW VWDNHKROGHUJURXSV LQ WKH SURMHFW UHVHDUFK DQG PDUNHW
RULHQWHGLQSXWVWRWKH3K'WRSLFVZHUHVHWXSLQWKHWUDLQLQJFRXUVHV
$OO WKH OHDQLQJ PDWHULDO LV EHLQJ LPSOHPHQWHG LQ WKH ³IOLSSHG FODVVURRP´ SHUVSHFWLYH LQ WKH (,7.,&
,QQR(QHUJ\SHGDJRJLFDOPHWKRGRORJ\RIVWXGHQWFHQWUHGOHDUQLQJDOLJQHGWHDFKLQJDQGDFWLYHOHDUQLQJ$QH
OHDUQLQJUHSRVLWRU\SODWIRUPLVEHLQJGHYHORSHGZKLFKKDVWKHIXQFWLRQDOLW\RIKRVWLQJUHFRUGHGOHDUQLQJYLGHRV
IRUHIILFLHQWOHDUQLQJ
7KHPDLQFKDOOHQJHWKDWKDVEHHQLGHQWLILHGLVWKHLPSOHPHQWDWLRQRIWKHMRLQW3K'SURJUDPPHLQHDFKRIWKH
SDUWLFLSDWLQJFRXQWULHV$OWKRXJKDOOSDUWLFLSDWLQJFRXQWULHVLQ,13$7+7(6DUHZLWKLQ(XURSHGLIIHUHQFHVLQ
WKHUHJXODWRU\IUDPHZRUNIRUHVWDEOLVKPHQWRI3K'SURJUDPPHVXEVLVW,QRUGHUWRRYHUFRPHWKLVSUREOHPWKH
FRQVRUWLXPGHFLGHGWRGHILQHGLIIHUHQWELODWHUDODJUHHPHQWVEHWZHHQSDUWQHUXQLYHUVLWLHVIRUMRLQWVXSHUYLVLRQRI
3K'VWXGHQWV$QRWKHULPSRUWDQWFKDOOHQJHRIWKHSURMHFWLVKRZWRHQVXUHWKHFRQWLQXLW\RIWKHSURJUDPPHDIWHU
(8 IXQGLQJ HQGV %\ FUHDWLQJ IXUWKHU V\QHUJLHV EHWZHHQ ,13$7+7(6 DQG RWKHU JOREDO RUJDQLVDWLRQV DQG
LQLWLDWLYHVH[WHQVLRQRIWKHSDUWQHUVKLSDQGH[FKDQJHRIVWXGHQWVDUHIRUHVHHQ

$FNQRZOHGJHPHQWV
7KH DXWKRUV ZRXOG OLNH WR WKDQN WKH &DWDODQ *RYHUQPHQW IRU WKH TXDOLW\ DFFUHGLWDWLRQ JLYHQ WR WKHLU UHVHDUFK
JURXS  6*5  *5($ LV FHUWLILHG DJHQW 7(&1,2 LQ WKH FDWHJRU\ RI WHFKQRORJ\GHYHORSHUV IURP WKH
*RYHUQPHQWRI&DWDORQLD7KLVVWXG\KDVUHFHLYHGIXQGLQJIURP(XURSHDQ8QLRQ¶V+RUL]RQUHVHDUFKDQG
LQQRYDWLRQSURJUDPPHXQGHUJUDQWDJUHHPHQW1 ,13$7+7(6 7KHZRUNLVSDUWLDOO\IXQGHGE\WKH
6SDQLVKJRYHUQPHQW(1(&5 0,1(&2)('(5 

5HIHUHQFHV
%LJJV-7DQJ&7HDFKLQJIRU4XDOLW\/HDUQLQJDW8QLYHUVLW\WKHG0LOWRQ.H\QHV2SHQ8QLYHUVLW\
3UHVV
(,7 KDQGERRN  ¶4XDOLW\ IRU OHDUQLQJ¶ (,7 4XDOLW\ $VVXUDQFH DQG /HDUQLQJ (QKDQFHPHQW 0RGHO
+DQGERRN IRU SODQQLQJ ODEHOOLQJ DQG UHYLHZLQJ (,7ODEHOOHG PDVWHUV DQG GRFWRUDO SURJUDPPHV 5HYLVHG HG
(XURSHDQ,QVWLWXWHRI,QQRYDWLRQDQG7HFKQRORJ\ (,7 DVDERG\RIWKH(XURSHDQ8QLRQ$YDLODEOHDW>
@KWWSVHLWHXURSDHXVLWHVGHIDXOWILOHVHLWBODEHOBKDQGERRNSGI
-5&&RRUGLQDWLRQ*HRUJDNDNL$YRQ(VWRUII83HWHYHV6'6WUDWHJLF(QHUJ\7HFKQRORJ\ 6(7 3ODQ
5RDGPDSRQ(GXFDWLRQDQG7UDLQLQJ/X[HPERXUJ3XEOLFDWLRQV2IILFHRIWKH(XURSHDQ8QLRQ
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Abstract
Important number of elementary schools in Mexico have not basic sanitary infrastructure: drinking water supply,
sewer system or electricity service are not full available for the scholar community. On the other hand, hydric stress
is remarkably worry in urban dense poor areas, as the case of the Iztapalapa municipality in Mexico City. In this
condition, the development of sustainable technologies such the rainfall harvesting and solar photocatalytic treatment
is a promising strategy against the water scarcity. This work shows the design, construction, installation and startup
of a solar photocatalytic reactor as treatment of harvested rainfall for final use in an elementary school from an
unfavorable economic urban area in Mexico City.
Keywords: Heterogeneous Solar Photocatalysis, TiO2, rainfall, urban areas.

1. Introduction
The Mexico City metropolitan sector is one of the largest urban agglomerations in the world. With more than 21.2
million metropolitan population (18% of country’s inhabitants), Mexico City has an unpredictable model of
generation, carrying, supply and availability of basic public services such as drinking water, gas, transportation, food,
hospitals, electricity, etc. In this big city, the social disparities and economic inequalities are strong remarkable
among their residents. One of the most critical and detrimental situation is observed in the infrastructures of basic
services in elementary schools predominantly into unfavorable economic areas. The most recent national census
reflects 207,682 elementary schools attending more than 25 million of students among primary and secondary school
age children (ages 2 to 15) (INEGI, 2014). Almost 50% of the elementary schools in México do not have drainage
networks, 31% show deficiencies in drinking water accessibility, 11.2% express nonexistence of electricity facilities
and 12.8% display entire absence of toilets.
Specifically in Mexico City there are 8,141 elementary schools attending around 13,151,297 students. More than a
half of those schools (51.8%) belong to the public administration and 3.5% do not have drinking water facilities.
Several students are used to return at home during the 30 minutes break between lessons in order to use the own
toilets and lavatories if available in their houses. The inexistence of drinking water networks as well as the remarkable
hydric stress are part of the sanitary problem for a large number of scholars and teachers. Figure 1 shows the
availability´s coverage of basic facilities in elementary schools in Mexico City (INEGI, 2014)

Fig. 1: Availability´s coverage of basic services in elementary schools in Mexico City (INEGI, 2014).

A rainfall-harvesting project is not under consideration as part of the public water supply in any governmental plan.
Mexico City wastes approximately 1,000 million of m3 of rainwater per year. In contrast, the Mexico city´s principal
drinking water source, the Cutzamala system, has around 728 million of m3 of capacity (SACM, 2017). Some
estimations show that only 10% of the harvested rainfall is available and used within the same period of collection.
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On the other hand, the solar photocatalytic process has shown effective results as water treatment for effluents
containing a huge variety of recalcitrant contaminants. Recent papers shows the increasing interest on this field
applying the solar technologies to heat up, purify or pasteurize harvest rainwater at laboratory scale (Saran, 2018;
Reyneke, 2017). Some of the most interesting goals for the scientific, engineering and academic community are to
increase the efficiency of the harvest systems as well as to reduce the cost of the water treatment by means of
sustainable solar technologies. This study shows the application of the well-known and mature solar photocatalytic
process TiO2 based at large scale in a real case of study inside of an elementary school placed into a high hydric
stress zone in Mexico City.

2. Real case study: “Luis Braille” primary School
This school is located in Iztapalapa district, one of the most densely populated regions in the northeast of Mexico
City as showed in Figure 2. This school belongs to the public administration. Twenty-six teachers attend around 550
students per each two timetables (morning, 8:00–13:00 and evening, 13:00- 18:00). The school has 4 bathrooms, 1
computer zone, 21 classrooms, 1 gymnasium or sport area, 1 parking among others facilities, etc. The Figure 2 shows
the school localization and its physical boundaries.

Fig. 2: Luis Braille elementary school in Iztapalapa district.

Municipal drinking water network is not available in this school. Acquisition of 10,000 liters of tap water shipped
by a container truck or “pipa” is reach with around 50 dollars per week.
The water container truck does not offer any chemical/biochemical safe certificate of quality. The school has a
cistern with capacity of 30,000 L as shown in Figure 3 (central photography). However, the maintenance of this
reservoir is scarce and very often it remains empty or dirty.
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Fig. 3: Sport area (left), cistern (center) and toilet building (right).

3. Design and on-field analysis
Initial step was the visual field inspection of the installations inside the school in order to evaluate the technical
feasibility. Figure 4 shows the observations carried out in the parking area by technicians and researchers involucrate
in this project. Noteworthy requirements taken into account during the on-field assessment were: a) accessibility of
a south oriented large area; b) availability of solar free irradiated space without or as minimum as possible shades;
and c) suitability of a large rainwater caption surface. Authorities, teachers and members of the Parents Association,
whom showed deep involvement and interest amongst the research project, were also present during the field
inspection.

Fig. 4: Parking area (left) and visual-technical inspection (right).

A crucial element of the school founded during the on-field analysis was a free large border wall (20 m length) south
oriented in perfect conditions as supporter of the photoreactor. Figure 5 (left) shows this wall. The volcanic stones
observed in the image were a “natural” stop limit to the occupation and self-construction progress of the
neighborhoods (called in Mexico as “paracaidistas”) long time ago. Nearby this wall, there are no pedestrian cross
or student presence due to the eventual occurrence of reptiles or arachnids adapted to the large accumulation of
foliage. Thus, this isolated area was an excellent option for the operation of the photoreactor saved of damage for the
football balls or other normal items used inside the school. On the other hand, the top roof cover of the playground
was also a very important facility observed. Figure 5 (right) shows the roof cover of the playground. The long surface
exposed for caption of rainwater allows harvest water previous filtration of dust and small particles following the
photochemical treatment.

Fig. 5: Enclosing wall south oriented inside the school (left) and rainfall roof caption surface (right).

4. Rainfall treatment by solar heterogeneous photocatalysis
Advanced oxidation processes are based on the presence and reactivity of the hydroxyl radical (•OH) generated at
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standard ambient temperature and pressure (25oC and 1 atm) with or without catalyst and/or presence of chemically
reactive energy (Méndez-Arriaga, 2009). Among the AOP’s, the heterogeneous photocatalysis with TiO2, have
shown highlighted efficiencies on removal of a wide type of persistent, recalcitrant, and emergent contaminants.
Oxidation of organic compounds by means of TiO2 is achieved by hydroxyl radical generation through the e −/h+ pair
generated when the semiconductor is exposed to UV radiation.
On the other hand, contaminants present in rain are strong different in composition and content between annual
season, stages or places. In an urban environment, most of the pollutant substances presents in rainfall are in
relationship to the previous immediate quality of the air due to the “washing” effect during precipitation. In general,
the direct employment of harvested rainfall is not preferable without previous physical and/or chemical treatment.
Dissolved particulate substances and microorganism coming from the atmosphere are hazardous health compounds.
In this project, an additional consecutive physicochemical conventional process (activated carbon and UV
irradiation) follows the photochemical treatment train in order to guarantee the drinkable quality of the final effluent.
Figure 6 depicts the full treatment train for both usages washbasin and drinking water.

Rain capture system
Treated water
cistern
Purify plant system

Photocatalytic reactor

Playground roof

(Activated carbon and UV
disinfection steps)

Rain cistern
storage

Drinking water
dispenser

Recirculation tank
Washbasin
Fig. 6: Full treatment train (solar photocatalytic reactor and conventional physicochemical filters) for harvested rainwater

5. Solar photocatalytic reactor design
The solar photocatalytic reactor was designed with 10 compound parabolic collectors (CPC´s) disposed in parallel
configuration. The basic components of the photoreactor are:
i)

centrifugal pump (½ HP),

ii)

storage cistern of harvested rainfall of 10,000 L of capacity (243 cm length, 238 cm extern diameter,
8.2 mm thick),

iii)

sixty Duran glass pipes (5.08 cm inner diameter and 150 cm length) with TiO2 (Degussa P25) thermally
attached

iv)

storage cistern of treated water of 10,000 L of capacity(243 cm length, 238 cm extern diameter, 8.2 mm
thick).

Grupo Iddea Co. designed the layout of photoreactor and the virtual sketch (Figure 7a and 7b respectively),
developed the hydraulic and electric systems and installed the full prototype.
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Fig. 7a: Layout and compound parabolic collector details
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Fig. 7b: Digital sketch of the photocatalytic treatment system

6. Reactor construction, installation and startup
The photochemical reactor was constructed and installed in several stages per separated sections of the overall system
following specific aims:
a)

Fabrication of metallic structures for support and base of photo-reactors (see Figure 8);

b) Design of Compound Parabolic Collector and profile manufacture in fiber board outdoor material by jet
stream water cutting system (see Figure 9 left and center);
c)

Conformation of the high reflective mirror geometry through 99.5% aluminum film (see Figure 9, on the
right);

d) Titanium dioxide (Degussa P25) thermal impregnation (150oC, 4 h) on the internal pipe glass wall (5.08 cm
ID Schott Duran glass);
e)

Assembly of metallic structures and reflective aluminum mirror (see Figure 11);

f)

Installation of hydraulic and pump system comprising the potable treatment system and final use
(facet/dispenser) devices (see Figure 12);

g) Design of rain capture system on the roof of the outdoor play area (see Figure 13, left and center);
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h) Installation of on-line measurement instruments (pH, OD, conductivity, salinity, temperature, total solids
suspended, etc) and computational acquisition system (see Figure 13, right).
Figure 8 shows the manufacturing process for the construction of the metallic base of photoreactors including a finish
detail of praimer and paint covering in order to avoid the outdoor damage.

Fig. 8: Metallic structures constructing.

Figure 9 depicts the one sun concentration geometry of the composed parabolic collector (CPC) of the photoreactor
as well as the water jet cutting for construction of ribs to support the aluminum film along linear focus of the CPC.

Fig. 9: 1 sun CPC geometry (left), jet stream water cutting system (center), aluminum film adjust (right).

Figure 10 shows the shipping stage of all the premanufactured and separated pieces and devices from the laboratory
at Engineering Institute in Coyoacan district until the elementary school in Iztapalapa municipality for the installation
of the prototype. The Figure 10 also depicts the enthusiasm and collaboration of the students and academic
community, which was interested to learn on the photochemical concepts and operation of the prototype.

Fig. 10: Transport of prefabricated pieces and helpfulness involvement of enthusiastic student in the school

Figure 11 illustrates the integration of one module consisted on the metallic base, aluminum reflectors and Duran
glass pipes with catalytic activity. Ten modules with 6 glass pipes were hang on the wall south oriented making sure
horizontal level and 19° inclination in each module.
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Fig. 11: Parts joint and aliening-fastening on the wall

Figure 12 depicts a section of the hydraulic system including the harvest rain container, the closed recirculation tank
and the treated water cistern together with the centrifugal pump and PVC pipelines to the photoreactor.

Fig. 12: Hydraulic system and pump test.

Fig. 13: Rainwater collection system (left and center) and on-line chemical measure instruments (right).

The harvest rain system was built with a semi-squared laminate canalization (20 m length) welding on the metallic
top structure of the roof to 10 m altitude as depicted in Figure 13 (left and center). After that, the PVC pipeline
reached connection to the storage tank with 45° inclination and previously crossing three cellulose glass paper
filters consecutively attached.
The harvest rainwater flowed through the system till the pH, dissolved oxygen and conductivity sensors placed on
the left side of the photoreactor. The measures during the photocatalytic treatment were recorded on line as well as
the data of the UV-radiometer simultaneously acquired. Figure 13 (right) shows the chemical parameters measure
system.
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Fig. 14: Photochemical treatment system coupled to potable water train system and drinking water dispensers

Figure 14 shows the complete photocatalytic prototype including the conventional purification water system and
the drinking water dispenser. The design, construction and startup of the prototype lasted 6 months. Following steps
into the project consist on the assessment of the initial chemical quality of the harvest rainwater including the
evaluation of inorganic ions (phosphorus, sulfates and nitrates among others), metals and organic compounds as
well as the characterization of microorganism eventually presents. Effect of the photocatalitic treatment and
optimization of residence solar irradiated time is also part of the goals during next rainy season during May, June,
July and August 2018. Part II of this paper covers such results into the forthcoming ISES congress.

7. Conclusion
The solar photocatalytic science is a mature high efficient demonstrable knowledge applied for environmental
remediation yet able to reach industrial scales and commercial proposes. However still there is a lack of examples
with studies in real contexts to assess the potential scopes of this technology as the solar thermal and photovoltaic
technologies did many years before. The solar photocatalytic research opens the opportunity to contribute against the
water contamination and scarcity in unfavorable and marginal urban sectors.
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Abstract
Dynamic whole system testing methods are currently applied to evaluate the performance of heating and cooling
system. One major obstacle to the implementation of such dynamic test methods is the cost connected to the
experimental phase. To define a short test sequence, an original implementation of “k-medoid” clustering has
been implemented. The paper investigates on the length of the sequence and how the days should be described to
achieve effective results. A family of solar assisted heat pump systems has been generated by varying the collector
field area and storage tank volume and studied via numerical simulations.
The results show that the days can be described as a function of average temperature and global horizontal
irradiation. The simulation of different sequence lengths shows that a six-day sequence can be used to test the
system with a possible deviation of results lower than 8% if compared to the annual simulation. The deviation is
reducing with a higher number of clusters.
Keywords: Clustering; short test sequence, solar and heat pump system.

1. Introduction
In the contest of reducing the heating and cooling consumption, the system efficiency plays an important role. In
a complex system composed by different energy sources and variable distribution, often driven by renewable
energy, the performance of the entire system does not correspond to the “sum” of the single components
performance, as the way the components interact among themselves has itself an impact on the performance and
needs to be correctly considered. For this motivation, dynamic methods capable of assessing entire systems are
used to characterize the system performance by different research institutes (Haller et al. 2013). The main
advantage of this method is that the entire system is installed in the test chanber and realistic working conditions
are used to study its performance. In this way, it is possible to perform a reliable evaluation of the system
performance as-a-whole.
To reduce the cost of experimental phase, short test sequences (between 6 to 12 days) are defined to represent the
seasonal boundary conditions. To arrange such short sequence, the literature presents different methodologies:
x

Iterative definition of the sequence with the aim of attaining proportionality to the annual performance.

x Selection of days with temperature and radiation profiles corresponding to the monthly average
conditions.
x

Selection of days using some sort of weather data classification.

In the first approach, an optimization program reduces the deviation between the test bench data and the annual
simulation of a system model. In addition to the fact that the method relies directly on a model of the system, it
requires to perform a different optimization for every weather condition required to reproduce the weather pattern
at the given location (unless the test it is referred to only one condition). The second approach is more easy to be
implemented but in some cases it could not be able to perform a direct evaluation of performance, see for example
(Haberl et al., 2009). For the last approach, different methodologies can be identified, i.e. classification into bins
or classification with clustering. For example, the clustering has been adopted also for the definition of short
sequence for the simulation of combined heat and power systems (Domínguez-Muñoz et al. 2011) and for heat
pump systems (Huchtemann et al. 2016).
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In the development of the PLPE procedure (Menegon et al. 2017), we have investigated different methodologies.
The first option was to create classes in according to the procedure developed for the test of components (Menegon
et al. 2014). The method organizes the boundary conditions into multidimensional classes and a proportional part
of the so-obtained distribution is selected. The good results obtained for the component test were not replicable
when applied to the entire systems. Therefore, we decided to explore other techniques. Clustering, among the
options we have considered, has the advantage that the weather conditions are classified without performing model
simulations. In addition, the sequence corresponding to a certain climate can be easily be calculated. This study
employs extensively numerical simulation of entire systems to verify the validity of the selections performed with
clustering.
In particular, section 2 presents the clustering methodology while its application to the definition of test sequences
of different duration is presented in the section 3. Different sequences are defined for the climate of Bolzano and
Zurich. The section 4 presents the SAHP system to which the clustering procedure has been applied. The results
and concluding remarks are finally given in section 5.

2. Method
The purpose of clustering is to group a set of objects in such a way the objects in the same group (called cluster)
are closer, or more similar, to each other more than to those in other groups. In other words intra-cluster similarity
is higher than inter-cluster similarity. In the case of this application, the objects to be classified are the days of a
given weather file (long one year). The literature presents different algorithms and the authors have applied the
Partitioning Around Medoids (PAM also called k-medoids) algorithm et al. 2007).
The user selects a number of clusters “N” and the algorithm classifies the objects into the “N” clusters. To apply
the algorithm, the objects need to be described by a number of numerical variables, which are used to map every
objects into a point in an M-dimensional coordinate space. Sometimes, the geometrical representation can be used
to graphically represent the objects in the clusters.
The algorithm starts by defining randomly “N” initial medoids and the initial clusters are computed assigning
every point in the cloud to one of these clusters. The clusters boundaries are then modified following an iterative
process that tries all the possible combinations of point and cluster. The final clusters outline is obtained
minimizing the total Euclidean distance between the cluster points and the medoid of the cluster they belong to.
As the unit of measure used to characterize the objects along the dimension are different, data is usually moved
(removing the mean) and scaled (by the reciprocal of the standard deviation) to avoid unit of measure bias. In this
way, the object could be described by variables of different normalized physical quantities.
At the end of the iterative process, the “N” clusters are produced and the representative objects should be selected.
Both the centroid and the medoid could represent the cluster: the centroid is the geometric center while the medoid
is the nearest object to the centroid. For a discrete dataset, the centroid could not be part of the dataset. As in our
case the points represent day of the years, the sequence is created selecting the medoids.
To understand better the application of the method, an example of classification of events with the clustering is
given in Table 1: 15 objects, representing day of the year described by their mean temperature and irradiation,
were randomly generated. Willing to select 3 representative days out from these 15, the method divides the objects
into 3 clusters and then we select as representatives the clusters medoids.
Tab. 1: Example of clustering. 15 objects with their characteristics and cluster identity.
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Day

Temperature [°C]

Irradiation [Wh/m2]

Cluster

1

1.91

2376.85

0

2

9.90

2694.12

1

3

5.98

751.26

1

4

8.86

5.65

1

5

0.14

1048.74

0
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6

2.57

1929.99

0

7

4.30

210.95

0

8

0.45

161.38

0

9

8.64

1454.36

1

10

0.58

5923.16

2

11

0.69

4057.67

2

12

3.77

6457.90

2

13

3.72

2715.89

0

14

6.00

4473.34

2

15

0.95

4764.96

2

Irradiation [Wh/m2]

Figure 1 shows the graphical representation of clusters indicating with different colors the different clusters. The
centroids are indicated with a yellow point and the medoids are encircled. The centroids can be quite far or very
close to a member of the dataset but usually they do not belong to the dataset. In this example, the sequence would
be created with the temperature and irradiance profiles of objects 6, 9 and 15.
7000
6000
5000
4000
3000

2000
1000
0
0
Cluster #0

2
Cluster #1

4
Cluster #2

6
Centroids

8

10

12

Temperature [°C]

Fig. 1: Six-day and ten-day sequence defined with clustering of the climate of Bolzano.

In our procedure, the annual performance is directly extrapolated from the sequence performance, that is the
performance of the tested system under the boundary conditions assembled from the short sequence. As the
number of objects per cluster is usually not the same, the extrapolation of seasonal performance is done weighing
the energy performance on the specific day by the size of the clusters it belongs to:


ೠೞೝ
ܳ௦௦ ൌ σୀଵ
݊ǡ௨௦௧ǡ ή ܳ

(eq. 1)

Where Qi is the energy measured during the event corresponding to the i-th Medoid and nel,cluster,i is the size of the
i-th cluster, i.e. the number of objects it contains. The equation is valid for the thermal energies (SH, SC, DHW,
collector and so on) and for the electric consumptions.
The medoid load is not equal to the cluster average load. In this way, the eq.1 does not give exactly the cluster
load energy. In the PLPE method, the load is fixed and therefore we can apply a scaling factor to the medoid load.
This factor (one value for each cluster) compensates for the deviation between the medoid energy and the cluster
average energy.
ܮ௦ሺሻ ൌ

ாೄೠೌೞǤವೌሺሻ
ாೄೠೌೞǤೠೞೝሺሻ

ή ܰ௬௦ǤூǤ௨௦௧ሺሻ

(eq. 2)

The scaling factor (Lsc) scales the space heating space cooling loads. The scaling factor is lower when a 3D or
4D coordinates are used then a 2D coordinate system.
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The sequence defined with clustering would be closed to a correct representation of the whole year performances
when the performances are linearly dependent from the boundary conditions. This because the days are selected
considering the nearest object of geometric center of each cluster and the consumptions and loads are built through
discrete integration.
As example, considering one-dimensional case where the consumption (W) is linearly dependent from the
temperature, the consumption can be described as:

ܹ ൌȽήȾ

(eq. 3)

Where the parameters α and β are the coefficients of the linear dependence.
The total consumption is a sum of the “i-th” consumptions, and each “i-th” consumptions could be described as a
function of the “i-th” temperatures with the equation:
ே
ே
ܹ௧௧ ൌ σே
ୀଵ ܹ ൌ σୀଵሺߙ ή ܶ  ߚሻ ൌ ߙ ή σୀଵሺܶ ሻ  ߚ ή ܰ

(eq. 4)

In this case, the geometric center corresponds to the average temperature and the last summation could be
substituted with the average temperature multiplied by the number of objects:
ത
ܹ௧௧ ൌ σே
ୀଵ ܹ ൌ ሺߙ ή ܶ  ߚሻ ή ܰ

(eq. 5)

The total consumption could be calculated directly from the geometric center of the boundary condition (in this
case one temperature). The same demonstration could be performed with a multi-dimension problem when the
consumptions are linearly dependent from more boundary conditions.

3. Short Sequence
As we have seen in the methodology section, the days have to be compared in terms of some characteristics that
became the coordinates for the method. Days can be characterized by profiles of temperature, irradiance (with its
different components), relative humidity, wind speed and so on. Not all these variables have the same influence
on an heating and cooling system performance. For example, in a SAHP system the temperature and the irradiance
profile have a higher effect than the wind speed. To reduce the number of variables that identify an object, the
average ambient temperature and total irradiation on the horizontal surface are considered, describing a 2D
coordinates. This classification is the simplest possible. Other solutions are given by adding the space load to the
classification. Other options could be using 3D and 4D clustering where the 3D clustering considers the
temperature, irradiance and heating and cooling load (in one vector using the sign to discriminate between heating
and cooling), while the 4D considers the temperature, the irradiance and the heat and cooling loads separately.
In addition, the sequence length should be determined. The results presented in the literature show that longer
sequences are more representative of the whole season. However, it is important to remark that the sequence
length is a trade-off between accuracy and cost. To verify the influence of the sequence length in our application,
we defined sequences of 6, 8, 10, 12 and 24 days.
In this study, we present the results for the climates of Bolzano and Zurich. The sequences are used as boundary
condition of a family of reference numerical models of a solar assisted heat pump system (SAHP). The reference
models were generated by varying, the collector area and the tank storage volume.

Fig. 1 shows the effect of changing the number of clusters: six clusters (green triangular points) and ten clusters
(red diamonds points). With a different number of cluster, the shapes of the clusters changes and therefore different
days are selected. It is possible that one specific day is selected by both classifications, although this is not
generally the case (in the figure, one triangle - with coordinates 22°C, 7322 Wh/m2 - is hidden by one diamond).
With a larger number of clusters, a wider range of temperature and irradiation are covered. This happens because
the dataset is relatively uniform and therefore medoids are quite uniformly distributed which means that increasing
their number will cover better points at the boundary of the dataset. The other way round, with only few cluster
the extreme conditions could not be reached.

438

D. Menegon / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Clustering 2D Bolzano 6 and 10 days
Irradiation on horizontal [Wh/m2]
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Fig. 2: Six-day and ten-day sequence defined with 2D clustering of the climate of Bolzano.

Fig. 2 shows the identification of the sequence for Zurich. The green triangular points identify the selection with
2D coordinates (T and GHI), the red diamonds points identify the selection with 3D coordinates (T, GHI and
Load) and the blue circle points identify the selection with 4D coordinates (T, GHI, Heating and cooling load).
The figure in the left shows the days of the year as function of the average temperature and global horizontal
irradiation while the right figure shows the days as a function of the average temperature and the space load
distinguished into cooling (blue points) and heating (red points).
The different coordinates of the days (2D, 3D, 4D) modify the geometry of the problem and therefore the
selections are different.

Clustering Zurich 6 days

9000

Load [kWh]

Irradiation on horizontal [Wh/m2]

In the climate of Zurich, the 2D clustering does not considers days with space cooling load. The 3D clustering
selects only one day with very low load (1.6 kWh) while the 4D clustering selects two days with cooling load
(one with 1.6 kWh and the other one with 25.5 kWh). The reason for this fact is that only few events require
cooling. Using the 2D clustering, the load is more influenced by the temperature and irradiation while the 3D
clustering gives more importance to the load. The 4D clustering gives equal importance to the cooling and heating
load since the coordinates are normalized. This means that in a climate like Zurich where the heating load is about
30 time the cooling load, this selection would give the same number of days to the heating and to the cooling
season, resulting in an unbalanced selection.
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Fig. 3: Identification of six-day sequences defined with different coordinates. Zurich climate.

In addition to the information given with previous figures, Fig. 4 shows how the 2D and 3D coordinate systems
affect the boundary conditions profiles. The figure present the two six-day sequence defined in the climate of
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Bolzano. The 2D clustering presents the temperature profile higher than the 3D clustering and as consequence the
heating load is lower and the cooling load is higher. The temperature profiles are smoothed between two days.
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Fig. 4: Comparison of six-day sequences profiles defined with different 2D and 3D coordinates. Bolzano climate.

4. Simulation
The clustering was tested simulating a family of SAHP systems (see figure 5). The study considers different
configurations of collector area (8 m2 or 16 m2) and storages volume (700 l or 1500 l). The volume of 700 l is
obtained connecting in series a 500 l and a 200 l storages while the 1500 l volume is obtained with the combination
of a 1000 l and 500 l storages.
The system was modelled with Trnsys (Klein and et al. 2012) and the components were validated with laboratory
tests or with monitoring data (Bettoni 2013). The figure presents the layout and the models of the system:
x The heat pump model (type 847) is based on a performance map (as a function of inlet temperatures and
flows).
x The collector model (type 1) considers the collectors’ parameters calculated in the certification test of
one commercial collector. The type 1 is coupled to a moving average to introduce inertia effects.
x

The Storages model (type 340) is a commercial type (Drück and Pauschinger 2006).

x

The building model is type 56.

x The weather file is read with the type 109 for the simulation of the whole year. The sequence’ weather
data is read with type 9.
x

The dry-cooler model (type 880) was developed by (Besana 2009; Bettoni 2013).

x Other traditional models are the pipes (type 31), circulation pump (type 110), mixing and tempering
valves (type 11) and heat exchanger (type 5b).
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Collector
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Type 1
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Circulation Pump
type 110
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Fig. 5: System layout and component models.

The sequences are the boundary condition for the simulation of this system. The selection with the clustering
method does not give any advice on the order of the sequence. The days are ordered in the same order as they
occur in the year starting from the winter and ending the sequence with the autumn conditions. The last day of the
sequence is used to precondition the whole sequence.
The simulation set-up considers the combination of:
x

Climates of Bolzano and Zurich.

x

6, 8, 10, 12 and 24 day.

x

2D, 3D and 4D coordinates.

x

System configurations (collector area and storage volume).

In parallel to the sequence simulation, also the whole year was simulated. The values extrapolated from the short
sequence are compared with those calculated from annual simulation. The deviation between the values
extrapolated from the short sequence and the annual simulation with:

ߜܺ ൌ

ೞೝೞೠ ିೌೠೌೞೠೌ
ೌೠೌೞೠೌ

(eq. 6)

Where X represents one of the selected performance figures among thermal energy (load or source), electrical
consumption, seasonal performance factor and solar fraction.
Six-day sequence are defined also for Rome and Gdansk.

5. Results
Figure 6 and Figure 7 show the SPF deviation (eq.6) as a function of the number of clusters for the climate of
Bolzano and Zurich for the different plant configurations. The figures show the total SPF value calculated with
the annual simulation. In general, the deviation of SPF decreases as the number of clusters increase. Table 2 and
Table 3 report the SFP deviation RMSD and span (the difference between the maximum and minimum value).
These values help to understand how much the trend could variate by selecting a different number of clusters. The
cells of the two tables are colored in order to highlight in green the smallest values (best case) and in red the
highest values (worst case).
The first outcome, is that the 4D clustering presents the highest deviation. As it was noticed before discussing the
points in figure 3 (section 3), the 4D coordinate system gives an unbalanced selection (the days with heating load
have the same weight as the days with cooling load also if the two loads are different). The 2D clustering represents
better the selection in the climate of Zurich while the 3D represents better the selection in the climate of Bolzano.
The second outcome is that the configuration with the 700 l storage has a lower deviation than that with the 1500 l
storage while the configuration with 8 m2 of collector has a lower variation than the case with 16 m2. In general,
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we expect the sequence to be less accurate in case of high collector area. In the short sequence, more consecutive
days with high irradiation could not be present while it occurs during the summer season. In this case, the
stagnation could be neglected by the short sequence because the storage does not have enough energy to stagnate.
Besides the effect of collector area, also the effect of the storage volume has to be considered. If we examine the
extreme case of high collector area and very low storage volume, the system would use the solar energy by the
end of the day when it has been produced since the solar energy cannot be stored. Therefore, a short sequence
could be representative since no stagnation occurs due to consequent days with high irradiation. Increasing the
volume, this effect starts to be noticeable. In fact, all the sequences simulated for the case of system with 700 l
are more accurate than those with 1500 l.
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Fig. 6: Total seasonal performance factor as a function of the number of cluster and M-dimensional coordinates. Simulation of a
SAHP system with different collector field and storage volume. Bolzano Climate.
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Fig. 7: Total seasonal performance factor as a function of the number of cluster and M-dimensional coordinates. Simulation of a
SAHP system with different collector field and storage volume. Zurich Climate.
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Tab. 2: RMSD in the different coordinate systems.
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9.0%

4.2%
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Tab. 3: RMSD in the different coordinate systems.
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Stor.\Size
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16m2

16m2

BZ

1500

0.35

0.14

0.6

0.5

0.53

0.62
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0.21

0.39
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0.42
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0.16

0.3

0.4
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0.21

0.39

0.34

0.22

0.19

0.38

The system considered in this study presents the possibility to satisfy the space heating and domestic hot water
loads with the solar energy or the heat pump, while the space cooling is satisfied only with the heat pump. The
cooling SPF does not depends from the collector area and the storage volume and in the climate of Bolzano is
quantified in 4.22. The figure 8 presents the trend of the deviation of the cooling SPF. This figure presents the
same scale of the ordinate axis of figure 6 to show that the variation of cooling SPF is much lower than the total
SPF and the deviation could be considered not dependent from the number of clusters. The reason is that the
performance of the heat pump is close to be an affine dependence of the air temperature. We have shown with
eq.3 to eq.5 that the clustering is nearly optimal in such a case.
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Fig. 8: Total seasonal performance factor as a function of the number of cluster and M-dimensional coordinates. Simulation of a
SAHP system with different collector field and storage volume. Bolzano Climate.
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Regarding the solar fraction, figure 9 presents the result of Zurich. The solar fraction is well reproduced for lower
storage volume or collector area. The clustering with a 2D selection represents better the solar fraction with the
only exception of Zurich with 16 m2 and 1500 l (the sequence deviates from the annual simulation about 10 %).
The cooling solar fraction is 0 since the plant uses only a compression chiller and not thermally driven chillers.
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Fig. 9: Total solar factor as a function of the number of cluster and M-dimensional coordinates. Simulation of a SAHP system with
different collector field and storage volume. Zurich Climate.

A shorter sequence is more attractive in terms of the cost connected to the testing phase but presents the highest
uncertainty. In any case, the results presented previously showed that 2D or 3D coordinate system have a deviation
lower than 10% with respect to the annual simulation. The 2D clustering was used to define a six-day sequence
for other climates. Table 2 presents the total seasonal performance factor calculated with six-day sequence and
with the annual simulation. The climates considered are Bolzano, Zurich, Gdansk and Rome. The highest
deviation is 7.85% obtained for the climate of Zurich while the lowest deviation was obtained for the Roman case.
This lower deviation could be also explained by the smaller collector area (16m2 were not considered in this case
since it would have not represented a good system design).

Tab. 4: Deviation of total SPF of six-day sequences defined with 2D clustering.

Bolzano
2

Zurich
2

Gdansk
2

Rome

16m -1500l

16m -1500l

16m -1500l

8m2-1500l

Six day

4.43

4.12

3.85

4.79

Annual

4.21

3.82

3.62

4.82

Deviation [%]

5.22%

7.85%

6.35%

0.62%

6. Conclusion
The purpose of this paper is to clarify the methodology used in the PLPE procedure to define a short test sequence
starting from the annual weather data. The PLPE procedure is a method to perform dynamic test of entire heating
and cooling systems in an objective way which is easily applicable to different climates and that allows a direct
extrapolation of the seasonal results from the short test.
The underlying tool at the heart of the procedure is clustering. The days are grouped into clusters wherein each
object is more similar to each other than to those in other clusters. To build the sequence, for each cluster, the
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medoid, i.e. the closest object to the geometric centre, is selected. The days can be described with different
quantities and the optimal solution is to consider the daily average temperature and the daily irradiation on
horizontal surface. In the sequence, the days are ordered with the same order they occur in the year starting from
the winter days and concluding with the summer days.
The sequence defined with clustering represents correctly the seasonal performances when those are linearly
dependent to the boundary conditions; this could be a good approximation of heat pump system while for solar
system the performances are not linearly dependent from boundary conditions.
Different system configurations have been simulated with sequences of different sizes. The deviation of the
seasonal performance figures calculated with the short sequence and compared with the ones calculated with an
annual simulation decreases as the number of clusters is increased. To that, we have noticed an influence on the
accuracy given by the collector area and the storage volume. The deviation between the short sequence
performance and the annual performance increases with increasing the collector area and the volume of storage.
A six-day sequence defined with 2D clustering has been defined for the climates of Bolzano, Zurich, Gdansk and
Rome and the expected deviation is lower than 8%.
The main advantage of adopting the clustering is that the simple application of the methodology does not require
any iterative simulation and therefore a test sequence can be defined for each climatic condition where the test
would be performed.
The clustering could be used also for reducing the computational time for large parametric simulations. In that
case the user can chose the proper number of clusters.
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Abstract

Worldwide, around more than one billion people are without access to electricity and around three billion
people use solid biomass for cooking, water heating and heating their homes. Majority of the developing
countries of the world receive more than 5 kWh/m2 of global solar irradiation per day, which can be utilized
for a variety of applications such as providing electricity, cooking, drying, water heating, space heating etc.
Use of solar energy can provide pathways for social and economic development of communities without
triggering climate change but it requires consistent growth and efforts in providing solar energy education
and skill development. The paper discusses the inclusion of solar energy education at school level and in
higher education, the solar awareness programs and establishing a skilled chain for installation, repair and
maintenance of solar systems at regional/community level. It also discusses some of the initiatives being
taken in India.
Keywords: Solar education, solar awareness, skill development, socio-economic development, employment.

1. Introduction
Energy is linked to almost every aspect of life in one form or another. According to the report of World
Energy Council worldwide more than one billion people are without access to electricity (WEC 2016).
Around 3 billion people use solid biomass for cooking, water heating and heating their homes and over 4
million people die prematurely from illness attributable to the household air pollution from cooking with
solid fuels as per World Health Organization (WHO 2016). For sustainable development of communities in
developing countries it is essential that clean, safe and affordable energy is made available. In order to
provide clean lighting source and clean fuel for cooking to billions of people in this world, apart from
technical and financial support, awareness and knowledge dissemination is important. The implementation of
policies and schemes can only be successful if people are willing to accept the technology. Majority of the
developing countries of the world receive more than 5 kWh/m 2 of global solar irradiation per day, which can
be utilized for a variety of applications such as providing electricity, cooking, drying, water heating, space
heating etc. Use of solar energy can provide pathways for social and economic development of communities
without triggering climate change but it requires consistent growth and efforts in providing solar energy
education and skill development. Solar energy education at school levels can help in enhancing the
awareness and increasing the acceptability of solar systems into the society for various applications.
Inclusion of solar energy education in technical courses in higher education may provide the deeper
understanding of solar technologies, enhance the research and development and produce innovations for use
of solar energy to solve local problems. Further, there is need for awareness programs for communities and
development of chain of local persons who can install, repair and maintain solar systems. These measures
may help to a large extent in improving the quality of life of many communities through solar lighting, solar
cookers, dryers, distillation stills etc. and at the same time provide employment opportunities to many.
According to a study by Karakul (2016) during last two-three decades there has been rise in unemployment
as the links between education system and economic system has been loosened. The links between education
system and economic system may be strengthened by educating according to the needs of the economy.
Though solar and wind energy accounted for only 4% of power generation in 2014, but it is estimated by

446

 
       
  !"  # $  "%  % &''
( ))*!$  ) +#  "(!!"    

N. Sengar / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

2060 it will account for 20% to 39% of power generation as per World Energy Council (2016). According to
Ciriminna et. al. (2016) with the prospective rise of solar economy it becomes important to think on solar
energy education. They have discussed about a multi-disciplinary graduate course on solar energy.
With the above aspects in mind, the present paper discusses the course structures for inclusion at school level
and in higher education, the solar awareness programs and establishing a skilled chain for installation, repair
and maintenance of solar systems at regional/community level. The basis has been taken as the educational
system in India, it may be replicated in other developing countries as well.

2. Solar energy for improving lives
Worldwide many communities are still struggling for basic facilities from which clean and affordable energy
supply is one. According to World Bank (2015), more than one billion people are living without electricity
and another one billion face the problem of unreliable and inadequate supply of electricity. Mainly kerosene
lamps are used for lighting lamps which provides dim light and is polluting. Around three billion people use
polluting fuels like wood, charcoal, coal, dung and kerosene for cooking and heating applications. It is
estimated that around four million deaths take place each year due to indoor and outdoor air pollution caused
by use of polluting fuels. Most of this population lives in rural areas of developing countries of sub-Saharan
Africa, Pacific region, south and east Asia and are poor. Energy availability is closely linked with social and
economic development. Absence or inadequate availability of clean energy affects health care, availability of
clean water, education, information, communications, environment, agricultural or industrial growth and
productivity. Most of the time of women and children is spent is picking wood and carrying water. It
deprives them of quality time for studying, recreation, leisure and following creative interests. It hinders their
productivity and economic growth also. Access to affordable, clean and adequate energy is essential to
reduce poverty, promote welfare and meet the goals of climate change mitigation.
Here solar energy can play an important role as solar energy can directly or indirectly meet most of the
energy needs for electric power, heating, cooling, cooking, drying, desalination, transportation etc. Further,
it is interesting to observe that most of the developing countries facing the problem of energy access lie in
high solar radiation receiving areas of the world. According to Renewables global status report (2016) many
countries have started programs for installing off grid and on grid solar PV home lighting systems. Countries
such as Kenya, Uganda and Tanzania in Africa; China, India, Bangladesh and Nepal in Asia; Brazil and
Guyana in Latin America are seeing rapid expansion of small-scale renewable systems. Solar PV systems
with battery storage or grid integration can provide clean and reliable supply of electric power to most of the
countries. Further, solar thermal applications can be used for cooking, drying, heating, water treatment,
distillation etc. Major global energy use for heat is fossil fuel-based, so solar energy has a huge potential to
be used for providing heat. With deployment of solar technologies deep to the rural communities in
developing countries, the pace of socio-economic growth can be increased.

3. Solar education
Among many challenges in penetration of solar technologies is reluctance and hesitation of the people. This
requires more involvement of people at local level in designing, installation, operation and maintenance of
the solar systems. Involving local communities will result in better support, developing region based
solutions and sustainability of the projects. Here role of solar education becomes very important. The
penetration of solar systems will be smooth and very fast if the new generation as student gains knowledge
about the principle, working and maintenance of the systems. Solar education in itself involves application of
various scientific and technological principles which will make studies more practical and interesting.

3.1 School level
At school level some theory and experiments on solar energy may be included in the science/physics
laboratory, after the student has learnt basics of heat transfer and electricity. The instruments and equipment
to be used in the experiments need not be expensive and of very high accuracy. These should be meant to
provide students with the fundamental knowledge and inculcate an interest in use of solar energy. The theory
and experiments may include
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 Observing photovoltaic effect through small solar panel
 Types of solar cells
 Study of I-V characteristics of solar panel
 Estimation of maximum power point and fill factor
 Charging of battery by solar panel
 Effect of shading on power of PV panel
 Effect of tilt on power of PV panel
 Study of PV power during different times of a day
 Differentiating between flat plate and concentrating solar collectors
 Study of box type solar cooker
 Study of parabolic solar cooker
 Study of solar distillation still
 Study of solar dryer,
 Study of Fresnel lens, etc.
The solar PV based experiments involve basic principles of electricity and the learning outcome will be
greater understanding of these principles. These experiments mainly require a small size solar panel, a
multimeter or voltmeter and ammeter, a resistance box and connecting wires. The students will learn the use
of voltmeter and ammeter, understand about dc electricity provided by solar panel, plot I-V characteristics,
concepts of short circuit current and open circuit voltage, maximum power point and fill factor. Study of
variations of PV power with shading, tilt and time of day will help the students understand the effect of
varying solar radiation on the panel.

Fig. 1: A simple experiment to study characteristics of solar cell

The solar thermal experiments give insight to the students about green house effect of glass, transmission,
reflectance and absorbance of different materials. The students can learn about beam, diffuse and global solar
radiation, optical and thermal properties of materials in a simple manner through solar collectors. A simple
hot box solar cooker involves explanation of optical property and heat trap property of glass, black absorber
coating on a good thermal conducting material and reduction of heat losses through thermal insulating
material. Like this, numerous experiments can be designed according to age group of the students for
explaining them various principles. The experiments are generally very simple and safe, and cost of the
experiments mainly lies between $20-70. Teachers and students may be motivated to design the systems and
study them. Most of the systems may be made from inexpensive materials. Some of the entrepreneurs may
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also come up with suitable low cost experimental kits for the schools so that the students learn the
fundamentals of science in a more effective way through experiments on solar systems.

Fig.2: Fresnel lens experimental set up

Fig. 3: Solar lantern with solar panel

Fig.4: Demonstration of cooking through parabolic
solar cooker to village school students

Fig. 5: Demonstration of solar hot box cooker in village
school

3.2 Higher Education
Inclusion of solar energy education in scientific/technical courses in higher education may provide the deeper
understanding of solar technologies, enhance the research and development and produce innovations for use
of solar energy to solve local/regional problems.
At the level of higher education many institutes in India offer B.Tech. and M. Tech. courses in renewable
energy and recently some have started courses with specialization in solar energy. As solar energy is an
extensive field covering materials, power generation, thermal applications, building design, modeling,
simulation etc. it is required that a full- fledged master’s course specialized in solar energy is run. In India
M.Tech. is a two years course of four semesters, which includes a research project of around six months to
twelve months. The course on solar energy consists of theory, experiments, seminars and project work
mainly on
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Solar radiation –Physics of the Sun, solar constant, spectral distribution and variation of
extraterrestrial radiation, air mass, beam, diffuse and global solar radiation, irradiance, solar
insolation. Solar radiation on the earth surface - spectral energy distribution of solar radiation.
Depletion of solar radiation - Absorption, scattering, atmospheric attenuation. Measurement through
pyranometer, pyrheliometer, albedometer. Solar radiation geometry - Earth-Sun angles – Solar
angles. Sunrise, sunset, solar day length, tilt factors, solar radiation on horizontal and tilted
surfaces. Angles for tracking surfaces. Average and clear sky radiation, beam and diffuse
components of hourly, daily and monthly radiation, radiation on sloped surfaces- isotropic and
anisotropic sky, radiation augmentation, beam radiation on moving surfaces, effects of receiving
surface orientation, utilizability.
Fundamentals of materials- Electronic and atomic structures, atomic bonding in solids, structure of
metals and ceramics, density computations, polycrystalline and amorphous materials. Polymeric
structures, thermosetting and thermoplastic polymers, copolymers, polymer crystallinity,
semiconductors, imperfections in solids. Diffusion mechanisms, factors affecting diffusion,
diffusion in ionic and polymeric materials, phase diagrams, solubility limit, phase, microstructure,
phase equilibria. Mechanical properties, concepts of stress and strain, Hooke’s law, tension,
compression and shear. Stress-strain diagram and thermal stresses, elasticity, effect of temperature,
fracture and failure. Electrical, optical, thermal and magnetic properties of materials.
Fundamentals of power generation- Power scenario-world and India, thermodynamic cycles, their
importance and use, Carnot, Rankine cycle, modified Rankine cycle, Brayton cycle, Stirling cycle ,
Binary cycles, Combined cycles, reheat, regeneration and supercritical. Load duration curves,
location of power plants, types of power plants- Steam, hydroelectric, diesel, gas, nuclear, biomass,
solar and wind, relative advantages and disadvantages of different modes of power production,
energy conversion and losses, power plant economics.
Heat and mass transfer- One dimensional energy equations and boundary conditions – Three
dimensional conduction equations - Extended surfaces – Critical thickness of insulations – Overall
heat transfer coefficient. Convection-Momentum and energy equations, turbulent boundary layer
heat transfer –Mixing length concepts, turbulent model – K - ε model. Analogy between heat and
momentum transfer – Reynolds, Colburn and Von Karman. High speed flows. Radiation - Gases
and vapour. Solar radiation – Sky radiations, solar radiation through fenestrations – Estimations.
Phase change heat transfer, heat exchanger. Finite difference formulation of steady and transient
conduction problems. Application of heat transfer in solar thermal system and its components.
Energy audit and management- Role of energy conservation and energy efficiency. Energy
Conservation Act- 2001, Electricity Act, Bureau of Energy Efficiency, energy and exergy analysis.
Energy management and audit-need, objectives, types, methodology and phases, instruments used
and report preparation. Material and energy balance, energy action planning, financial management,
project management. Electrical system- losses, demand side management, factors affecting energy
efficiency and minimizing losses in compressed air system, motors, fans and blowers, pumps and
pumping systems, lighting system. Fuels and combustion, efficient utilization and energy saving
opportunities. Thermal systems, cogeneration, heat exchangers, waste heat recovery, energy
performance assessment of buildings and commercial establishments, financial analysis.
Solar collectors- Radiation transmission through glazing, optical properties of cover systems,
transmittance transmittance-absorptance product and its angular dependence, spectral dependence of
transmittance. Flat Plate Collectors- components, basic energy balance equations, temperature
distribution, collector overall heat loss coefficient, collector efficiency factor, collector heat removal
factor, flow factor, critical radiation level, collector tilt and orientation, mean fluid and plate
temperatures, effective transmittance- absorptance product, effect of dust and shading, heat capacity
effects, liquid heaters, air heaters, measurements of collector performance, collector characterization
and tests, practical considerations. Concentrating collector configurations, concentration ratio,
thermal and optical performance of concentrating collectors, cylindrical absorber arrays, optical
characteristics of non-imaging collectors, orientation, absorbed energy and performance of CPC
collectors, linear imaging concentrators, ray trace method, incidence angle modifier, energy
balance, paraboloidal concentrators, central receiver collectors, practical considerations.
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x

x

x

x

x

Solar photovoltaics- Semiconductors, charge carriers, carrier concentration, drift, diffusion, light
absorption, recombination of carriers, solar cell design for high fill factor, properties of efficient
solar cells, lifetime and surface recombination effects, efficiency and band gap, spectral response,
parasitic resistance effects, temperature effects, efficiency limits for photovoltaic conversion.
Crystalline silicon solar cell- manufacturing process, multicrystalline solar cells, photovoltaic
modules, thin film silicon solar cells, high efficiency III-IV multijunction solar cells, amorphous
silicon, Cu(InGa)Se2 solar cells, Cadium Telluride solar cells and modules. Dye-sensitized solar
cells, introduction, fabrication, new developments, approach to commercialization. measurement
and characterization of solar cells and modules, rating PV performance.
Solar thermal applications- Active and passive systems, auxiliary energy, natural and forced
circulation systems, integral collector storage systems, testing and rating of water heaters, solar
cookers-types, design components, factors affecting performance, Indian and international testing
procedures. Solar process loads, energy storage, sensible, latent and chemical energy storage
systems, solar dryers- types, direct gain, indirect gain, design components, application areas, solar
distillation- design fundamentals, efficiency and practical considerations. Solar cooling:
Fundamentals of refrigeration and air conditioning, solar absorption cooling, combined solar heating
and cooling, solar industrial process heat. Solar thermal power plants: low, medium and high
temperature power generation systems, thermal conversion systems, solar chimney power plant,
central receiver power plant.
Energy efficient buildings- Thermal comfort, factors affecting thermal comfort, comfort parameters,
Climatic conditions, climate zones, heat flow calculations in buildings. Building heating and
cooling- active methods, solar heating systems- liquid and air systems. solar energy- heat pump
systems, phase change and seasonal storage systems, solar and off-peak storage systems, solar airconditioning. Passive and hybrid methods for heating and cooling, insulation, shading, sunspace,
storage walls and roofs, ventilation, evaporative and nocturnal cooling, earth–air tunnel, solar
chimney, active collection-passive storage hybrid systems, heat distribution in passive buildings,
Energy conservation building code. Building integrated photovoltaic systems.
Solar power generation- Photovoltaic systems: Configuration and applications, grid –independent
for small devices, PV systems for remote consumers of medium and large size, decentralized gridconnected PV systems, central grid connected PV systems. Components of PV systems-battery
storage, charge controller and inverters. Design methodology for SPV system, system sizing.
Installation, troubleshooting and safety, Economic analysis.
Modeling and simulation- system, experiment, model, simulation - definition, importance,
application areas, advantages, disadvantages and difficulties, types of models. Steps of modeling
process-problem analysis, model formulation, model abstraction, defining variables, solving,
execution, verifying, analysis of results. Verification and validation, Solar energy modeling
techniques-, Brief introduction to the software used for simulation in solar energy field, comparative
review of software for solar photovoltaics, solar thermal systems and buildings. Use of software
such as TRNSYS, PVSYST, PVSOL, SAM, SOLTRACE, HOMER, Meteonorm etc.

The seminars focus on advancements in solar technologies, research and development, policy changes and
their impact on industry and society. During project work student has to opt for a problem related to research
depending on technical, industrial or society requirement.
At master’s level students need to learn the principles and technologies with more depth and accuracy. More
practical trainings, hands-on workshops and industrial collaborations improve the quality of the course and
learning by the students. In order to improve the engineering education Royal Academy of Engineering,UK
and FICCI, India have started Higher Education Partnership Project. This scheme involves partnership
between Indian and UK universities and industry. In this scheme University of Kota has been awarded a
project entitled “Enhancing teaching and research and development in Solar Energy Materials and
Technologies through Capacity Building and Collaborative Research Projects” for its M.Tech. (Solar
Energy) course. During this project instead of taking one major research problem, it was decided to carry out
several minor research projects with involvement of students. This helped the students in gaining the skills.
Solar based systems have been designed and developed through use of mainly locally available materials.
The systems have been tested on-field for their performance and their economic analysis has been done. The
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systems have been developed after analysing the requirement of the lower and middle income households
and cottage industries of developing countries like India, which face the problem of availability of fuel in
adequate amount and pollution due to solid fuel use. The system designed and tested are- solar cookers, solar
distillation stills, solar dryer, solar PV cooler, solar PV induction cooker and solar water heater. The research
projects aim at providing a solution to some regional/community level problem through use of solar energy.
This promotes innovation, entrepreneurship and spin-out companies.

Fig. 6: Developed small size solar water heater for
cottage textile industry of Kota

Fig.7: Solar dryer developed by students

Fig. 8: Design development and study of solar
distillation stills with different absorber coatings

Fig. 9 Developed large size solar cooker/solar hot
case

Fig. 10: Design, development and study of solar PV
air cooler

Fig. 11: Developed solar PV induction cooker

4. Solar awareness and skill development
The Government of India has set a target of renewable energy capacity of 175 GW by 2022. 100 GW of this
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is planned through solar energy, 60 GW through wind energy, 10 GW through small hydro power, and 5 GW
through biomass-based power projects. Out of the 100 GW target for solar, 40 GW is expected to be
achieved through decentralized rooftop projects, 40 GW through utility-scale solar plants and 20 GW
through ultra-mega solar parks. For achieving this target it is necessary to address the availability of skilled
manpower and capacity building.
In 2015Government of India announced the National Policy for Skill Development and Entrepreneurship. It
envisages a major role of private sector as shared responsibility for skill development in the country. The
Ministry of Skill Development and Entrepreneurship has been creating Skill Councils in various domains.
The initial funding for the Sector Skill Council is by the government through National Skill Development
Corporation (NSDC) with 10% contribution from the industry. It becomes a self-sustainable body over a
period of 3-5 years. Skill Council for Green Jobs (SCGJ) has been created in 2015, promoted by the Ministry
of New and Renewable Energy (MNRE) and Confederation of Indian Industry (CII). In a report by SCGJ the
skill gap is assessed as around 0.4 million for solar engineering, procurement and construction, 0.2 million
for solar operation and maintenance, 36 thousand for solar off-grid and 16 thousand for solar thermal
applications. SCGJ is offering various courses related to solar PV installations such as solar PV installer
(Suryamitra), solar PV installer (Electrical), solar PV installer (Civil), solar PV rooftop entrepreneur, solar
proposal evaluation specialist and rooftop solar grid engineer etc. for reducing the skill gap (SCGJ reports,
2016)
Apart from government initiatives, many not for profit organizations are also working for solar awareness
and skill development such as Barefoot College. Barefoot college is exemplary as it involves women from
rural areas, train them in solar technologies and empower them. They have trained more than 750 engineers
in more than 1300 villages worldwide and have provided light 0.5 million people with light. Some
companies are using their corporate social responsibility fund to disseminate solar systems which is also
promoting solar awareness. Academic institutions and departments of science and technology hold
workshops, exhibitions and competitions for spreading the knowledge.

5. Challenges and suggestions
Solar education and skill development are important for sustaining the deployment of solar systems deep into
the regions waiting for access to clean energy. The various schemes and projects die out if proper measures
are not taken. It is important the training should focus on both the technical aspects as well as engaging
community, explaining and managing finances, knowledge of policies and project implementation. There can
be several challenges in the way of solar education and skill development, overcoming those require
following steps
x

Understanding local needs

x

Engaging communities and women

x

Maintenance of quality of training programs

x

Development of specialized solar courses

x

Research and development as per local problems

x

Involving industries as partner with academic institutions to enhance skills

x

More hands-on training

x

Monitoring and assessing the skills

x

Support for entrepreneurship

x

Reducing bureaucracy and corruption in implementation of skill development schemes

x

Motivating rural communities to be self-reliant

x

Sustained effort by government, academic institutes, industries and society.

Terrapon-Pfaff (2014), Dóci (2015) and Bossink (2017) have stressed on continuous evaluation and learning
to develop sustainable prototypes as per need and engagement of the community and following chain of up

453

N. Sengar / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

scaling and making it commercial with industry. So, solar education and skill development will be a
continuous process involving evaluation and improvements.

6. Conclusions
Solar energy holds the potential to improve the quality of life of people in developing countries. Solar energy
education and skill development are important for promoting the solar energy technologies to the
communities without access to clean energy in developing countries. Solar energy education can easily form
a part of school curriculum with simple theory explaining scientific principles involved and simple low cost
experiments for practical understanding. In higher education, advanced and in-depth study of solar energy
will help students get equipped with designing, improving and innovating new solar systems as per the need
of local communities. Skill development initiatives can form a part of government’s action plan, and
industries and academic institutes can play a significant role in it. With these measures, it will be important
to monitor, evaluate and assess the quality and need of programs. Further, involvement of local communities
is essential for sustainability of the projects.
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Abstract

Awareness raising and education regarding the use and application of renewable energy systems is a key issue in
many development projects. The goal of this practice-based research was to explore the potentialities of locally
developed instructional videos on tablet PCs to create awareness about renewable energy systems and to train
mostly illiterate communities in extremely secluded areas to operate and maintain these systems. To do so, a case
study was carried out in the Nepalese Himalayan Mountains. The observational mixed-method evaluation indicates
(a) that, upon initial instruction, local people were able to handle videos on tablets PCs well. In addition, (b) after
studying the tablet-based videos, small groups of workers were able to carry out concrete manual and analytical
tasks regarding the development and operation of renewable energy systems; the findings also suggest that
villagers’ understanding of more complex tasks was enhanced significantly by showing videos a second time; and
(c), the facilitated screening of instructional videos with a battery-charged handheld projector in public areas
allowed the whole community to participate, watch, and engage in awareness raising and learning processes.
The pilot study supports the tentative conclusion that videos, which are produced locally and shared via mobile
technologies, can serve as viable means in raising awareness and creating learning opportunities regarding the use
of sustainable energy systems in extremely remote communities with a predominantly illiterate population. Further
research is needed to corroborate the findings of this exploratory and small-scale pilot study.

Keywords: digital media, instructional video, awareness raising, education, skill training, tutoring, low literacy,
renewable energy systems, mobile learning
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1. Introduction and background
1.1 Challenges in the introduction and maintenance of renewable energy systems
The importance of implementing, operating and maintaining renewable energy systems is widely recognised. It is,
perhaps most prominently, reflected in the sustainable development goals: Goal 7 highlights the access to
affordable, reliable, sustainable and modern energy for all (SDG Goals, n.d.). The health-related, economic,
educational and social benefits of sustainable and renewable energy systems are particularly important in lowincome contexts. For instance, solar-based lighting would provide extra time for families to generate income and
would allow children to do homework in the evening, let alone the health and ecological benefits of banning
lighting sources such as open fire or kerosene lamps (The World Bank, 2016). However, the reality is still bleak for
20% of the global population who lack access to modern electricity and the 3 billion people who rely on wood,
coal, charcoal or animal waste for cooking and heating (SDG Goals, n.d.).
The implementation of renewable energy systems in low resource contexts and elsewhere goes far beyond the
introduction of new technologies. A change affects the overall system and often results in a novel configuration of
actors, organization and practices which is in many cases, not a straightforward but a lengthy and dynamic
developmental process (Negro et al., 2012). Accordingly, it is key to not only work together with local
communities, but also to make them fully understand and drive these changes (Reid et al., 2009, Jerneck and
Olsson, 2013). To do so, local people need to acquire the technical knowledge of building and maintaining
renewable and sustainable systems. In addition, they also need to understand the underlying ecological, healthrelated and economical motives for this transformation.
A change in beliefs and practices requires systematic awareness raising, exposure and education. The organisation
and realisation of these measures in the settings under investigation, i.e., the remote, underdeveloped and highaltitude villages in the North-West Nepalese Himalayan Mountain districts of Humla and Jumla, is a complex and
challenging endeavour for a number of reasons. Yet the logistics of organising training events in the scattered
villages are problematic, as it takes days of walking to reach these villages. This condition is further aggravated by
the fact that many of the local people have very limited or no literacy or numeracy skills, which inhibits the value
of written instructions and operation manuals. To address these contextual constraints, extended time and effort is
needed, which, as past projects have shown, often exceeded budgets and time frames of smaller initiatives.
Conventional training can be also problematic because it can reinforce existing power imbalances. Tensions can be
created for example by community leaders who prioritise friends and relatives in the recruitment process (i.e.,
groups who are often more interested in receiving the per diem than in the training content) at the expense of the
actual target group, as prior research has shown (Zossou et al., 2009).

1.2 Producing local videos to share local knowledge in community development context
One way in which awareness raising and training activities can be supported are videos. Video is seen as a
powerful tool in development work, because it can attract people’s attention, addresses barriers of illiteracy and it
is reflective of the narrative culture and the oral traditions which are conspicuous characteristics in many rural
contexts (Lie and Mandler, 2009). In addition, it can reach many people at the same time (Zossou et al., 2009).
Although video has been applied in development cooperation for more than 30 years, recent developments, such as
decreased costs and improved usability, have resulted in an increase in the use of this technology (Lie and Mandler,
2009). Advances in mobile and portable technologies have also widened dissemination and screening
opportunities, for example by using handheld, battery-powered projectors (Cai et al., 2013, Kumar et al., 2015), or
by directly distributing videos on users’ personal mobile devices (Vashistha et al., 2016).
In development and low-resource settings, videos are being used for manifold purposes including capacity building
and awareness raising (Lie and Mandler, 2009) across a wide range of disciplines, such as agriculture (Gandhi et
al., 2007), health (Kumar et al., 2015) and climate change (Plush, 2013). In context of the present research, both
training and awareness raising were of relevance. The idea was to use short videos to support the technical training
regarding the implementation, operation and maintenance of a community-owned village drinking water system.
Other videos were aimed at educating and raising the awareness of local communities regarding the underlying
causes and benefits of this transformation.
However, despite the identified opportunities and potentialities, there is still relatively little systematic research on
the use of videos in very marginalised and remote settings. Yet, there are a number of good-practice principles that
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can guide and inform practitioners in the development and deployment of persuasive, educational and awareness
raising videos.
In the video production process, it is recommended to follow the principles of participatory design, which requires
the close involvement of the target group from the very beginning (Kumar et al., 2015). Local participation is
important because it ensures the appropriateness of the verbal and visual language and it enhances the
persuasiveness of the video (Lie and Mandler, 2009). For example, in an Indian agricultural extension service
context, videos which featured farmers who spoke the same dialect and accent and who had similar levels of
education as the target group were much more trusted by the audience than the ones which involved educated and
outside experts. In the same vein, farmers were more convinced to adopt a new agricultural technique if they
realised that peers to whom they could relate had already endorsed and implemented this practice (Gandhi et al.,
2007). Another influencing factor was the type of content. It was witnessed that videos which featured engaging
forms of content such as concrete demonstrations, testimonials and entertainment were clearly preferred over
videos in classroom-style lectures (Gandhi et al., 2007).
In the training itself, it is important not to conceive videos as self-explanatory and standalone tools. Instead, it has
been suggested to combine them with hands-on practical tasks and printed materials to help increase the
understanding of the video content (Lie and Mandler, 2009). For example, a quasi-experimental study found that
although both video training and traditional lecture-based demonstration increased agricultural knowledge of men
and women, only the combination of these two methods decreased the pre-existing gender knowledge gap (Cai et
al., 2013). In addition, the screening of videos should be facilitated, for example in the form of moderated group
training sessions at the community level. Facilitators should seek to trigger reflection and enhance learning by
highlighting the main points, moderating the discussions, raising questions and collecting feedback (Lie and
Mandler, 2009). The value of facilitation is confirmed in the empirical literature: Whereas the screening of videos
alone was received poorly and resulted even in people leaving the events, yet minimal facilitation positively
impacted their interest (Gandhi et al., 2007). If need be, the facilitator can also screen the whole video or specific
sequences a second time (Lie and Mandler, 2009), which is relevant because it was found that the audience
frequently required a second viewing to better grasp the contents (Gandhi et al., 2007).
An emerging body of studies has confirmed the instructional value of videos, and especially of participatory
videos, in sensitizing and educating local communities. For example, the facilitated screening of participatory
videos in an agricultural extension project in rural India increased the adoption of certain agricultural practices by a
factor seven while being 10 times more cost-effective in comparison to common training and visit-based extension
services (Gandhi et al., 2007). The authors emphasised that it was not the technology but the people and social
dynamics which ultimately triggered the change (Gandhi et al., 2007). Positive effects were also achieved through
the facilitated screening of farmer-to-farmer videos of a rice parboiling process to communities in Benin. The video
caused 95% of the audience to improve their practices compared to about 50% who received the conventional
training (as a 2-day community workshop). No differences were found between people who only watched the video
and people from a third cohort who watched the video and attended the training. This underscored the value of
video as the most effective instructional means.
Open video screening is also considered a more democratic form of education compared to closed training
sessions. Research from Benin has shown that neither ethnic group, age, number of dependents in the household,
education level, perceived importance of and motivation for the topic, experience, religion and membership in a
farmer organization influenced the participation in the viewing practices (Zossou et al., 2009). However, not all
studies confirmed the superiority of facilitated video screening over traditional training methods (Cai et al., 2015,
Cai et al., 2013). Although a participatory video on nutrition, which was shown to smallholder farmers in Malawi,
increased the participants’ knowledge as much as the control group with the conventional demonstration, it was
less effective in changing the farmers’ nutrition practices in the short term. Reasons were seen in the video cohorts’
inability to taste and smell the food (Cai et al., 2015).
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2. Approach and evaluation methods
2.1 Research question
The research questions were centred on the feasibility of using locally produced, participatory videos in very
remote areas of the Nepalese Himalaya region. Concretely, they were formulated as:
(1) Whether, and if so how, can poorly literate and illiterate people in extremely secluded areas access and handle
videos on tablet PCs?
(2) Whether, and if so how, can poorly literate and illiterate people in extremely secluded areas use participatory
videos on tablet PCs to learn and perform concrete manual and analytical tasks regarding the installation, operation
and maintenance of renewable energy systems?
(3) Whether, and if so how, can the screening of videos with battery powered handheld projectors during
community meetings engage and raise the awareness of poorly literate and illiterate people in extremely secluded
areas?

2.2 The setting: an extremely remote and poor Nepalese mountainous area
The practice-based research was carried out in the remote Nepalese mountain village of Syada (210 families and at
2’750 meters above sea level). It can be reached either by an 8-10 day trek from the nearest road or by a one-hour
airplane flight to Simikot from Nepalgunj in the South and an additional one-day trek. The research site is in the
district of Humla, which ranks among the country’s three least developed districts regarding poverty, gender
inequality and deprivation (CBS and ICIMOD/MENRIS, 2003). The Swiss-Nepalese NGO RIDSNepal/Switzerland has been working and partnering with the Syada village community since 2003 in small scale
community development projects. The request of the village community to build a village drinking water system in
2015 in partnership with RIDS-Nepal formed the jumping-off point for this practice-based research project.

Fig. 1: Syada Village’s (yellow pin) geographical location, in the northern part of
Humla district, ©2017 Google Earth / 2017 CNES / Airbus Image Landsat /
Copernicus Image © 2017 Digital Globe.

2.3

Fig. 2: Syada Village in northern Humla with
210 farmer families 2750 meters above sea level.

The production and use of the videos

The design and use of the videos was informed by the findings of the literature described in the previous sections.
The videos were filmed and cut by RIDS-Nepal/Switzerland, a Swiss-Nepalese NGO. The local cameraman and
video editor, who was from one of these remote villages, was trained and supervised by the NGO. The training and
production took place in the form of face-to-face working phases, e-mail communication and Skype calls from the
RIDS-Nepal head quarter in the Jumla district, when Internet was available. A number of 23 videos was produced
(RIDS-Nepal/Switzerland 2017). The videos featured local actors directly from the communities who explained the
rationale for and benefits of implementing renewable energy systems in story-like narratives and demonstrated
specific tasks. The task-oriented videos adhered to the following design principles: providing a brief verbal
overview of the process; an itemization of the required resources; step by-step instructions in which the local actors
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demonstrated how a task was carried out (Gandhi et al., 2007). The use the videos was combined either with
practical instructions and follow-up hands-on tasks, or in the community setting in which it was actively facilitated
by a member of RIDS-Nepal/Switzerland, as specified in the following.

2.4 Task 1: Accessing and handling of videos on tablet PCs
First, local people were instructed regarding how to handle and use the tablet PCs. The RIDS-Nepal/Switzerland
staff invited small groups of 4-6 people to participate in this learning event. Each group was informed about the
activity. Then the staff member demonstrated the handling of the tablet to the group, which included the following
steps: (1) switch on the tablet and log in; (2) navigate to the video folder; (3) select the correct video; (4) adjust
volume (5) start playing the video (see Task 2). Then the tablet was switched off and handed over to the group with
the task to repeat this step-by-step process. Each of the steps was evaluated on a scale from one to five. One
signified that the step was not accomplished and great difficulties were experienced. Five meant that the step was
very well accomplished. This procedure was carried out two times, i.e. with two groups in each of the four villages
involved.

Fig. 3: Task 1: people handling the tablet PC

2.5 Task 2: Videos to learn and perform manual and analytical tasks
The second task consisted of the evaluation of the extent to which the groups were able to perform concrete manual
and analytical tasks after watching short, tablet PC-based instructional videos. The first video (Task 2a) explained
the evaluation of the suitability of a village owned water source. The goal was to learn how to determine
systematically whether or not a spring provides sufficient water throughout the year so that it can be used as the
village’s central water source for their village drinking water system. This process involved several steps ranging
from organizing and collecting the necessary items (two different sized buckets and a stopwatch) to measure the
water source and calculating the water flow per minute.
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Fig. 4: Task 2a: Village-owned water source measurement

The second video (Task 2b) required a group of female and male participants from the respective villages to
moderate a process to identify suitable positions for tap stands in their village. First, a video was shown to the
groups regarding how to organize and moderate this procedure. Water tap stand identification is a complex process,
which requires the consideration of several infrastructural, social and cultural aspects. The final decision needs to
be taken and supported by all community members. For example, a certain distance to houses and fields needs to
be maintained to ensure that excess water would not flow into the people’s premises. Upon viewing the video, the
group moderated this process. Together with the community they developed a social map of the village on a
rooftop of one of the houses (Figure 5). They used diverse items (e.g., stones, wooden sticks, charcoal, and leaves)
to map the major infrastructure such as houses, walking paths, temples, fields and forest in and nearby the village
as accurately as possible. On this basis, the community discussed locations for each of the water tap stands. The
selection of the location of each tap stand was organized in the form of a democratic decision-making process.

Fig. 5: Task 2b: Social Mapping - Village water tap stand identification led by one of the participants
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In each of the tasks, the video was shown to a group of about 4-6 people. This was followed by a question-andanswer session moderated by a facilitator from RIDS-Nepal/Switzerland. Then the participants performed the task.
The task water measurement was more complex and thus the participants watched the video and carried out the
associated hands-on water source measuring tasks two times (evaluated as a first and second trial). The
accomplishment of steps and other criteria, for example the involvement of a sufficient number of female
participants in the tap stand identification process, was evaluated according to a predetermined schedule on a scale
of 1-5.

2.6 Task 3: Videos publically screened through a handheld, battery powered projector to raise
awareness and educate communities
Also Task 3 was managed by an NGO staff who organised a community meeting. The video featured messages on
the importance of a holistic community development (HCD) approach, the “Family of 4”, which included the four
basic and most often identified needs of the local village communities to be addressed as part of a long-term village
development process. The four pillars of the “Family of 4” HCD are: (1) a toilet for each family; (2) a smokeless
metal stove in each household; (3) basic indoor lighting powered by tapping into one of the locally available
renewable energy resources and transformed through a contextualised renewable energy technology (such as solar
PV, wind turbine or small hydro power plant; (4) clean and sufficient drinking water from the village-based water
tap stands. After watching the video, facilitator asked the community the following questions: (1) name the four
different “Family of 4” programs; (2) list the sequence of implementation, (3) explain the rationale behind the
sequence, and (4 a to d) explain how the short- and long-term impact on families and community differ if 4, 3, 2 or
only 1 of the “Family of 4” programs would be implemented. The video screening took place (see Figure 6) in the
evening, using a tablet PC, a battery-powered handheld projector and an improvised screen (a white cotton sheet).
After screening the video, the NGO staff asked up to 6 people (each 3 women and men respectively) the predefined
questions. Apart from the answers elicited from the persons who were explicitly addressed, further discussions
were stimulated and a number of additional people shared their opinion or experience. In this sense, the level of
knowledge was evaluated as a collaborative product of the community.

Fig. 6: Task 3: Public video screening, awareness raising and educating the whole village community

The evaluation of all of the three tasks was carried out according to a predetermined assessment protocol. The
participants’ responses and actions were evaluated based on a set of previously developed criteria. For example, the
step “collecting items” in the task water measurement was evaluated according to the following scheme: 5 points if
all 4 items were collected, 4 points if 3 items were collected etc. The evaluator also took field notes, which were
collected and analyzed in addition to the quantitative data.
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3. Results
3.1. Task 1: Accessing and handling of videos on tablet PCs
The evaluation regarding the handling of the tablet was carried out in four villages with two pilot groups each. The
results indicate that, in total, the small groups managed to handle the tablets well, with an average (mean) of 3.9
out of 5 points (Table 1). The more difficult tasks appeared to be the navigation to the video folder and the
adjustment of the volume. It was also observed that women had more difficulties in using tablet PCs and they
needed more support and repeated instructions. However, the most remarkable differences were found between
villages and not between tasks. One village (4) scored particularly low. This might be explained by the fact that this
village had an especially high number of poorly literate and illiterate people. According to RIDSNepal/Switzerland’s evaluation, Village 4 could be also qualified as the least developed village from the cohort
involved.

Tab. 1: Task 1 Accessing and handling of videos on tablet PCs

Steps / Villages

Group 1
Group 2
Village Village Village Village Village Village Village Village
1
2
3
4
1
2
3
4

Means

Switch on tablet

5

5

5

2

5

4

4

3

4.1

Login

5

3

5

2

5

3

5

4

4.0

Navigate to video folder

4

4

5

1

4

4

4

3

3.6

Select correct video

5

5

4

2

5

5

4

4

4.3

Adjust volume

4

3

3

1

5

4

4

3

3.4

Play video

4

4

4

2

5

4

4

3

3.8

4.5

4

4.3

1.7

4.8

4

4.2

3.3

Means

3.2 Task 2: Videos to learn and perform manual and analytical tasks
The video instructions on tablet PCs were regarded highly by the involved participants and, with a few exceptions,
the tasks were carried out well (Table 2). It was observed that the group which found the videos particularly useful
was illiterate women. This could be explained by the fact that their illiteracy and social position excluded them
otherwise from similar participatory learning and community events.
Table 2 shows the participants’ performance regarding the individual steps of the task water source measurement.
As indicated, this task was more complex and the participants thus watched the video and carried out the associated
tasks two times (labelled here as trial 2). In comparison with the first trial (Mdn = 3), showing the video a second
time significantly enhanced the performance of the participants (Mdn = 5), as determined through a Wilcoxon
signed ranks test (Z=-3.704 p<.000).

Tab. 2: Task 2a Water Measurement

Trial 1
Steps /
Villages
Organize equipment
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Trial 2

Village Village Village Village Village Village
1
2
3
4
1
2
4
4
4
4
5
5

Village
3
5

Village
4
5

Means
4.5

Measure time

4

3

3

1

5

5

5

3

3.6

Measure water flow

4

4

3

2

5

5

4

3

3.8

Calculate water flow

3

3

3

2

4

4

5

3

3.4

Means

3.8

3.5

3.3

2.3

4.8

4.8

4.8

3.5
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The most difficult step was the calculation of the water flow (in litres per second), as it involved the solving of an
arithmetic problem. This required the facilitator to demonstrate the task in addition to viewing the video at the
measuring site in the second trial. However, after this demonstration, participants were able to calculate this
measure rather easily, as some of them had a mobile phone with a calculator. In general, it was observed that
younger men who had mobile phones and were familiar with the calculator app understood the calculation task
better than elder people and women.
In the task water tap stand identification (Task 2b), the participants organised a group of villagers to develop a map
of the village and to discuss and agree on the distribution of the water tap stands. In this task (like in the task water
measurement), differences appeared to be more pronounced between groups (villages) than between steps, as can
be seen in table 3. In particular in Village 1 and Village 2, the people and spokespersons were more actively
engaged than in Village 3, which resulted in better results (Table 3).

Tab. 3: Task 2b Water tap stand identification through social mapping as a whole community

Steps / Villages
Organise people & materials

Village 1
5

Village 2
4

Village 3
4

Village 4
4

Means

Correct mapping

4

4

2

4

3.5

Identification of tap stand
locations

5

5

2

4

4.0

Justification of tap stand
locations

4

3

1

3

2.8

4.5

4.0

2.3

3.8

Means

4.3

3.3 Task 3: Videos on handheld projectors to sensitize and educate communities
The public screening of the videos in each of the four communities raised considerable interest and the events were
very well visited - with a total of approximately 380 participants (about 140 in Village 1, 120 in Village 2, 60 in
Village 3 and 60 in Village 4). The video was received very well and participants requested to watch it at least two
times. Again, illiterate women in particular provided positive feedback. They indicated that the spoken and
visualised instructions helped them understand the rationale behind and the benefits of the “Family of 4 “ HCD
project concept, thus overcoming their illiteracy constraints and being active members of the village’s awareness
and knowledge building processes. As can be seen in Table 4, the quality of the responses from the community
participants was found to be satisfactory. The importance and prioritisation of each of the “Family of 4” HCD
programs was explained well. However, the participants had more difficulties in explaining the relation of the
individual programs, and even more so, the possible synergistic benefits of the “Family of 4” programs (Questions
4a to c). The observations also point to helpfulness and persuasiveness of additional testimonies provided by some
people who described their personal experience and especially the benefits that they experienced with the “Family
of 4“ programs.

Tab. 4: Task 3: “Family of 4” Holistic Community Development Concept Video

Village 1

Village 2

Village 3

Village 4

Means

Q1: Name all four “Family of 4” programs

Questions / Village

3.5

2.7

3.0

2.0

2.8

Q2: Describe implementation prioritization

3.5

2.7

3.0

2.0

2.8

Q3: Describe importance of each measure

4.0

3.3

3.3

3.0

3.4

Q4a: Describe benefits 4 measures

3.5

2.0

2.0

2.5

2.5

Q4b: Describe benefits 3 measures

3.0

2.0

2.0

2.0

2.3

Q4c: Describe benefits 2 measures

3.5

2.7

2.7

2.5

2.8

Q4d: Describe benefits 1 measures

3.5

3.7

3.3

3.5

3.5

Means

3.5

2.7

2.8

2.5
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4. Discussion and conclusion
The findings of this practice-based study point to the feasibility and value of using locally produced awareness
raising and educational videos for poorly literate and illiterate people in very isolated and secluded mountainous
areas in the design, implementation and use of sustainable renewable energy systems. The videos were received
very well by the individual study participants and the community as a whole. The public screening produced
considerable effects in terms of interest, and increased awareness and collectively building up new knowledge. It
was observed that the people in the community frequently wanted to view the video more than one time (as in the
study of Gandhi et al., 2007), which, as the findings of the present study indicate, enhanced their understanding of
the content significantly.
The findings also suggest that, upon initial instruction, local people were able to handle videos on the tablet PCs
well. In addition, the tablet-based videos enabled small groups of workers to carry out concrete manual and
analytical tasks regarding important community development measures for their village. The increased levels of
knowledge and practical skills resonate with results from prior studies (Cai et al., 2015).
Perhaps the most genuine value offered by the videos was to allow groups of people, especially females and older
people, with otherwise severely constrained educational and participatory opportunities, to acquire knowledge and
to engage in central social processes in the community. This confirms previous research, for example from Benin,
which revealed the democratising potentialities of public video screening, especially in comparison to closed
training sessions (Zossou et al., 2009).
The qualitative observations indicate that one key to success was the incorporation of story-like elements (Lie and
Mandler, 2009), which was regarded highly by the viewers. It was also observed that the testimonies and the local
“good practice” examples demonstrated in the videos, such as a clean and hygienic kitchen, had a persuasive
impact on the participants who appeared to transform their practices as could be often seen in the follow-up visits.
However, this aspect was not measured systematically. Another practice-based observation was that, in the cultural
context under investigation, the use of songs in the videos allowed the creators to highlight delicate and critical
issues in the respective communities, such as the importance of gender equality, e.g. with regard to firewood
collection, and the damaging exposure of women to indoor air pollution. Drawing on this insight, the project team
has decided to film and incorporate songs about individual developmental measures in the production of future
videos.
Although this study points to the feasibility and potential of using videos in highly secluded areas, the validity of
the findings is constrained by a number of limitations which were mostly tied to the particularities of working in an
extremely remote area. Firstly, only the immediate reception and knowledge output was measured and no longerterm transformation or knowledge effects were considered in the research design (for practical and logistical
reasons). This is a constraint because prior research has shown that increased knowledge does not automatically
amount to changes in local practices (Cai et al., 2015). In addition, the measurement was carried out on a group
level, which causes bias with regard to the performance of individual members and needs to be viewed critically in
terms of reliability. Moreover, although a detailed evaluation framework was developed a priori, the measurement
was constrained in that only one observer, though experienced in the local culture and language, evaluated the tasks
and no interrater-agreement could be taken into account. These constraints mean that the findings can only be
considered preliminary in nature and further and more robust research is warranted. Finally, any generalization has
to be treated with caution, given the socio-cultural particularities of these communities. Yet, we believe that future
research can draw on these insights and this work can provide a jumping-off point for future investigations.
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Abstract
This paper introduces a energy saving solar wall ventilation heating system.We measure the temperature of
each part of the system and analyze the performance of the system.Results indicate that,Under the same
conditions, the solar wall system has a high efficiency in the high volume of air delivery, while in the case of
low air supply, the heating efficiency is lower;The air volume of the system is inversely proportional to the
temperature rise.;The solar wall system has good energy saving effect and good economic benefit.
KeywordsSolar wall systemEnergy conservationEconomy

1.Introduction
With the rapid development of the economy ,the energy and environmental pressure which people are facing
is increasing.Solar energy as an ideal renewable energy is applied in the construction field.Solar wall system
is effective integration of solar air heating technology and building integration,which provides an ecnonmic
and applicable solution for heating and ventilation,and is with such prominent advantages as low cost,low
energy consumption,low maintenance cost and high air quality.The paper investigate the thermal
performance in actual building,application results and benefit analysis by experimental research and
theoretical analysis.

2.Overview of solar wall research system
2.1. System introduction
The solar wall ventilation heating system studied in this paper is located in lianyungang, jiangsu
province(Fig.1), which is the office of sunrain solar energy Co.,Ltd.The office heating area is 97.5m2, office
wall toward the south, with 25m2 to install solar wall system, metope is exposed.

Fig.1 solar wall testing system

Fig.2 90°irradiation

 
       
  !"  # $  "%  % &''
( ))*!$  + #  "(!!"    

Fig.3 wind speed and ambient temperature
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2.2. Principle of system operation
The system adopts the automatic control mode, when the cavity temperature reaches the set temperature ,
then the fan is started, and the air supply air temperature is set at 20

2.3. Data collection and testing methods
2.3.1. Measurement of irradiation strength
TBQ - 2 to measure Solar radiation(Fig.2).

2.3.2. Measurement of wind speed and ambient temperature
EC-1A to measure wind speed and pt100 to ambient temperature(Fig.3).

2.3.3. Solar wall system temperature measurement
The internal wall temperature and indoor temperature were tested respectively(Fig.4).

Fig.4 Temperature distribution of solar wall test system

3.Thermal performance of solar wall test system
3.1. Solar panel and cavity temperature
Figure 5 shows the change of cavity temperature and the surface temperature of solar wall panel during the
solar wall system operation.From the diagram, the temperature of the solar panel and the temperature of the
cavity are consistent with the variation of solar radiation.When the solar radiation intensity is greatest at
noon, the temperature of the solar wall panel and the cavity temperature reach the maximum.In the morning
and evening, the temperature of the cavity is low due to the small amount of solar radiation.During the
operation of the system, the temperature of the cavity is up to 40, which is 30 higher than the outdoor
environment, and the effect of temperature rise is obvious.
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Fig.5 cavity temperature and the surface temperature of solar wall

3.2. Deliver temperature
Figure 6 shows the change of deliver temperature during the operation of the solar wall system in local
heating period(Nov 14, 2016 ~Mar 27, 2017, total 134 days [1]).Figure illustrates the deliver temperature up
to 48 during work, and the average working time from 8:30 ~ 16:00, with an average of seven hours.The
results show that the solar wall heating system is stable and reliable in the better working conditions.

Fig.6 deliver temperature during heating period
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3.3. Performance analysis
The save energy Q refers to the heat provided by the solar wall during a heating period
The heat provided by solar wall system in unit time

Q  c *  * mv * T (eq. 1)
The heating efficiency of solar wall heating system in unit time is calculated by



Q
(eq. 2)
A* H

As shown in figure 7, when the radiation is high, the instantaneous heat efficiency of the system decreases,
and when the radiation intensity decreases, the instantaneous heat efficiency of the system is
increased.Because the heat efficiency is proportional to the temperature rise and inversely proportional to the
radiation intensity,When the magnitude of the decrease of radiation is greater than that of temperature rise,
the efficiency will be increased. While when the amplitude of radiation rise is greater than that of
temperature rise, the efficiency will decrease.

Fig.7 Efficiency and Irradiance

3.4. The effect of air flow on the system
It can be seen from figure 8 that under certain conditions, the heat efficiency is high in high air flow and low
heat efficiency in low air flow.This result is consistent with figure 9.In this way, we can use the efficiency
curve to calculate the energy of the section through irradiation
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Air flow

536 m3/h
Air flow
1060 m3/h

Fig.8 Efficiency for solarwall at various wind speeds

Fig.9 Efficiency for solarwall at various wind speeds[2]

According to the figure 10 analysis, under certain conditions, the solar wall system under the condition of
high air flow, the deliver temperature rise is smaller, and under the condition of low air flow, the deliver
temperature rise is larger. You can compare the temperature rise certification curve, as shown in figure 11.
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Air flow

1060 m3/h

Air flow

536 m3/h

Fig.10 Temperature performance for solarwall wint wind variance

Fig.11 Temperature performance for solarwall wint wind variance[2]

Practical application can not blindly pursue high efficiency and increase the air volume, it will lead to the
deliver temperature is low, thereby reducing the body's comfort, so in the later application according to
different types of engineering deal with the relationship between air flow and temperature rise, maximize the
benefits.
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4.economy evaluation
The economic evaluation index of solar wall system includes the fund saving in life span and the payback
time N[3].The two methods are calculated as follows

SAV  PI * (QSAV * CC
PI 

A * DJ ) A (eq. 3)

1 &
1∋ e n #
1 (
)
∃
d e%
1 ∋ d !∀ (eq. 4)

payback time NThat is, when the formula SAV is equal to zero, the value of N,the calculation formula is as
follows:

&
#
A(d e)
ln ∃1 Qsav A . DJ !∀
N %
− 1∋ e ∗
ln+
(
,1∋ d )
(eq. 5)
The above formula can be used to calculate the payback time N=2.3 years.

5.Conclusion
This paper studies the solar wall system in lianyungang,the following conclusions can be obtained by
statistical analysis of the application of solar wall system
1.The solar wall system has good thermal performance, and system efficiency is inversely proportional to
irradiation;The air flow is proportional to the efficiency, inversely proportional to the temperature rise.
2.The solar wall heating system can provide 48 heating air in the heating season, with an average working
time of 7 hours per day, and 13640MJ energy in the heating season.
3.This solar wall heating system has good economic benefits and the payback time is two to three years.
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Quantity

Symbol

Unit

Specific heat

c

J kg-1 K-1

Density



kg m-3

Air flow

mv

m3/s

Temperature difference

ΔT

K-1

Area

A

m2

Heat

Q

J

Irradiance

E, H

W m-2

Efficiency



Total energy saving cost

SAV

discount factor

PI

discount rate

d

fuel cost escalation rate

e

project life

n

heating delived

Qsav

J

Fuel cost

Cc

Yuan J-1

Total initial costs

Aa

yuan

O&M expense ratio

DJ

yuan
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Abstract
A numerical model was developed to study the coupling of heat transfer in the PCM and the air inside the
enclosure. The solidification of the initially melted PCM induces a natural convection of air flow inside the
cavity. We present in this work the heat transfer behavior between a chosen phase change material (PCM)
incorporated in a thin right wall and a square enclosure filled with air whereas the left one is kept at ambient
temperature. The solidification of the PCM generates a latent heat inducing a natural convection air flow
inside the cavity and compensating the heat loss. The numerical analysis leaded to a Nusselt number
correlations depending on constant Stefan number. Nusselt number is given as a function of a Rayleigh
number and dimensionless temperature difference between hot and cold sides. These correlations have been
established since there is a lake in the literature to evaluate the natural convection heat transfer coefficient
between air and a PCM wall. The parametric domain covered the range of Rayleigh number between
͵ǤͶͳͲͷ to ͶǤ ͳͲ with Prandtl number Pr = 0.73 and Stefan number Ste=0.41.
Keywords: Energy Management; Phase Change Material; Natural Convection; Solidification Phase
Front; Active Wall; Heat Storage.

NOMENCLATURE
A

Aspect ratio e/L

C
a
CPg

Specific heat of PCM
Thermal diffusivity
Specific heat of air





H

Temperature jump





U

Density

e

PCM thickness





Q

Cinematic viscosity

F
Fo
H

PCM fraction
Fourier number
Latent heat





O

Thermal conductivity

∆

Step

g

Gravity





\

Stream function

Nu

Nusselt number

Subscripts

PCM

Phase Change Material

C

Cold

t

Time

H

Hot

T

Temperature

g

Gas

U,V

Velocity components

l

Liquid

x,y

Cartesian coordinates

m

Melting

Ste

Stefan Number  ൌ

Greek symbols

    ሺ  െ  ሻ
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1. Introduction
The adaptation of large-scale energy storage solutions are a prerequisite for the development of renewable
energy. Thus, to achieve an efficient energy mix, it is necessary to manage the balance between production
and demand to ensure optimal service. Except in very specific cases, it is difficult to store electricity directly.
It must therefore be transformed into another form of energy more easily stored. One of those ways of
storing thermal energy consists in using a phase change material (PCM). The energy is then stored in the
form of latent heat through the melting of these materials and then released through the solidification process
(Dinçer and Rosen 2002, Zalba et al. 2003). The Thermal Energy Storage (TES) method is commonly used
to save energy and to improve the comfort level in buildings. This explains the growing interest of the
scientific community to elucidate both numerically and experimentally the thermal performance of a PCM
layer incorporated in a part of the building envelope.
The configuration of an enclosure with one side integrating a PCM layer has been rarely addressed despite its
wide application such as in optimal utilization of energy (Tan et al. 2002, Ho et al. 2005) and thermal
protection (Cao and Faghri 1990). The solidification of the PCM will provide a latent heat inducing a natural
convection air flow inside the cavity. In this way, the study of the influence of the PCM wall on the coupled
flow and heat transfer in the cavity provides both scientific and practical interests. An issue may arise in the
study of this problem. Are the existing correlations applicable to describe the heat transfer between the PCM
wall and air in the cavity?
Buoyancy-driven flow in a closed cavity without PCM wall has been studied widely because of the
applications in nature and engineering. Many heat transfer correlations have been proposed for imposed
temperature or boundary heat flux of the most common cases of rectangular, cylindrical or other regular
geometries (Davis1983, Ostrach 1988, Shilei 2014, Gracia 2015). However, there are few studies regarding
the solidification/melting effect of a PCM integrated in a boundary on the convective heat fluid inside the
cavity. (Zhang and Bejan 1989) reported experimentally and analytically, the melting process of enclosed
paraffin heated at a constant rate from the side with an air space 30 mm left at the top of the enclosure. They
predicted overall Nusselt number relationship agrees reasonably well with the existing empirical correlation.
(Wang et al. 1999) investigated experimentally the melting process of polyethylene glycol in a rectangular
enclosure heated from vertical wall. An air gap of 12.7 mm was maintained between the assembled unit and
all sides of the container. It was shown that the temporal Nusselt number variation distinguishes three
different heat transfer regimes during the melting process. (De Gracia et al. 2013) have studied the
convective heat transfer between an air flow and a phase change material plate. They found that the
correlation used in the literature to determine the heat transfer coefficient in the case of the PCM is no longer
valid. They introduced a correction coefficient in the correlation expression to account for the presence of the
PCM.
(Lipnicki and Weigand 2012) studied experimentally and theoretically the natural convection and ice
solidification in an annular enclosure. They found that the influence of the contact layer between the frozen
layer and the cold surface is of significant importance for the solidification process. To predict the heat
transfer coefficient, they used a conventional correlation given by (Vahl Davis and Thomas 1970). A
previous work has been conducted to highlight the thermal performance of a Keeping Warm System (KWS)
incorporating a PCM wall (Ait lahbib and Chehouani 2015). The studied configuration demonstrated the
effect of the PCM discharge where the solidification plays a great role on the heat transfer in the KWS
cavity.
As latent thermal energy storage represents smart efficient thermal energy storage, such technique can be
used in many domestic and industrial sectors depending on PCM thermophysical properties such as latent
heat, melting point and conductivity. During the development of useful applied PCMs, many different groups
of phase change materials have been studied, including inorganic compounds (salt and salt hydrates), organic
compounds such as paraffin’s, fatty acids and even polymeric materials. In comparison to inorganic PCMs,
organic substances could serve as important heat storage media because of their several advantages including
their ability to melt congruently, their self nucleation and the fact they don’t have a problem of separation on
melting. A relevant aspect is the useful life of this category of PCM and the number of cycles they can
withstand without any degrading of their properties. (Hadjieva et al. 1992) used three paraffin mixtures and
confirmed that there was no effect of the cycles on the properties of paraffin. (Gibbs and Hsnain 1995) also
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verified that neither the cycles nor contact with metals degrade the thermal behavior of paraffin thus they
have excellent thermal stability.
The aim of this work is to propose useful heat transfer correlation in a widely used configuration of air cavity
incorporating organic paraffin side. In this way both experimental and numerical studies have been carried
out for the given configuration. The developed numerical model treats the coupling of the natural convection
inside an air square enclosure with only conduction in the PCM side aiming to provide a comprehensive
evaluation of the effectiveness of PCMs wall in industrial applications. Nusselt number was calculated as a
function of the Rayleigh number, the temperature difference between both sides of the cavity in PCM during
the solidification process.

2. Experimental setup and methodology
Experimental setup consists mainly of an enclosure cavity, electrical resistance, insulation material,
PCM package, thermocouples and the data acquisition system (Figure 1).
In this study, the enclosure cavity has (10x10x10) cm3 as geometric dimensions. It was differentially heated
across two vertical walls; while the remaining side walls were thermally insulated. The hot wall was heated
by an electrical resistance. The cold wall consists of an aluminum plate kept at the temperature TC by
controlled circulating water from a constant temperature bath. All the external surfaces of the test apparatus
were insulated with polystyrene insulation material of 4 cm thickness to reduce heat losses from the sides to
the surroundings. Four K-type thermocouples with accuracy of 0,2 °C were assembled in the hot and cold
walls at various locations along the length, and two others were placed in the center of the gas cavity and the
layer of PCM respectively. Temperature was constantly monitored for loading data every 5s via data
acquisition system (Fig. 2 and 3).

Fig. 1: Experimental setup. 1) The enclosure cavity. 2) The cold wall. 3) Temperature regulator. 4) Data acquisition, 5) Heating
system, 6) Computer.

Experiment have been undertaken to evaluate the numerical model validity. In our disposal, we selected the
PCM60 provided by KAPLAN ENERGY-France which is a carboxylic acid that has the properties given in
Table 1. We have no data on the thermal conductivity of the solid and liquid states. Their values are
measured by the method of transient hot wire. This method is the best known and most widely used for
measuring the thermal conductivity of fluid and solid medium because of its rapidity and ease of
implementation. The principle of this technique is to heat by Joule effect a filiform element (probe) of very
small radius immersed in the fluid to be characterized and measure the temperature rise in the vicinity of the
probe versus time via a sensor associated therewith. Indeed, the transfer to the sample center is assumed to be
unidirectional.
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Fig. 2: Inside of the experimental square cavity.

Fig. 3: Experimental square mode.

3. Model formulation and Numerical Solution
The 2D geometry used in the present study is shown in Figure 4. The thickness of PCM is equal to e and the
cavity length is L. We define the aspect ratio parameter as A=e/L. The square enclosure is filled by air,
cooled from the left side at TC, insulated from the bottom and the top and heated from the right side by the
PCM which is initially at TH. The PCM is insulated from the top, bottom and right sides.
x
x

x
x

The following assumptions are made in the present study:
The natural convection within the melt part of the PCM is negligible and can be ignored.
All the thermophysical properties of the air are assumed constant except the density giving rise to the
buoyancy forces (Boussinesq approximation). These thermophysical properties are taken at the
reference temperature TC.
The thermo physical properties of the PCM are different for the solid and liquid phases and dependent
on phase fraction.
The PCM behaves ideally and is homogenous and isotropic.

Fig. 4: Physical model

For the air inside the cavity, the equations describing the flow and heat transfer are written as follows:
x

Continuity equation
߲ܷ ߲ܸ

ൌ ͲݍܧǤ ͳ
߲ݕ߲ ݔ
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x

Momentum equations:
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Energy equation
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Using an enthalpy-porosity method with the previous assumptions, the energy equation in the PCM wall
reads as:
ߩ݉ܿܥ ݉ܿ

߲ ʹ ܶ݉ܿܶ ʹ ߲ ݉ܿ
߲ܶ݉ܿ
߲݂
ൌ ߣ ݉ܿቆ
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The properties of the PCM are updated following the values taken by the liquid fraction after each time step.
Thus:
ߩ ݉ܿൌ ݂ߩ݈  ሺͳ െ ݂ሻߩݍܧ ݏǤ 
ߣ ݉ܿൌ ݂ߣ݈  ሺͳ െ ݂ሻߣݍܧ ݏǤ 


For the density in the PCM layer was modeled by (Labihi et al. 2017). These authors proposed a new
formula, ρ , takes into account the PCM and the air layer resulting from volume contraction.
ߩ כܮ ݉ܿ  ߩ݃ ߜ
ߩ݂݂݁ ൌ
ݍܧǤ ͺ
ܮ
where ρ



is calculated using the Eq. 6

The governing equations are completed by the following initial and boundary conditions:
x

 ൌ Ͳ, all the intial values (U,V,T) in the gas are in steady state natural convection inside the closed
cavity with differentially heated vertical walls. 

x

 ൌ Ͳǡ  ൌ  ,  ൌ  ൌ Ͳ.

x

 ൌ   ,

x

 ൌ Ͳ or  ൌ ,

x

 ൌ ,  ൌ 

x

ൌ

െ 
 െ 

μ  
μ

ൌ Ͳ,
μ 
μ


μ
μ

ൌ Ͳ,



ൌ  and  ൌ ͳ (the PCM is liquid).

ൌ Ͳ, ൌ  ൌ Ͳ.
μ
μ

ൌ Ͳ,  ൌ  ൌ Ͳ.

,  ൌ  ൌ Ͳ, λ

with the correction   ቄ

μ 
μ

ൌ  λ



μ  
μ

,



Ͳ ൏ Ͳ
.
ͳ   ͳ

The time discretization is performed using the simple first-order Euler implicit scheme. The sets of algebraic
equations resulting from the numerical scheme were solved iteratively using the Gauss-Seidel method.
x Mesh grid analyses
In order to ensure grid independent solutions, a series of trial calculations were conducted for different grid
distributions with an uniform mesh cells in both PCM and Air cavities.
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Fig. 5: Different Mesh grids sizes
To evaluate the grid size effect on numerical results, we conducted a series of trial calculations with 50X55,
100X110 and 200X220 nodes (Fig. 5) for a cavity with L=10cm and e=1cm. we calculated for each case the
average Nusselt number at hot and cold side and the relative error issues between the different grid size
chosen. Table 1 shows the thermophysical properties of RT55 product by RubiTherm used in this study.
Tab. 1 Thermo-physical propreites for RT55

ࢀ ሺ۹ሻ

324.15 - 329.15

࣋ ሺܕܓെ ሻ

770

࢙࣋ ሺܕܓെ ሻ

880

ૃሺܕ܅െ ۹ െ ሻ

0.2

H (ܓ۸ ܓെ )

170

C (۸ ܓെ ۹ െ )

2000

Table2 presents the different results founded of this comparison. We can note that the solution is very
sensible when we use 50X55 mesh grids cells (up to 6%of difference) contrariwise, the obtained by 100X110
and 200X220 are practically the same.
The mesh 100X110 was adopted on the numerical computations in this study.
Tab. 2: Grid evaluation results

തതതത۱܍܌ܑ܁܌ܔܗ
ࡺ࢛

13.15

13.135

110x100

13.82

13.81

220x200

13.94

13.928

(%)

55x50

۶܍܌ܑ܁ܜܗ
Relative Error

തതതത۶܍܌ܑ܁ܜܗ
ࡺ࢛

۱܍܌ܑ܁܌ܔܗ

55x50 Vs 110x100

5.17

5.16

55x50 Vs 220x200

6.03

6.02

110x100 Vs 220x200

0.81

0.81

x Validation of the initial state
In order to validate the initial flow and heat transfer in the cavity with PCM melted at constant ܶ ܪ, we used
two correlations for the average Nusselt number defined as:
 ൌ 


ɉ

Ǥ ͻ

Where h is the average convective heat coefficient through the hot side of the cavity.
Table 3 compares the obtained Nusselt number with those calculated using the empirical correlations
established respectively by (Eckert and Carlson 1962) and (Lankhorst 1991) for ൌ ͷǤ͵ʹͳͲ . Since the
relative error is less than 3%, our numerical model adopted in this study could be considered valid.
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Tab. 3: Validation of the numerical model.

തതതത
ࡺ࢛

Relative error

This study

13.82

-

(Eckert and Carlson 1962)

14.139

2.3%

(Lankhorst 1991)

13.517

2.19%

4. Results and discussion
The experimental results were presented in our previous work (Labihi et al 2017). We found that the
numerical simulation results match well with the experimental measurements. For that we conclude that the
numerical model be considered valid along the process.
Due to the lack of empirical information about the heat transfer coefficients in the same studied
configuration, authors used to use differentially heated wall cavity literatures correlation which is not
representing the real physical processes of heat exchange between PCM and air cavity. In order to obtain
correlations capable of characterizing the transient heat transfer process inside such cavity a simulation runs
were carried out to obtain correlations of heat transfer rate via Nusselt number, with Rayleigh number Ra and
the differnce dimensionless temperature between the hot and cold sides ȣ.
In this study we define Ra number by the following formula   ൌ

ɏȾ ͵ ሺ െ ሻ
ȽɊ

and ȣ ൌ

ሺሻെ
 െ

Whereሺሻ is the average temperature at hot side in each time.
In order to get a significatif range of Ra number we have chosen to vary L and not ( െ  ) always keeps

the same aspect ratio ൌ ൌ ͲǤͳ. Heat transfer at the hot interface between air and PCM is thoroughly


inspected in the defined range ͵ǤͶͳͲͷ ൏ ܴܽ  ͶǤ͵ǤͳͲ with ܵ ݁ݐൌ ͲǤͶͳ ,  ൌ ͷͲι ൌ ʹͲι.
A simulation series was carried out with L=6, 10, 14 and 18cm. Figure 6 present the liquid fraction as a
function of ȣ for different Ra numbers. Despite the fact that we have the same formal report we can see that
the solidification process (ȣ from 0.6 to 0) is not the same when we change L. whereas the curves are very
close to one another for ȣ greater than 0.6. That can be explaining by the fact of volume contraction due to
the difference between the density liquid/solid.

Fig. 6 Liquid fraction as function of દ

The figure 7 shows the methodology that we use to find the correlations. to find an equation Nu as a function
of ȣ for different Ra number. We can see that the Nu number have a non-linear curve as function of ȣ also
we have some perturbation in the curves. The Nu perturbation becomes important when Ra increase.
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Fig. 7: Nusselt number evolution with dimensionless temperature for Ste=0.41

By using a non linear fitting for the curves issued in Figure 7.A new correlations between the dimensionless
Nusselt number as a function of dimensionless Temperature ȣ were made and presented in table 4.
Tab. 4: Nusselt number correlations at hot side as function of θ for different Rayleigh numbers

L (cm)
6
10
14
18

ࡾࢇ
Ǥ 
Ǥ 
Ǥ ૠ
Ǥ ૠ

തതതത
ࡺ࢛
Ǥ ૠીǤ
Ǥ ૡૡીǤૡ
ૢǤ ૠીǤ
Ǥ ીǤ

5. Conclusion:
It is generally agreed that the intensive investigations undertaken in the last decades have given
latent heat significant advantages especially organic PCM. We choose for this study a Rubitherm RT55
paraffin We conduct a numerical simulation where several assumptions had to be made in order to create a
correlation model as close as possible to the realized experiment such as the invariability of PCM volume.
Also knowledge of all the properties of the paraffin and the experimental validation would obviously provide
more accurate results. Nevertheless, the coupling of convection of heat transfer in a cavity with solidifying
PCM was successful and proposed correlation can be definitely used as a prediction in industrial or
engineering fields. Hence, it can help for material selection step during design providing an economical
advantage in saving time and money.
Based on the Numerical results and the correlated equations, the following conclusions could be drawn:
x The solidification process accurse early in time and tend to begin from the bottom to the top by
following convection air loop.
x To have more Ra values we heed to vary L not the temperature difference between hot and cold
side
x The contraction of volume in PCM layer affect the heat transfer processes from a Ra number to
another despite the same aspect ratio in all cases.
For Ste=0.47 we see that we can write a new correlation for Nu number as function of ȣ and Ra as the
following formula:
ࡺ࢛ ൌ ࢇࡾࢇ ી
In future work we will exanimate a range of Ste values in order to write a general correlation of Nu number
as a function of Ste, Ra andȣ.
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Abstract

This paper is dedicated to the analysis of a PV system based on LEDs application from the point of view of
its qualitative and quantitative reliability. This reliability study was conducted based on: 1) the RAMS
(Reliability, Availability, Maintenance, and Safety) model applied to a PV system by using a simulation
SYNTHESIS platform developed by ReliaSoft, and 2) the simulation of the LED lighting system using the
SYNTHESIS platform and TM-21 Calculator software developed by ENERGY STAR. The purpose of the
reliability analysis was to obtain a more stable and long-lasting operation of a PV system regarding
reliability, maintainability, availability and degradation of the system.
Keywords: Reliability, Maintainability, Availability, Degradation, PV system, LEDs, simulation tools, RBD

1. Introduction
Due to various incentive programs and local market conditions in several European countries, as well as
around the world, the PV systems represent a widespread solution for residential houses and other
autonomous applications. This approach raises new and important issues related to the efficiency, reliability
and safety of the PV systems, either autonomous or integrated in the electrical grid (Huffman and Antelme,
2011; DeGraaff et al., 2011).
In the case of grid-connected PV systems, the occurrence of system failures may affect the operation of other
interconnected systems, that is why a thorough reliability analysis of such systems should be carried out
(Kececioglu, 1991; IEC International Standard, 1995; Ishii et. al., 2011). The reliability analysis also makes
it possible to establish an acceptable maintenance plan for both the user and the system as efficiently as
possible (Crow, 2003, 2004). However, a reliability analysis is often missing from the feasibility study of
photovoltaic systems or is treated superficially due to an incomplete methodological approach or lack of
specific simulation tools (Herrmann et. al. 2010), (Hoffmann and Koehl. 2012). A PV system for LED
lighting applications has been analysed (Popescu et al., 2009; Stanciu et al., 2015; Sterian, 2000, 2012),
(Handbook, 2010). To overcome the reported inconveniences, it is envisaged the reliability analysis, using
RAMS (Reliability, Availability, Maintainability, and Safety) statistical models through accelerated testing
and application of stress levels (Nelson 1998; Kijima, 1989; Mettas, 2000; Holley et al., 1996). Starting from
ground studies, the failures of PV systems have shown that manufacturers do not correctly perform reliability
analysis of their PV modules’ lifetime. For this reason, a small part of the PV modules fails before the
lifetime specified by the manufacturer (Meydbray et. al., 2008). Reliability analysis applies to both PV
systems, and simple systems, such as LED-based lighting lamps (Collins et al., 2009).
The authors proposed and carried out the reliability analysis of solar cells for specific meteorological
conditions (Meydbray et al 2008; McMahon, 2004; Aoki et. al. 2010; Dhere et. al. 2010) To assess the
reliability of the integrated PV system with LED lighting applications, its operating characteristics have been
used for a time period (Wohlgemuth, 2011), and in the case of the simple LED lighting system there were
used thermal characteristics of the studied LED lamp (Kim et al., 2006; Handbook, 2007) .
The most relevant analyzes proposed by the authors in this paper are based on Reliability Block Diagrams
(RBDs) required for development of RAMS for studied PV systems. RBD diagrams have been developed
for: 1)definition of PV systems, 2)description of interdependence between components, 3)identification of
how they degrade / fail, and 4)appreciation of how the PV system reliability is influenced.
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2. Background, state of the art and simulation tools
2.1. Background
The reliability of a product can be defined as the probability of performing its tasks without incidents within
a specified time, under previously established conditions. On this basis, the quality of a product is
determined, the reliability concept being applied in almost all areas of engineering, in the preventive
maintenance of systems and their components. It is envisaged the modeling of the product’s lifetime,
represented by the time it has worked successfully or its time until the moment of failure. For the purpose of
accurately determining the lifetime, it has been proposed an accelerate product testing (qualitatively or
quantitatively during its lifetime) (Wohlgemuth, 2003; Dhere, 2005).
Qualitative accelerated testing only provides information about system malfunctions or ways of failure.
Qualitative tests do not quantify the system's life (or reliability) characteristics under normal conditions of
utilization, but provide valuable information on the type and level of demands to use during a later
quantitative test. In qualitative accelerated testing, the expected result consists in identifying deficiencies and
ways of failure without predicting the life of the product under normal conditions of utilization (Crow 2008;
DeGraaff, et. al. 2011; Copper, 2016).
Accelerated quantitative testing involves the estimation of product lifetime characteristics, obtained under
normal conditions of utilization after an accelerated test. High Accelerated Life Test (HALT) provides
various information about the product and its failure mechanisms. Accelerated quantitative testing consists of
tests designed to quantify the life characteristics of a product, component or system under normal conditions
of utilization, and to provide information on determining the reliability of the system (probability of system
failure under various conditions, life expectancy, average lifetime). It can be used to carry out risk
assessments or for comparison of different design methods (Hoffmann and Koehl, 2012).
Two acceleration methods were designed (Hoffmann and Koehl, 2012) for use of: 1) acceleration rate and 2)
stress acceleration, in order to obtain time data on product failure at an accelerated rate. For products where
use of acceleration rate is impractical, a second method can be applied, in which the normal stress level of a
product is exceeded.
2.2. State of the art
The reliability of photovoltaic systems and their components/elements (solar cells, PV modules, electrical
storage systems, inverters, regulators, etc.) are the key issues in manufacturing performance and financially
competitive photovoltaic installations. For this purpose, a number of methods for testing and improving the
reliability of PV products have been studied (Nelson, 1998; Mettas, 2000), such as: 1) the accelerated test
method for solar cells (Desombre, 1980); 2) analysis of defect detection and degradation mechanisms
detection for solar cells (Kijima, 1989), as well as PV systems and their components (Vazquez and ReyStolle, 2008 ); 3) energy production forecasting based on the rate of failure and degradation of PV systems
and their applications (Holley et al., 1996).
In this paper the authors proposed in this paper to integrate some of these methods by using a specialized
complex simulation platform, namely SYNTHESIS, which allows a physical and statistical approach for PV
products; it is envisaged the development of a highly useful RAMS methodology, both in research and in the
efficient design of PV systems and their applications (Wohlgemuth, 2003; Van Weeran, 2013; Granata et al.,
2009).
2.3. Methodology
In order to perform a fairly accurate reliability analysis of the PV systems and their components, the authors
of this paper have chosen to use the SYNTHESIS simulation platform developed by ReliaSoft (Synthesis
Platform, 2017). The simulation methodology is intended to explain how the simulation platform modules
work. On this basis the obtained results regarding: 1) solar cell, 2) PV system, including its components, 3)
LED lighting system and 4) integrated PV system can be understood. The following modules of the
simulation platform were used in the analysis:
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a) The Weibull++ software tool is the industry standard in life data analysis (Weibull analysis) for many
companies around the world. This software performs life data analysis using multiple lifetime distributions
with a clear and concise, reliability-oriented interface. The features of Weibull++ provide the most
comprehensive set of tools available for life data reliability analysis. The software supports all types of data
and all distributions commonly used throughout the product's lifetime.
b) The ALTA software tool provides an intuitive way of complex and powerful mathematical models for
quantitative analysis of accelerated life tests. Accelerated lifetime testing techniques, combined with
powerful data analysis methodologies, reduce testing time for the product, thus providing faster product
launch times, lower product development costs, as well as lower warranty costs.
c) The BlockSim software tool provides a comprehensive platform for the reliability, availability,
maintenance and related products analyzes. The software provides a graphical interface that allows modeling
of both simple and complex systems and processes using reliability block diagrams (RBDs), failure tree
analyzes (FTAs), or combinations of both approaches. Using accurate calculations and / or discrete events
simulation, BlockSim facilitates a wide range of analyzes: 1) system reliability analysis, 2) identification of
critical components (important for reliability), 3) optimal allocation of reliability, 4) system maintenance
analysis (determining the optimal intervals for preventive maintenance); 5) analyzing the availability of the
system (determining the operating time, availability / unavailability), 6) performing calculations for obstacle
identification, production capacity estimation, etc.; 7) estimating the cost of the life cycle.
d) The RENO software tool is a platform that allows complex analyzes for any probabilistic or
deterministic scenario. Chart models can be created for complex reliability analyzes, risk and safety
analyzes, decision making, or maintenance planning. The Monte Carlo simulation methods offer a number of
definitions and constructions that allow modeling of the examined situations. Simulation results can be
applied to estimate/optimize risk analysis, complex modeling of reliability and maintenance planning.
e) The RGA software tool allows the application of reliability enhancement models for data analysis from
both development tests and on-site repair systems. In the development phase, the software allows to quantify
the increase in reliability achieved for each product prototype and also provides advanced design, planning,
and reliability enhancement management methods. The software also offers opportunities for ground-based
system analysis, including a test utility for system reliability.
For a deep understanding of LED PV applications, the authors used the TM-21 Calculator software
developed by ENERGY STAR to study the reliability of LED systems. The main feature of this software is
the application of temperature stress levels that allow the establishment of lumen maintenance degradation
during the lifetime of these products.

3. Modeling and numerical simulation of PV system components using
RAMS analysis. Discussion of the results
3.1. Basic concepts
The studied integrated PV system is defined as a PV application, which uses a consumer for LED lighting
application (see Fig.1). The implementation of the RAMS analysis of the PV system was performed using
the modeling and simulation SYNTHESIS platform for system reliability (Craciunescu et al., 2017). When it
is analyzed the reliability of studied solar cells, the simulation module used in the SYNTHESIS platform
was Weibull / ALTA. This module statistically addresses reliability issues through statistical repartitions and
together with the ALTA module contributes to the accelerated life tests. For the analysis of the PV system /
LED lighting application studied in the paper, the BlockSim simulation module was used within the same
platform. The simulation of the PV systems is based on the RBD diagram, as well as on the component types
and the way they are arranged in the system.
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Fig. 1 PV integrated system concept

For a rigorous understanding of the RAMS analysis for the PV integrated system, it was analyzed the
highlighting of solar cell degradation. By performing a statistical analysis based on the Weibull, Exponential
and Normal repartitions, it was possible to estimate the most frequent events (characterized by main
meteorological parameters: solar irradiance, temperature and humidity) that contribute to the most probable
degradation of solar cells during their lifetime. The statistical approach was correlated with the accelerating
lifetime method by stressing solar cells using different meteorological parameters (Fig. 2). The present study
considered only the three meteorological parameters mentioned above, which have an essential role in cell
degradation.

Fig 2. Accelerated stress test diagram

3.2. Reliability analysis of solar cells
Reliability analysis of solar cells has been developed based on the accelerated testing method, which has
certain advantages: 1) avoiding testing in real and more severe conditions that can lead to cell degradation /
failure, 2) determining the frequent reasons that determine cell failure. Highly Accelerated Stress Screening
(HASS) aimed at identifying defects in as short time as possible compared to the standard method (based on
cell monitoring and results analysis), which may take several months / years. Accelerated testing (HASS) can
be performed with either a weather parameter (e.g. temperature / solar irradiance) or combined with few
weather parameters (such as temperature, humidity and solar irradiance). Within this paper the HASS
analysis was implemented in the version of the three key meteorological parameters.
The authors' study also looked at establishing the best statistical reparation used to make the most accurate
predictions of the of solar cells life time. Three types of statistical repartitions, namely Weibull, Exponential
and Normal, were evaluated using the SYNTHESIS software, and based on the correlation cause (determined
by one of the three main meteorological parameters) - occurrence (characterized by the degradation degree of
the solar cell) it was possible to obtain the probabilities for the three repartitions (the black curve defines the
Weibull repartition, the green one defines the Normal repartition, and the purple one defines the Exponential
repartition), using the HASS test. In Fig. 3a the curves of the mentioned statistical repartitions were obtained.
It can be seen that Weibull repartition is the closest to the values of the three main meteorological
parameters. The accelerated test has highlighted that the most influential meteorological parameter in solar
cell degradation (characterized by most occurrences) is temperature, followed by humidity and further by
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solar irradiance. Fig. 3b shows the temporal evolution (in hours) of the degradation level of solar cells for
two operating modes: under stress conditions (purple continuous curve) and in standard conditions (blue
continuous curve).

a)
b)
Fig.3 a) The life distribution of solar cells for different distribution function b) Degradation level of solar cells simulation in
different conditions (standard and stress)

Using the stress results of the HASS test (purple curve in Fig. 3b), it was possible to determine by numerical
simulation in the SYNTHESIS platform, the limit value of the cell operating time in normal conditions,
respectively 1600 hours, according to the curve in Fig. 4a. The accelerated test also enabled the probable
number of solar cell failures (see Fig. 4b) within the range of 1000-2800 hours, with a higher concentration
between 1500-2800 hours according to the results from Figure 4a; the linear dependence defines the
expected failures curve based on Weibull repartition.

a)
b)
Fig. 4 a) Baseline survival of solar cells module simulation in stress conditions b) Cumulative number of failures as function of
time

3.3. RAMS analysis of the PV system
The analyzed PV system consists of a set of components, arranged to achieve the established performance
and to provide acceptable reliability. The reliability characteristics of the PV system and its components can
be presented in RBD-type diagrams illustrating their possible failures. These failures are due to a facile
analysis of the failures risk.
The RAMS analysis for the photovoltaic system aimed to determine how the system and its components
worked over a 5000-hour period (about 5 months). For this purpose, it was analyzed the time evolution of the
PV generator efficiency, as well as of the PV system's battery efficiency. There were noted high fluctuations
for the efficiency of PV generator, slower fluctuations in battery efficiency based on Fuzzy Logic Controller
(FLC) and Maximum Power Point Tracking (MPPT) methods (see Fig. 5). The LED lighting system (electric
consumer) will be discussed further in section 3.5.
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Fig. 5 Efficiency and functionality of a PV system for its main three components: 1) PV generator 2) battery and 3) electrical
load

Using the results obtained in Fig. 6a we could establish the availability diagram of the PV system giving the
operation time and unavailability periods (when the PV system is not working). The unavailability periods
are usually small; after 3000 hours of operation there is a 500-hour period when the PV system has to be
repaired due to different failures. In Fig. 6a there are also analyzed the main components of the PV system
(PV modules, battery and load) to be maintained. The complex analysis of defect risks and preventive
planned maintenance of the components aims at avoiding spontaneous malfunctions and premature
degradation of the PV system.

a)

b)

Fig. 6 a) PV system availability / unavailability diagram b) Degradation of system components based on availability /
unavailability diagram

In Fig. 6b the level of degradation for each component of the PV system is presented. Although, excepting
the inverter, all other components exceed the critical threshold to the end of the test (3500-4500 hours);
however, two components, respectively the PV modules and the storage system, are the most vulnerable to
failure (exceeding the critical level much earlier). The simulation tools allowed to obtain the efficiency
degradation analysis of the PV system (see Fig. 7a). A good PV system is characterized by small fluctuations
of the time evolution of efficiency, determining a usual degradation based on normal operation requirements
for the analyzed simulation period (5000 hours).
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a)
b)
Fig. 7. a) Time degradation of PV system efficiency b) Statistical unreliability of the PV system in time

The probability of non-functioning of the PV system over time is sensitive after 2000 hours of the product
use (see Fig. 7b). It is noted the role played by this diagram in RAMS analysis; when the components of the
PV system start to degrade, the number of failures increases, that leads to the need for more frequent
interventions (repairs) on the PV system.
The RAMS approach, based on the SYNTHESIS simulation platform, was able to obtain preliminary
information on the time behavior of the PV system and its components (from the point of view of its
reliability and maintenance) which could be very useful for its proper design.

3.4. Failure analyses for the LED lighting system
The operation of LEDs is strongly influenced by the thermal conditions that can cause LED degradation. The
evaluation of LED degradation is performed by the lumen degradation method, in which higher internal
temperatures are produced without heat sink. The RAMS analysis of typical LED lamps, as the one in
Fig. 8, is possible with the help of two software environments, namely: 1) TM-21 Calculator developed by
ENERGY STAR - to determine LED lamp degradation, and 2) SYNTHESIS simulation platform - to assess
the failure of each component of the LED lamp (TM-21 Calculator, 2017; Synthesis Platform, 2017).

Fig 8. Concept of a typical LED lamp

According to Fig. 9a, at a test temperature of 140 oC, the lumen flux reaches 60% of its total value; it
corresponds to a 2200 hours operation (based on a 5000-hour range for which the simulation was
performed). It is remarked that the life duration of the LED lamp was reduced by roughly 1500 hours in the
temperature range of 80-140 ˚C.
The SYNTHESIS platform, in particular the BlockSim software tool, was used to obtain the degradation
diagram of the LED lamp, as shown in Fig. 9b, useful in testing of several efficient cooling systems, which
can help to increase the reliability of the LED system. It is noticed that, under standard operating conditions,
the LED lamps are getting closer to the critical degradation limit, while using the Heat Sink the LED lamp
component functioning is removed from the critical area.
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a)

b)

Fig. 9: a) The degradation curve of lumen maintenance [%] for the whole LED lamp, represented by life duration (hours)
depending on four values of test temperature (stress). b) Degradation diagram of the LED lamp components

3.5. RAMS analysis specific to a PV system
A PV system based on LED lighting application has been studied. Analysis of the PV integrated system was
possible using the availability / unavailability diagram of its components (Fig. 10). This diagram describes
the interdependence between the components and defines how the system works. An important parameter of
the availability / unavailability diagram is the power load LED system that is influenced by the operating
mode (using either serial, parallel or mixed type configurations). Each component of the PV system is
characterized by a repairable block, parameterized in the BlockSim simulation module.
A feature of the Up / Down diagram is the planning of the PV system maintenance; thus, as a result of
prompt interventions in order to repair its components, spontaneous or irreversible failures are eliminated,
the system thus becoming functional over the entire lifetime.

Fig. 10: Diagram of the availability / unavailability (Up / Down) of the PV integrated system

The failure rate for each component of the PV system was also being studied. The highest failure rate is
presented, by the PV modules, respectively LED systems, according to the results in Fig. 11. This is due to
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the specific configurations for these components (series, parallel or mixed) that increase their failure rate
compared with other components (battery, inverter, regulator, etc.).

Fig. 11: Time evolution (in hours) of components failure rate of the PV system depending on operating life cycle

4. Concluding remarks
The authors have proposed the reliability analysis of a PV system for a LED lighting application using a
performance SYNTHESIS simulation platform, which allowed the system to function more accurately by
identifying probable defects in certain components of the system.
This contribution is based on an original approach of RAMS reliability analysis. It was considered the
adaptation of Up / Down reliability block diagrams (RBD) from the reliability theory and applications for a
photovoltaic system in order to determine its functionality and availability and to establish its duration of
non-functionality (required to implement the PV system maintenance). The obtained results of this study are
in good agreement with the reliability published studies from the point of view of the methods used
(Huffman et al., 2009; DeGraaff et al., 2011; Crow 2004; Crow 2003; Collins et al., 2009; Copper et al.,
2016; Vazquez et al., 2008).
The main results obtained by the authors in this article could be synthesized as follows:
- the simulation of the solar cells operation on an accelerated test basis (under the influence of three
essential meteorological parameters: solar irradiance, temperature and humidity) allowed to put in evidence
the normal operating time under normal / stress conditions, defining the initial degradation time of stressed
solar cell (determined by a possible degradation of the cell's I-V characteristics). The Weibull most probable
statistical repartition has also been identified using a proper solar cells testing; on this basis, the operating
duration in which a significant concentration of defects is achieved, was determined.
- the simulation of the PV system operation allowed to obtain information on the availability /
unavailability of the system, based on a RBD diagram. Using this diagram, PV components that may exhibit
a higher rate of degradation (PV modules, electrical battery) during operation are identified. Also, useful
information on degradation of the PV system was obtained (based on the efficiency degradation curve and
the non-functional curve).
- the simulation of the LED lamp allowed to study the temperature influence on the lifetime and the
degradation of the lamp components.
- the simulation of PV system operation for the LED lighting application allowed also to use the Up/Down
diagram as maintenance schedule for elimination of spontaneous or irreversible failures,
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The results obtained by the authors were partially validated by other authors research studies, regarding the
availability and degradation of analyzed systems (Mahdi et al., 2017; Lavrova et al., 2015).
In order to increase the reliability of the PV system and its components, it is necessary to develop an
elaborated failure management strategy that involves knowing the initial level of reliability and developing
efficient solutions for planning and assessing the probable risks of failure. The essential directions for such a
strategy could be as follows:
- experimental accelerated testing of the PV system under the influence of possible degradation factors;
- identifying the cause of failure in experimental conditions, that is intended to isolate possible failures
occurring in the PV system;
- implementing effective corrective actions to significantly reduce the failures of the PV system.

Acknowledgment
The authors are grateful for the financial support of Ministry of Research and Innovation, Romanian
Executive Agency for Higher Education, Research, Development and Innovation Funding (UEFISCDI), no.
34/2016 contract, SOLHET project “High-performance tandem hetero-junction solar cells for specific
applications”.

5. References
Huffman D.L., Antelme F., 2009. Availability analysis of a solar power system with graceful degradation.
Proc. of the Reliability and Maintainability Symposium, Fort Worth, TX.
DeGraaff D., Lacerda R.,. Campeau Z, 2011. Degradation Mechanisms in Si Module Technologies
Observed in the Field; Their Analysis and Statistics. Presentation at PV Module Reliability Workshop,
NREL, Denver, Golden, USA.
Kececioglu, D.B., 1991. Reliability Growth, Reliability Engineering Handbook. fourth ed, Vol. 2, PrenticeHall, Englewood Cliffs, New Jersey, pp. 415-418.
IEC International Standard, Reliability Growth- Statistical test and estimation methods, IEC 1164
International Electrotechnical Commission, 1995
Ishii, T., Takashima, T., Otani, K., 2011. Long-term performance degradation of various kinds of
photovoltaic modules under moderate climatic conditions. Prog. Photovolt: Res. Appl., 19, 170.
Crow, L.H., 2004. Evaluating the Reliability of Repairable Systems. IEEE Proc. Annual Reliability and
Maintainability Symposium, 73-80.
Crow, L.H., 2003. Methods for Reducing the Cost to Maintain a Fleet of Repairable Systems. IEEE Proc.
Annual Reliability and Maintainability Symposium, pp. 392-399.
Herrmann, W., Bogdanski, N., Reil, F., Kohl, M., Weiss, K., Assmus, M., Heck, M., 2010. PV module
degradation caused by thermo-mechanical stress: Real impacts of outdoor weathering versus accelerated
testing in the laboratory. Proc. Vol. 7773, Reliability of Photovoltaic Cells, Modules, Components, and
Systems III; 777301
Hoffmann, S., Koehl, M., 2012. Effect of humidity and temperature on the potential-induced degradation.
Prog. Photovolt: Res. Appl., 22, 173–179
Popescu A., Miclos S., Savastru D., et al. 2009. J. Optoelectron. Adv. M. 11(11), 1874
Stanciu A. E., Cotoros D. L., Cristea L., Baritz M., 2015 J. Optoelectron. Adv. M. 17(7-8), 1146.
Sterian PE., 2000 Fotonica. Printech;

10

495

L. Fara / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)
Laurentiu Fara et al., Reliability Analysis of Photovoltaic Systems with LEDs Integrated in Lighting Applications

Sterian A. and Sterian P, 2012 “Mathematical Models of Dissipative Systems in Quantum Engineering”,
Mathematical Problems in Engineering, vol. 2012, Article ID 347674, 12 pages, doi:10.1155/2012/347674
Power Semiconductor Reliability Handbook, 2010, Alpha and Omega Semiconductor.
Holley, W., Agro, S. Galica, J., Yorgensen, R. 1996. UV stability and module testing of non-browning
experimental PV encapsulant. IEEE Photovoltaic Specialists Conference
Nelson, W., 1998. An Application of Graphical Analysis of Repair Data. Qual. Reliab. Eng. Int., 14, 49-52.
Kijima, M., 1989. Some results for repairable systems with general repair. J. Appl. Probab., 20, 851—859.
Mettas, A., 2000. Reliability Allocation and Optimization for Complex Systems. Proc. of the Annual
Reliability & Maintainability Symposium.
Meydbray, Y., Wilson, K., Brambila, E., Terao, A., Daroczi, S., 2008. Solder joint degradation in high
efficiency all back contact solar cells. IEEE Photovoltaic Specialists Conference.
Collins, E., Miller, S., Mundt, M., Stein, J., Sorensen, R., Granata, J., Quintana, M. 2009. A reliability and
availability sensitivity study of a large photovoltaic system. IEEE Photovoltaic Specialists Conference.
Meydbray, Y., Wilson, K., Brambila, E., Terao, A., Daroczi, S., 2008. Solder joint degradation in high
efficiency all back contact solar cells. IEEE Photovoltaic Specialists Conference.
McMahon, T., 2004. Accelerated testing and failure of thin-film PV modules. Prog. Photovolt: Res. Appl,
12, 235-248.
Wohlgemuth, J., 2011. Tutorial/short course on reliability: PV cells, modules, and systems. IEEE
Photovoltaic Specialists Conference. Seattle, WA.
Aoki, Y., Okamoto, M., Masuda, A., Doi, T., 2010. Module performance degradation with rapid thermalcycling. Proc. of Renewable Energy.
Dhere, N., Pethe, S., Kaul, A., 2010. Photovoltaic module reliability studies at the Florida Solar Energy
Center. IEEE International Reliability Physics Symposium.
Kim S. K., Kim S. Y., Choi Y. D., 2006 Proceedings of 10th Intersociety Conference on Thermal and
Thermomechanical Phenomena in Electronic Systems, pp. 377-379,.
Handbook, 2007, Lumileds, understanding power led lifetime analysis. Technical report, Philips Lumileds
Lighting Company.
Crow, L.H., 2008. A Methodology for Managing Reliability Growth During Operational Mission Profile
Testing. IEEE Proc. Annual Reliability and Maintainability Symposium, 48-53.
Dhere, N., 2005. Reliability of PV modules and balance-of-system components. IEEE Photovoltaic
Specialists Conference.
Copper, J. K., Bruce, A., 2016. Calculation of PV System Degradation Rates in a Hot Dry Climate. Asia
Pacific Solar Research Conference, Canberra, Australia.
Desombre, A., 1980. Methodology for a reliability study on photovoltaic modules. Proc. of the third
European Commission, PV Solar Energy Conference. Cannes, France. 741-745.
Vazquez, M. Rey-Stolle, I., 2008. Photovoltaic module reliability model based on field degradation studies.
Prog. Photovolt., 16, 419.
Wohlgemuth, J., 2003. Long-term photovoltaic module reliability. NCPV and Solar Program Review
Meeting, NREL/CD-520-33586, 179-183
Van Weeran, N., 2013. Degradation of photovoltaic modules in Alice Springs, Australia. Undergraduate
Thesis, School of Photovoltaics and Renewable Energy Engineering, The University of New South Wales.
Granata, J., Boyson, W., Kratochvil, J., Quintana, M., 2009. Long-term performance and reliability
assessment of 8 PV arrays. IEEE Photovoltaic Specialists Conference.

11

496

L. Fara / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)
Laurentiu Fara et al., Reliability Analysis of Photovoltaic Systems with LEDs Integrated in Lighting Applications

Craciunescu D., Fara L., Sterian P., Bobei A. Dragan F., 2017 Optimized Management for Photovoltaic
Applications Based on LEDs by Fuzzy Logic Control and Maximum Power Point Tracking, Nearly Zero
Energy Communities, Springer Proceedings in Energy, DOI 10.1007/978-3-319-63215-5_23
TM-21 Calculator platform. https://www.energystar.gov/sites/default/files/ENERGY%20STAR%20TM21
%20Calculator%20rev%2002-08-2016%20clean_0.xlsx. Accessed October 2017.
Synthesis Platform. http://www.reliasoft.com/synthesis/downloads.htm. Accessed October 2017.
Mahdi I., Chalah S. Nadji B., 2017, Reliability study of a system dedicated to renewable energies by using
stochastic petri nets: application to photovoltaic (PV) system, 4th International Conference on Energy and
Environment Research, ICEER 2017, 17-20 July 2017, Porto, Portugal, Energy Procedia 136, 513–520.
Lavrova O., Flicker J., Johnson J., Armijo K., Gonzalez S., Schindelholtz E., Sorensen R., Yang B.,
2015 PV Systems Reliability: Final Technical Report, Sandia Report-SAND2015-376607.

12

497

ISES Solar World Congress 2017

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

A multi-criteria analysis of bidirectional solar district heating
substation architecture
Nicolas Lamaison1, 2, Roland Bavière1, 2, David Chèze1, 2, Cédric Paulus1, 2
1
2

CEA LITEN - 17 Rue des Martyrs, 38054 Grenoble (France)

INES - 50 Avenue du Lac Léman, 73375 Le Bourget du Lac (France)
Abstract

Decentralized surplus feed-in of solar heat into a District Heating Network (DHN) is here addressed. The heat
collected from solar panels located on rooftops of DHN connected buildings may either be used locally for
domestic hot water and space heating or fed into the heating network. Two-way substations able to transfer heat
from and into the network seem then to be required utilities of future DHN. In that context, two equally important
questions were identified: i) what should be the specifications and architecture of such solar fed bidirectional
substations? and ii) what is the impact of decentralized reinjection on the network operation? The former is
addressed in the present paper while the latter is an ongoing study not presented here. In the present work, first a
discussion on the specifications and architecture of such bidirectional substations led to the conclusion that
architectures for which the solar heat is entirely reinjected into the DHN without local consumption seem more
feasible. Second, a Modelica-based modeling framework of the bidirectional substation is presented and
preliminary results highlight the potential of reinjection on the DHN. The results presented here are part of the
first year work in the frame of the European project ‘THERMOSS’.
Keywords: Solar Feed-In, Decentralized, Substation, District Heating, Dynamic Modeling, Modelica, Prosumers

1. Introduction
In the “2way District Heating” course of action from the 4GDH concept (Lund et al., 2014), decentralized feedin of solar heat from prosumers, i.e. customers reinjecting heat into a district heating network (DHN), seems to
be a promising solution to increase the share of renewable energy of DHNs. The latter is especially true in dense
urban areas with limited ground surface. Reinjection of solar heat will maximize the use of well-exposed
customers’ rooftops while minimizing the cost by mutualizing the equipment via the DHN.
However, when scattered heat reinjections occur in a DHN, new problematics arise. Among the most decisive
ones, prosumers must decide whether it is interesting to consume or feed-in the collected solar energy, they must
control their reinjection temperature in a context of variable differential pressure and the DHN operating company
must deal with distributed reinjection points.
Among the various reinjection principles (see Fig. 1), the Return to Supply line (R/S) variant highlighted in Fig.
1a, seems to be the best option since it leads to the lowest temperature in the solar panels without modifying the
network return temperature (Lennermo and Lauenburg, 2016; Schäfer et al., 2014). However, R/S feed-in implies
to overcome the local differential pressure between the return and supply lines, which usually exhibits significant
variations due to rapid load fluctuations. Moreover, the feed-in temperature must be superior or equal to the local
network supply line value. The latter constraints on the local differential pressure and the local supply temperature
involve at the bidirectional substation level the use of at least a variable speed pump and a finely tuned control
strategy.

Fig. 1: Schematic of two-way substation feed-in strategies into a DHN – a) Return/Supply (R/S), b) Return/Return (R/R) and c)
Supply/Supply (S/S)
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More than only considering decentralized reinjection like in Brange et al. (2016) or Heymann et al. (2017), it is
of great importance to consider both the local consumption and reinjection of the excess heat as in Paulus and
Papillon (2014) and Pietra et al. (2015). The local consumption possibility together with the local differential
pressure and supply temperature constraints presented previously lead to the requirement of innovative control
algorithm at the substation level (Rosemann et al., 2017). At the network level, the operation with multiple
prosumers also becomes more challenging with the creation of new pressure cones for example (Brand et al.,
2014) that may lead to flow stagnation in some parts of the network and even possible flow reversal at the main
generator (Heymann et al., 2017). Additionally, the traditional critical differential pressure driven operation
becomes more difficult to implement (Hassine and Eicker, 2014).
In this context, it seems necessary to address the question of bidirectional substation at both the substation and
network levels. Thus, on the one hand, the present study addresses the specifications, architectures, and modeling
of a two-way substation for a multi-family building including the possibility of local consumption. On the other
hand, work on the influence of decentralized reinjection on the network’s performance is ongoing but not
presented here. These two studies are meant to be connected in future work by implementing the model developed
in the first task into the network of the second task.
The present paper thus addresses the problem at the substation level. It firstly deals with the specifications and
architectures of bidirectional substations. Features such as the location of the hydraulic separation between the
network and the building, local consumption of the heat or total feed-in and control strategies are combined to
build an exhaustive list of possible configurations. Secondly, a promising setup is chosen from that table based
on a multi-criteria analysis. Finally, a modeling framework for the simulation of bidirectional substations is
presented with preliminary results. Contrarily to most publications on this topic in the open literature, Modelica
programming language is here used rather than TRNSYS (Paulus and Papillon, 2014), NetSim (Brand et al.,
2014) or in-house tools (Pietra et al., 2015) since it has native multi-physical modeling capabilities (i.e. thermohydraulic) and allows for implementing new components. Both the details of the two-way substation and the
impact of these prosumers on the network are thus studied using the Modelica “Standard” Library, together with
the “Buildings” (Wetter et al., 2014) and the “DistrictHeating” (Giraud et al., 2015) libraries.

2. Bidirectional Substation Specifications
2.1. Initial Considerations
As previously discussed, the problem here addressed is the decentralized reinjection of solar heat on a DHN using
R/S feed-in (see Fig. 1). The solar collectors are assumed to be on the rooftop of a multi-family building, equipped
with a unique bidirectional substation (see Fig. 2). Variants relying on individual bidirectional stations at the
apartment level have been discarded from this study due to prohibitive cost and increased complexity. Indeed,
solar bidirectional substations seem more appropriate for multi-family buildings rather than for individual
apartments (Rosemann et al., 2017) since it simplifies the hydraulic connections at the building level while
reducing the costs. It also reduces the number of reinjection points in the DHN, aggregate heat inputs and thus
simplifies the operation of the network.

Fig. 2 Two-way substation in multi-family building prosumers
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The multi-family building considered in the present study consists in 3 floors with 2 apartments of 3 people per
floor. Each apartment has a height, width and length of respectively 2.5m x 10m x 7m leading to an overall
footprint of the building of 7.5m x 10m x 14m. A preliminary calculation leads to an overall space heating (SH)
nominal power of about 42kW based on a consumption of 100W/m² (poorly insulated buildings built in the 80’s
in western European climate) and an overall domestic hot water (DHW) nominal power of 60kW. The latter is
obtained using the daily draw-offs from COSTIC (2016), i.e. about 150 liters for an apartment of 3 people, and
the “DHWcalc” calculator (Jordan and Vajen, 2005) to obtain distributed daily or yearly profiles. The maximum
10 minutes average from this profile is 16kW/apartment leading to the 60kW for the entire building when
accounting for a simultaneity coefficient of 0.62. The solar collector field has an area of 80m², which covers one
side of the rooftop with a 30° of inclination angle. The building solar production would reach 56kW with an
assumption of 700W/m² of production based on IEA SHC recommendations (IEA SHC, 2004).
The rest of the present section is dedicated to the question of the architecture of such two-way substation. Fig. 3
summarizes schematically the challenge posed here with the bidirectional substation connected to the DHN, to
the SH and the DHW loops, and to the solar collector field. The question to address in the following parts is how
to do so.

Fig. 3: Overview of the boundary conditions to account for in the design of the two-way substation

2.2. Selection of Features
In the present section, an exhaustive list of possibilities regarding the architecture of the substation will be
established through the combinations of three features. Then, the purpose will be to select the most promising
ones based on various criteria. The three selected features to characterize the bidirectional substations are the
following:
-

Feature 1: Type of connection to the DHN, i.e. location of the hydraulic separations for SH and DHW
Feature 2: Possibility or not to reuse the heat locally, i.e. connection with the solar field
Feature 3: Control strategy associated to the reinjection of heat.

Tab. 1 presents the three possibilities listed for Feature 1 ‘Network Connection’, Feature 2 ‘Local Usage’ and
Feature 3 ‘Control Strategy’. In this Table, the substation is represented by a grey rectangle. More specifically,
the section of the substation dedicated to SH and DHW production is highlighted by a ‘SH/DHW’ tag while the
section dedicated to the solar heat is referred by a ‘Solar’ tag. The different features will be combined in the next
section.
Feature ‘1’, referred as C for Connection, deals with the location of the hydraulic separation between the DHN
and the consumer (SH and DHW). Here is the list of possibilities for Feature ‘1’:
-
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C0: There is no hydraulic separation between the DHN and the consumer inside the bidirectional
substation;
C1: A single heat exchanger in the bidirectional substation performs the hydraulic separation between
the DHN on one side and the DHW and SH loops of the consumer on the other side. C1’ indicates that
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-

DHW production is then collective for the entire building while C1’’ indicates that DHW production is
decentralized at the apartment level;
C2: Two heat exchangers in the bidirectional substation perform the hydraulic separation respectively
between the DHN and the DHW loop and between the DHN and the SH loop of the consumer.

Feature ‘2’, referred as U for Usage, deals with the local consumption of the produced heat, i.e. the connection
between the consumer and the solar field. It is worth mentioning here that the hydraulic separation between the
solar field and the DHN will always be performed with a heat exchanger in the two-way substation:
-

U0: The produced heat is entirely reinjected into the DHN;
U1: The produced heat is partly used locally for DHW preparation and partly reinjected in the DHN;
U2: The produced heat is partly used locally for DHW preparation and SH and partly reinjected in the
DHN.
Feature ‘3’, referred as S for Strategy, deals with the strategy/control associated to the reinjection (feed-in), i.e.
the link between the substation and the DHN. The following possibilities are further detailed later:
-

S0: A pump and a 2-way valve in series;
S1: A pump and a 2-way valve as bypass;
S2: Two pumps and a hydraulic separator.

Tab. 1: Possibilities for Features 1, 2 and 3 - The gray rectangle represents the bidirectional substation perimeter, the ‘SH/DHW’
tag represents the substation part dedicated to SH and DHW while the ‘Solar’ tag represents the substation part dedicated to the
solar heat

FEATURE 1: HYDRAULIC SEPARATION between DHN and SH+DHW (Network Connection)
C0

C1

C2

FEATURE 2: SOLAR FIELD CONNECTION (Local Consumption)
U0

U1

U2

FEATURE 3: FEED-IN ARCHITECTURE (Control Strategy)
S0

S1

S2
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2.3. Features Combinations
As a first step, the two Features (‘C’ and ‘U’) are combined resulting in the configuration table Tab. 2. Fig. 4 Fig.
5 show examples of such combined configurations with the two parts ‘SH/DHW’ and ‘Solar’ inside the
bidirectional substation. Additionally, here are the considerations to account for when combining these first two
features:
-

-

If there is no hydraulic separation between the DHN and the building in the bidirectional substation
(C0), then each apartment is equipped with an individual small scale one-way substation with a DHW
heat exchanger and a SH heat exchanger in parallel, as highlighted in configuration C0U0 of Fig. 4
If there is no hydraulic separation between the DHW and SH loops in the bidirectional substation but
they are themselves separated from the DHN (C1), then if the DHW production is individual, each
apartment is equipped with an individual small scale one-way substation with only a DHW heat
exchanger (C1’’), as highlighted in configuration C1’’U0 of Fig. 5
Tab. 2: Possible configurations for solar source bidirectional substation based on Features 1 and 2

DHN
Connection
C0
C1’
C1’’
C2

U0
V
V
V
V

Fig. 4: C0U0 configuration with individual SH/DHW substation
in each apartment

Local usage
U1
X
V
X
V

U2
X
V
V
V

Fig. 5: C1’’U0 configuration with individual DHW
substation in each apartment

It is observed in Tab. 2 that three configurations, namely C0U1, C0U2 and C1’’U1 are unrealistic. Indeed, for
the first two, since in configuration C0 the bidirectional substation has no heat exchanger separating the network
from the building, individual one-way substations (from network to consumer) are needed in each apartment.
Thus, if local usage is implemented, it means that each individual substation needs to handle the solar heat
produced. The latter seems inappropriate as explained in Section 2.1 (cost and complexity issues). Similarly in
configuration C1’’U1, since DHW is not separated from SH at the substation level and is produced individually
in each apartment, it means that in order to be able to reuse the solar heat for DHW preheating, an extra heat
exchanger is needed in each apartment, which is again rather costly.
For all the other feasible combinations, various criteria listed below have been considered and Tab. 3 summarizes
the performance of each of these configurations for these criteria:
-
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Cost: Related to i) the pressure and temperature levels in the building (lower if hydraulic separation
present in the substation), ii) the necessary equipment in the two-way substation (amount of pumps,
valves, heat exchangers), and ii) the necessary equipment in the building (extra individual substation for
DHW production or indirect space heating)
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-

-

-

Operation: Related to the operation of the solar field with respect to the DHN and the consumers. Simpler
if the solar production is decoupled from the consumer part (U0 solutions)
Ownership: Related to who owns what in the overall system, i.e. is the barrier between the DHN
operating company and the consumer clear? In the case of local consumption (U1 and U2), it is clear if
the solar field belongs to the consumer but not clear if it belongs to the DHN company.
Extra DHW production in the apartments: Related to the requirement of an extra hydraulic separation
between SH or DHN water and DHW water outside of the two-way substation. This is linked to the
location of the hydraulic separation.
Sanitary loop Requirement: Related to the requirement of a sanitary loop for DHW production. If
individual DHW substations are used, sanitary loop is not needed.
Tab. 3: Performance criteria for the selection of the most promising architecture

C0U0

C1’U0

C1’’U0

C2U0

C1’U1

C2U1

C1’U2

C1’’U2

C2U2

+/-

+/-

-

+

+/-

+

+/-

--

+

Ownership

+

+

+

+

+/-

+/-

+/-

+/-

+/-

Operation

+

+

+

+

+/-

+/-

+/-

+/-

-

Extra DHW production
needed

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

No

Sanitary loop required

No

Yes

No

Yes

Yes

Yes

Yes

No

Yes

Cost

In general, operation and ownership are easier if there is no local usage of the produced solar heat (U0 solutions)
since the DHN could then own the decentralized solar fields and operate them at wish, as common generators
(but of small size). Solutions involving additional individual substations (C0 and C1’’) are more costly but do
not require sanitary loops and allow for individual metering. C2U1 also seems interesting since it does not
increase drastically the number of components while allowing self-consumption of the locally generated heat.
However, that configuration is more complex to operate.

2.4. Selected Architecture
For the continuation of the present study, configuration C2U0, i.e. with the hydraulic separation for both the space
heating and the DHW performed in the bidirectional substation and with no local consumption, has been selected
for the following reasons:
- In this configuration, the DHN operator could rent the building’s rooftop to install the collector field
and would then operate it at wish to suit the entire DHN operation;
- In this configuration, the operation of the consumer part of the substation remains as usual;
- It is cost efficient since the hydraulic separation is performed at the building scale and thus
individual one-way substations are not necessary. Additionally, since the hydraulic separation is
performed at the building scale, the building’s piping would run at lower pressure and temperature;
- It presents the simplest operational scheme / control strategy.
The selected configuration C2U0 is shown on Fig. 6. On this Figure, control strategy S0 (see Tab. 1) of the last
feature, i.e. Feature ‘3’, has been superimposed to the C2U0 configuration. In general, the main objective of the
control strategy is to obtain a feed-in temperature level above the local supply temperature in the DHN, while
fulfilling the following constraints:
Obtain the lowest temperature in the solar field to reach high efficiencies;
Overcome the strongly varying local flow resistance, i.e. differential pressure drop;
Well adjust the feed-in flow rate so that the feed-in rate matches the strongly varying heat rate
produced by the solar field.
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As highlighted in Schäfer et al. (2014), the challenge here lies in the combination of two parameters with strong
and fast variations, i.e. the solar heat production and the local differential pressure drop. In general, if a speed
controlled pump alone is used to maintain the targeted temperature, too many startup/shutdown cycles are noticed
when the differential pressure exhibits strong variations.
In control strategy S0 (see Tab. 1), the pump is responsible for the pressure differential while the valve is applied
to regulate the flow in order to meet the targeted temperature. This method exhibits good performance but the
control valve results in higher electricity demand for the pump. In control strategy S1 (see Tab. 1), the pump is
responsible for the pressure differential and the 2way valve used as shunt is responsible for the feed-in flow and
temperature. The feed-in pump, shall only have enough pressure head to exceed the differential pressure. The
cold temperature on the hot side of the heat exchanger is higher than it needs to be resulting in lower solar field
efficiency. Finally, in control strategy S2 (see Tab. 1), the hydraulic separator divides the system into two
hydraulic loops. The pump located after the extraction is used for temperature control while the other one targets
a pressure differential set point. The solution turns out to be a good approach for solving the problems. However,
the cost is high as the use of additional components (extra pump and hydraulic separator).
A 3-way valve solution is also possible but was not selected here because of the fast-varying differential pressure,
impossible to handle using a 3-way valve (Lennermo et al. (2014).

Fig. 6: Bidirectional Substation configuration C2U0 with control strategy S0

As a conclusion of the present section, the performed assessment led to the selection of configuration C2U0 as
promising architecture for a bidirectional substation. In this configuration, the hydraulic separation between both
the building SH and SHW loops and the DHN is performed in the substation and the solar heat is entirely
reinjected in the DHN. Three control strategies have been identified and will be compared in future work. The
next section presents the modeling framework developed and the associated preliminary results obtained.

3. Modelling Framework
3.1. Modelling
This section aims at presenting the framework developed for the comparison of the bidirectional substation
architectures and control strategies in the frame of the ‘THERMOSS’ project. It is based on the open source
modelling language Modelica used in the commercial simulation environment Dymola. Modelica is an acausal
(equation-base) and object-oriented programming language with a large and fast-growing community both for
industrial and academic applications (Schweiger et al., 2017). Modelica has native multi-physical modelling
capabilities (thermo-hydraulic), is structured in libraries enabling exchange of methods in the scientific
community and allows for implementing new components. Moreover, the Annex 60 project from the IEA (Wetter,
et al., 2015) promotes the development of computational tools for building and community energy systems based
on Modelica and FMI standards, motivating the choice of this modelling framework. As mentioned in the
introduction, the Modelica “Standard” Library for its common connectors and fluid ports, the “Buildings” library
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(Wetter et al., 2014) for its general building and solar panels models and the “DistrictHeating” library (Giraud et
al., 2015) for its heat exchanger and piping models will be used.
As highlighted previously in Fig. 3, the bidirectional substation is surrounded by four boundary conditions blocks,
namely the space heating needs, the domestic hot water draw-offs, the solar gains and the network operating
conditions. Thus, the present section begins with the core model of the bidirectional substation and then continues
with the description of these four boundary conditions blocks.
Bidirectional substation
It is composed of three heat exchangers and associated valves, two pumps (for SH circulation and for the
reinjection) and connection piping as shown in Fig. 6. The heat exchangers are discretized in nz elements and the
heat exchange in each element ‘i’ is calculated as ܳሶ ൌ ሺܷܣȀ݊ݖሻǤ ȟܶ with a constant overall heat transfer
capacitance UA and the local temperature difference ȴT between the hot and cold streams. The overall heat
transfer capacitance for each heat exchanger is obtained based on nominal operating conditions (see Tab.4). It is
worth mentioning that the network side is the hot side for both the DHW and the SH heat exchangers while it is
the cold side for the Solar heat exchanger The heat exchangers are modeled with no flow resistance, the pressure
drop being entirely considered in the associated valves model. For the latter, a quadratic model is assumed.
Finally, regarding the pumps, they are both considered to run at constant speed with the flow rate modulation
being performed by the feed-in valve (see S0 in Fig. 6) in the case of the feed-in pump and a thermostatic valve
for the SH, as explained in the next paragraph.
Tab. 4: Nominal operating conditions for the Heat Exchangers of the bidirectional substation

Heat
Exchanger
Solar
DHW
SH

Thot,in
[°C]

Thot,out
[°C]

Tcold,in
[°C]

Tcold,out
[°C]

DTLM
[°C]

Power
[kW]

UA
[kW/K]

90
80
80

60
50
50

50
10
45

85
55
70

7.2
31.9
7.2

56
60
42

7.8
1.9
5.8

SH needs
The boundary condition dealing with the space heating demand is modeled with i) a heating system and ii) a
mono-zone building. For the former, it is connected to the SH pump and is composed of a thermostatic valve and
a radiator modelled using the “RadiatorEN442_2” model from the library “Buildings” (Wetter et al., 2014). In
this model, the transferred heat is computed using a discretization along the water flow path, and heat is
exchanged between each compartment and a uniform room air and radiation temperature. The mono-zone
building is modeled using the “mixed air” model (Wetter et al., 2011) from the library “Buildings” (Wetter et al.,
2014). The latter considers a perfectly mixed air in the room and takes into account heat exchange through
convection, conduction, infrared radiation and solar radiation. Internal heat gains due to occupation (latent heat),
lighting (radiation) and home appliances (convection) are included in the model. Constant single-flow ventilation
is considered with a flow-rate of about 0.4 room volume per hour. For the present study, the dimension of the
building considered were listed in Section 2.1. The total glazed area for the building represents 1/6 of the building
living area, shared as follows, 50% on the South wall, 15% on the West wall and 35% on the East wall. The
envelope of the building (layers composition and infiltration) can be set to follow various French thermal
regulations (RT2000, RT2005, RT2012).
DHW draw offs
For now, the water draw-off system is considered without sanitary loop. As explained initially, the daily or annual
(depending on the simulation) profile of draw-offs are obtained from the software DHW calc (Jordan and Vajen,
2005) from Task 26 of IEA which distributes DHW draw-offs throughout the year or the day with statistical
means, according to a probability function. The mean daily DHW consumption was obtained from a report of
COSTIC (2016) based on the type of apartment and the number of people living in it. Additionally, a correction
of the cold water temperature is also included in the simulations using the model of Burch and Christensen (2007).
Network
The network side inputs are the local differential pressure and supply temperature. It was explained beforehand
that these two variables are decisive regarding the control scheme of the two-way substation. In the present model,
these two variables can either be set to constants to study specific operational conditions or set to follow real
DHN variations. For the latter, data were collected in the frame of the THERMOSS project at the DHN of San
Sebastian, Spain. Fig. 7 below presents these data for three days with a time step of 15 minutes.
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Fig. 7: Differential pressure and Supply Temperature variations in the DHN of Giroa-Veolia in San Sebastian

Solar field
The solar field on the rooftop is modeled using the ‘SolarCollectors’ package from the Buildings library which
models a solar thermal collector according to the ASHRAE93 test standard (ASHRAE93, 2010). The package
proposes different pre-defined solar panels set of characteristics. The flat plate panel Guandong Fivestar Solar
Energy Co, FS-PTY95-2.0 (area of 2m²) is thus used together with Glycol47 as working fluid. The collector area
is discretized and considered to be 80m² for a tilt of 30° as explained in Section 2.1. A solar pump with variable
speed is considered. That pump is set to start above a given level of solar irradiance (100W/m²) and is controlled
so that the outlet temperature from the solar field remains around 85°C.
Overall model
Fig. 8 presents the final Modelica-based framework built for the bidirectional substation simulations. The core
block, i.e. the bidirectional substation, is surrounded by the four boundary conditions blocks described previously,
i.e. the network inlets, SH needs, DHW draw-offs and solar gains.

Fig. 8: Overall Modelica-based framework developed
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3.2. Preliminary results
In the present study, the modeling framework discussed in the previous section is used to highlight the potential
of solar heat reinjection from the multi-family building described in section 2.1. For that preliminary results, only
the SH, DHW and Solar boundary conditions blocks were simulated. The location selected for the simulation is
San Sebastian, Spain. Monthly energy gains/consumptions results are shown in Fig. 9. From this Figure, it can
be calculated that if a configuration allowing for local consumption (U1 or U2) is chosen, up to 19.7MWh/yr
could be consumed locally by the building while up to 41.2MWh/yr could be reinjected in the DHN. If a
configuration with no local consumption is chosen as C2U0 for example, up to 60.9MWh/yr could be reinjected
in the DHN. Future detailed simulations including the bidirectional substation together with the different control
strategies discussed in section 2.4 will allow calculating which part of these potential amounts can effectively be
used locally and reinjected into the DHN.
At this point, it is worth mentioning that at the level of the DHN, the usage of bidirectional substation is rational
energetically speaking in two different situations. The first one is in the case that an inter-seasonal storage is
installed on the DHN so that the decentralized contributions from excess heat of different prosumers are collected
during summer (see Fig. 9) and reinjected in the DHN during winter. The second one is in the case where the
reinjection from few prosumers allow reducing the centralized heat production for the DHW of all the consumers
of the DHN, even during summer.

Fig. 9: Simulated solar production and SH and DHW needs for a multi-family building of 6 apartments and a flat plate solar
collector area of 80m² located in San Sebastian

4. Conclusion
The present paper has set the basis towards the development of a solar bidirectional substation able to
reinject/consume heat on/from a district heating network. Firstly, the main specifications of this bidirectional
substation were established, i.e. Return to Supply decentralized feed-in, multi-family building scale, both able to
consume and reinject heat. Secondly, features such as the type of connection to the network and the type of local
consumption were combined to build an exhaustive list of potential architectures, and the most promising one
was selected from a multi-criteria analysis. For this architecture, the hydraulic separation between both the
building SH and SHW loops and the DHN is performed in the substation and the solar heat is entirely reinjected
in the DHN. Finally, a modeling framework built to study and compare different architectures and control
strategies was presented together with preliminary results highlighting the reinjection potential from multi-family
building equipped with solar bidirectional substation.
In the frame of the European project ‘THERMOSS’, variants of the selected architecture with the various control
strategies discussed will be compared using the presented modeling framework. Additionally, the impact of
multiple reinjection points on the DHN operation will be studied at the network scale in order to have a complete
picture of the development of bidirectional substations.
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Abstract
Trigeneration systems benefit from process integration to achieve primary energy savings, reduction of pollutant
emissions, and reduction of unit costs relative to conventional separate production. Achieving such benefits
requires an appropriate design procedure. The issue is that finding the best configuration that minimizes total
annual cost is not enough anymore, as the environmental concern has become an ever-present theme in the
design and synthesis of energy systems. The minimization of costs is often contradictory to the minimization of
environmental impact. Multiobjective optimization tackles the issue of conflicting objectives by providing a set
of trade-off solutions, or Pareto solutions, that can be examined by the decision maker, so that the best
configuration can be selected for a given scenario. This paper proposes a mixed integer linear programming
model (MILP) to determine the optimal configuration and hourly operation of trigeneration systems considering
the effects of thermal energy storage (TES) and hourly variations of solar radiation, energy supply prices,
energy demands, and CO2 emissions. The objective functions to be minimized are the total annual costs and the
total annual CO2 emissions. Initially, the objective functions were evaluated separately. Then, the Pareto curve
was obtained for the minimization of total annual cost subject to CO 2 emissions restrictions. The trade-off
solutions were analyzed and the preferred solutions were selected, achieving results close to the optimal
solutions with reasonable sacrifices for both objectives.
Keywords: buildings, multicriteria, photovoltaics, solar thermal energy, thermal energy storage, trigeneration.

1. Introduction
Environmental awareness, depletion of fossil fuels resources, and economic aspects are some of the factors that
motivate the development of alternative energy systems. Process energy integration is regarded as an effective
way to achieve primary energy savings and reduction of pollutant emissions relative to conventional separate
production (Mancarella, 2014; Serra et al., 2009). Trigeneration systems benefit from process integration,
producing electricity (and/or mechanical energy), heating, and cooling from a common resource. There is a
large potential for the incorporation of trigeneration systems in the residential-commercial sector (Liu et al.,
2014; Rong and Su, 2017).
In the design of trigeneration plants, two fundamental issues must be addressed (Lozano et al., 2009; Wakui et
al., 2016): the synthesis of the plant configuration (installed technologies and capacities, etc.) and the
operational planning (strategy concerning the operational state of the equipment, energy flow rates,
purchase/selling of electricity, etc.). Finding the optimal configuration of trigeneration systems in building
applications is a complex task, given the wide variety of technology options available and great diurnal and
annual fluctuations in energy demands and energy prices. Other factors that further increase complexity are: (i)
the incorporation of renewable energy technologies, such as photovoltaic panels and solar thermal collectors,
which are characterized by intermittent behavior and non-simultaneity between production and consumption;
(ii) the incorporation of TES units, which allow to decouple production from consumption; and (iii) conflicting
objectives, as the minimization of environmental burdens is often contradictory to the minimization of costs.
Nowadays, sustainability-related issues are ever-present themes in the design of energy systems. Therefore, a
purely economic analysis is not sufficient anymore. Multiobjective optimization tackles the issue of conflicting
objectives by providing a set of non-dominated solutions (Pareto Frontier), which provides flexibility and allows
the decision maker’s judgement into the optimization problem (Andiappan, 2017).
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One of the most important steps in the optimization problem is data collection, since the quality of the data
given as input to the model will directly affect the results obtained. In this regard, it is essential to maintain the
same level of detail for all aspects of the model; however, this information is not always easily obtained or
identified. In the case of hourly optimization problems, Pina et al. (2017) argued the difficulty of finding hourly
CO2 emissions data associated with the electricity available in the Spanish electric grid, as opposed to the wellestablished hourly electricity prices. Because the authors could not find appropriate CO 2 emissions data on an
hourly basis, a constant annual average was considered; as a result, it was necessary to consider a constant
electricity price as well, as it is not consistent to evaluate electricity prices on an hourly basis and electricity CO 2
emissions on a constant annual value.
This work improves the optimization model proposed by Pina et al. (2017) to include hourly electricity prices
and the corresponding hourly CO2 emissions, instead of constant annual values. The MILP model determines
the optimal configuration and optimal operation of trigeneration systems, considering the effects of thermal
energy storage and hourly variations of solar radiation, energy supply prices, energy demands, and CO2
emissions associated with the electricity from the electric grid. A multiobjective optimization procedure is
presented, taking into consideration the minimization of the total annual cost and total annual CO 2 emissions.
The MILP model provides a Pareto frontier, a set of solutions representing the optimal trade-offs between the
economic and environmental objectives, in which there can be no increase in one objective without a decrease in
the value of the other. The solutions along the Pareto curve were analyzed and the preferred trade-off solutions
were selected.

2. Solar assisted trigeneration system
The synthesis of trigeneration systems begins with the definition of a superstructure (Iyer and Grossmann, 1998;
Lozano et al., 2010; Yokoyama et al., 2015). The first step in defining the superstructure is to identify design
targets, that is, the types and quantities of resources available (e.g. fuels, electricity from the electric grid) and
desired products (energy demands of the consumer center that the system must attend), as well as possible
restrictions (e.g. permission or not to sell electricity to the grid). Then, the superstructure can be established,
considering potential technologies and the feasible connections between them, based on appropriate process
integration. Once the superstructure is defined, additional and more specific data are incorporated; this step
plays an essential role, since the quality of the data collected will directly affect the results of the optimization
model. After the optimization procedure, the superstructure will be reduced to its optimal configuration. These
three steps are presented in the following subsections.

2.1. Energy demands
The consumer center considered in this study is a multifamily building located in Zaragoza, Spain. The complex
is composed of 100 dwellings, each one with 100 m² surface area. The energy demands of the consumer center
are assumed to be known beforehand: the annual electricity, heating, and cooling demands are 254,963 kWh,
573,503 kWh, and 113,989 kWh, respectively. The electricity demand is required all year round. The heating
demand is composed of domestic hot water, required all through the year, and space heating, required from
November to April. The cooling demand is only required in the summer months (from June to September).
The study covers the period of one year. It was considered that the energy demands and the operation of the
system are described by 12 representative days d (NRD = 12) each one composed of 24 consecutive periods h
(NP = 24) of 1-hour duration (NHP(h) = 1). Each representative day d is attributed to a month of the year, so the
number of representative days d per year is equal to the number of days in the corresponding month (NRY(1, 2,
3, …, 12) = 31, 28, 31, …, 31). Two additional representative days were included to account for extreme
demand situations, as described in Pina et al. (2017); what these extreme representative days do is increase the
technologies’ installed capacity for safety power margin, with impact on the annual fixed cost, but not on the
annual operation cost.

2.2. Superstructure
The superstructure of the trigeneration system considered in this study is depicted in Fig. 1. Natural gas Fp,
electricity purchased from the grid Ep, and solar radiation Fpv and Fst are the resources that can be used by the
system to attend the electricity Ed, heating Qd, and cooling Rd demands of the consumer center. Heat can be
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produced at two temperature levels: low-temperature heat is only used to cover the heating demand, while hightemperature heat can also be used for cooling production. The cogeneration module GE (natural gas
reciprocating engine coupled to a heat recovery system) consumes natural gas Fc and produces electricity Wc,
low-temperature heat Qcc, and high-temperature heat Qcr; also, a portion of the total heat produced can be
dissipated to the environment Qcl. The gas boiler GB consumes natural gas Fa and produces low-temperature
heat Qac and high-temperature heat Qar. The photovoltaic panels PV produce electricity Wpv from the incident
solar radiation Fpv. The single-effect absorption chiller ABS uses high-temperature heat Qabs to produce cooling
Rabs; this technology also consumes a small quantity of electricity Wabs. The reversible heat pump HP and the
solar thermal collectors ST are assumed to operate in two operation modes according to the month of the year:
x

From January to May and from October to December: The HP operates in heating mode (HPQ),
consuming electricity Whp to produce low-temperature heat Qhp. The ST produces low-temperature heat
Qstc from the incident solar radiation Fst;

x

From June to September: The HP operates in cooling mode (HPR), consuming electricity Whp to
produce cooling Rhp. The ST can produce low and/or high-temperature heat Qstc and Qstr, respectively.

Both operation modes consider the possibility of dissipating heat from the ST Qstl. Finally, two thermal energy
storage tanks are considered, one for low-temperature heat (TSQ) and another for cooling (TSR). Energy can be
charged to/discharged from the TSQ Qin/Qout and TSR Rin/Rout. Energy losses Qs and Rs are proportional to the
stored energy Sq and Sr, respectively, and to an hourly energy loss factor.

Fig. 1: Superstructure of the trigeneration system

2.3. Data collection and elaboration
Once the superstructure is established, it is necessary to provide more specific information about the system in
line with the objective of the analysis. In this regard, in order to contemplate the technical, economic, and
environmental aspects of the incorporation of potentially installable technologies, including renewable energy
technologies and thermal energy storage units, in the building trigeneration system analyzed herein, the
following information is required:
(i) Technical data
All technologies included in the superstructure are commercially available. The equipment can modulate up to
nominal load, except for the non-manageable ones (PV and ST). Performance variations with ambient and
operation conditions are taken into consideration. Table 1 presents the technologies’ main technical parameters
obtained from the manufacturers’ catalogs. The PV has a maximum power of 0.260 kW, module efficiency of
15.51%, and total surface area of 1.60 m². The ST presents thermal performances of k0 = 0.789, k1 = 3.834
W/(m²·K), and k2 = 0.011 W/(m²·K²), and total surface area of 5.04 m². The hourly unit productions per square

511

E. Pina / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

meter of the PV panels and ST collectors were evaluated as explained in Pina et al. (2017).
Table 1: Technologies’ technical parameters

Parameter
GE Electric power efficiency, αw
GE Thermal efficiency, αq
GB Thermal efficiency, ηq
HP COP in heating mode, COPhpq
HP COP in cooling mode, COPhpr

Value
0.26
0.61
0.95
3.24
3.19

Parameter
HP Cooling/heating capacity ratio, RCAPrq
ABS COP, COPabs
ABS unit electricity consumption, kwabs
TSQ hourly energy loss factor, fpacuQ
TSR hourly energy loss factor, fpacuR

Value
0.90
0.69
0.03
0.01
0.01

Based on the geometry of the buildings, a total roof top area of 2000 m² is available for the installation of PV
panels and ST collectors. PV and ST are installed with a tilt of 35º and 30º, respectively. Considering their
surface areas and tilt, it was possible to determine the roof top area occupied by each square meter of PV and
ST: the PV unit surface area usage is equal to 3.1250 m² roof/m² PV and the ST unit surface area usage is equal
to 2.2676 m² roof/m² ST.
(ii) Economic data
Table 2 presents the unit investment cost CI of each technology i included in the superstructure. These values
were obtained from manufacturers’ catalogs (including taxes) and multiplied by a simple module factor that
took into account transportation, installation, connection costs, etc. An operational lifetime nyr of 20 years was
considered for all equipment. An amortization and maintenance factor fam of 0.15 yr-1 and an indirect costs
factor fic of 0.20 were considered (Ramos, 2012).
Table 2: Technologies’ economic and environmental data

Technology
i
GE
GB
HP
ABS

Unit Investment
cost
CI
2700 €/kWel
77 €/kWth
481 €/kWth
518 €/kWth

Unit CO2
emissions
CO2U
65 kg CO2/kWel
10 kg CO2/kWth
160 kg CO2/kWth
165 kg CO2/kWth

Technology
i
PV
ST
STQ
STR

Unit Investment
cost
CI
264 €/m²
578 €/m²
150 €/kWh
300 €/kWh

Unit CO2
emissions
CO2U
285 kg CO2/m²
95 kg CO2/m²
150 kg CO2/kWh
300 kg CO2/kWh

Gas and electricity rates were taken from a real Spanish distributor (EDP, 2017). The gas price is constant all
through the year cg = 0.057 €/kWh LHV (with taxes). In the case of the electricity purchase price cep, a time-ofuse tariff is applied with three time periods, namely on-peak, mid-peak, and off-peak, whose rates are given in
Table 3. The selling price of electricity ces was assumed to be the same as the purchase price cep.
Table 3: Electricity prices in €/kWh, with taxes (EDP, 2017)

Annual period
Winter (Jan-Mar, Nov-Dec)
Summer (Apr-Oct)

On-peak
Hours
cep
19-22
0.183
12-15
0.183

Mid-peak
Hours
cep
9-18, 23-24
0.156
9-11, 16-24
0.156

Off-peak
Hours
cep
1-8
0.122
1-8
0.122

(iii) Environmental data
Table 2 presents the unit CO2 emissions CO2U of each technology i of the superstructure. The CO2U values
were obtained from the literature (Carvalho, 2011; Guadalfajara, 2016; Ito et al., 2009; Ralui et al., 2014).
In terms of CO2 emissions, the environmental cost associated with the consumption of natural gas is constant
throughout the year kgCO2g = 0.252 kg CO2/kWh; this is a Spanish national value obtained from IDAE (2014).
Red Eléctrica de España (REE, 2017) provides data on the national electric demand, generation, and associated
emissions on a 10-minute basis. We have processed this information to obtain the hourly CO2 emissions
associated with the electricity available in the grid for each representative day, as shown in Fig. 2.
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Fig. 2: Hourly CO2 emissions of the electricity in Spain for each representative day, in kg CO 2/kWh (REE, 2017)

3. Mathematical model
Having defined the superstructure of the trigeneration system, it is necessary to develop a mathematical model,
representing the behavior and performances of all elements in the superstructure, to determine the optimal
configuration and optimal operation modes of the system. A MILP model was developed using the software
LINGO (Schrage, 1999). Two objective functions are included: the first considers the economic aspects of the
trigeneration system through the total annual cost, while the second considers the environmental impact in terms
of the total annual CO2 emissions.
The economic objective is to minimize the total annual cost Ctot, which consists of the annual fixed cost Cfix and
the annual operation cost Cope.
ܥ݊݅ܯ௧௧ ൌ ܥ௫  ܥ

(1)

The annual fixed cost is expressed by Eq. (2)
ܥ௫ ൌ ݂ܽ݉ ή ሺͳ  ݂݅ܿሻ ή  ܫܥሺ݅ሻ ή ܲܣܥሺ݅ሻ

(2)



in which the fam, fic, and CI were given in Section 2 (CI values are given in Table 2).
As explained earlier, it was considered that the year was divided into NRD representative days d, each one
composed of NP consecutive hourly periods h of NHP(h) duration. Throughout the year there are NRY(d) days
for each representative day type d. The annual operation cost includes fuel costs and the purchase/sale of
electricity, as expresses Eq. (3):
ேோ ே

ܥ ൌ   ܴܻܰሺ݀ሻ ή ܰܲܪሺ݄ሻ ή ൫ܨ ሺ݀ǡ ݄ሻ ή ܿ  ܧ ሺ݀ǡ ݄ሻ ή ܿ ሺ݀ǡ ݄ሻ െ ܧ௦ ሺ݀ǡ ݄ሻ ή ܿ௦ ሺ݀ǡ ݄ሻ൯

(3)

ௗୀଵ ୀଵ

Regarding the environmental objective, the goal is to minimize the total annual CO 2 emissions CO2tot, which is
composed of the annual fixed emissions CO2fix and the annual operation emissions CO2ope.
ʹܱܥ݊݅ܯ௧௧ ൌ ʹܱܥ௫  ʹܱܥ

(4)

The annual fixed emissions, annualized for the equipment’s operational lifetime nyr is expressed by Eq. (5)
ʹܱܥ௫ ൌ  ܷʹܱܥሺ݅ሻ ή ܲܣܥሺ݅ሻȀ݊ݎݕ

(5)



in which the CO2U values of each technology i are given in Table 2.
The annual CO2 emissions associated with the operation of the system is expressed by Eq. (6). The first and
second terms within the parenthesis correspond to the emissions associated with the purchase of natural gas and
electricity, respectively, while the last term corresponds to the avoided emissions due to the selling of electricity.
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ேோ ே

ʹܱܥ ൌ   ܴܻܰሺ݀ሻ ή ܰܲܪሺ݄ሻ

(6)

ௗୀଵ ୀଵ

ή ൫ܨ ሺ݀ǡ ݄ሻ ή ݇݃ʹܱܥ  ܧ ሺ݀ǡ ݄ሻ ή ݇݃ʹܱܥ ሺ݀ǡ ݄ሻ െ ܧ௦ ሺ݀ǡ ݄ሻ ή ݇݃ʹܱܥ ሺ݀ǡ ݄ሻ൯
The objective functions are subject to equipment constraints (capacity limits and production restrictions),
balance equations, and electric grid constraints (permission to purchase/sell electricity). The reader is referred to
Pina et al. (2017) for a detailed explanation of the restrictions.

4. Single-objective optimization
The two objective functions were initially evaluated separately. Table 4 gathers the main results obtained for the
minimization of total annual costs and total annual CO2 emissions.
For the optimal annual cost solution, all candidate technologies were included except for the PV and ST; further,
the TSQ installed capacity is so small (0.4 kWh) that it could be dropped out. Regarding the annual investment
cost, 47% is due to the installation of HP, followed by the ABS with 29%, and the GB with 10%. Taking into
account the annual CO2 emissions relative to the manufacturing of each device, the HP also accounts for the
highest share, 46%, followed by the ABS with 28%, and the TSR with 21%. This configuration heavily relies on
natural gas (363,285 kWh/yr) and electricity from the electric grid (355,040 kWh/yr). Further, all electricity
produced by the GE is consumed, so that there is no selling.
Table 4: Main results of the single-objective solutions

Technology
GE
GB
HP
ABS
PV
ST
TSQ
TSR
Annual fixed
Energy
service

Optimal annual cost (B)
Investment
CO2
Installed
emissions
cost
capacity
[kgCO2/yr]
[€/yr]
4.2 kWel
2050.8
13.7
204.8 kWth
2838.1
102.4
162.1 kWth
14,031.7
1296.5
94.0 kWth
8761.6
775.2
0.0 m²
0.0 m²
0.4 kWh
10.8
3.0
39.9 kWh
2148.9
598.9
Cfix / CO2fix
29,841.9
2789.8
Energy
CO2
Consumption
emissions
cost
[kWh/yr]
[kgCO2/yr]
[€/yr]
363,285.1
20,557.7
91,547.8

Natural gas
Purchased
355,040.0
electricity
Sold
electricity
Annual operation Cope / CO2ope
Total annual

Ctot / CO2tot

Optimal annual CO2 emissions (A)
Investment
CO2
Installed
emissions
cost
capacity
[kgCO2/yr]
[€/yr]
0.0 kWel
49.3 kWth
683.1
24.6
269.6 kWth
23,343.1
2156.9
48.8 kWth
4554.4
403.0
461.2 m²
21,873.1
6571.6
246.5 m²
25,618.8
1170.7
314.0 kWh
8449.1
2354.8
0.0 kWh
84,521.6
12,681.6
CO2
Consumption Energy cost
emissions
[kWh/yr]
[€/yr]
[kgCO2/yr]
124.2
7.0
31.3

54,667.3

60,728.1

355,919.7

54,606.8

63,048.5

-

-

9348.0

1505.1

1521.3

75,225.0
105,066.9
€/yr

152,275.9
155,065.7
kgCO2/yr

53,108.7
137,630.2
€/yr

61,558.5
74,240.1
kgCO2/yr

In the case of the optimal annual CO2 emissions solution, all technologies were included except for the GE and
TSR. Compared with the optimal annual cost configuration, the installed capacity of the HP has increased, while
the capacities of GB and ABS have decreased. This configuration heavily relies on electricity from the electric
grid (355,920 kWh/yr), while there is virtually no consumption of natural gas (124 kWh/yr); also, a part of the
electricity produced (9348 kWh/yr) is sold to the grid. It is interesting to note that all roof top area is used for the
installation of PV and ST, which suggests that it could be interesting to increase its availability. Moreover,
compared with the optimal annual cost solution, there was a significant shift in the use of thermal energy
storage, from 39.9 kWh of TSR to 314.0 kWh/yr of TSQ. Looking at the annual investment cost, 30% is due to
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the installation of ST, followed by the HP with 28%, and the PV with 26%. In the case of the annual CO2
emissions relative to the manufacturing of each device, the three highest contributions are 52% PV, 18% TSQ,
and 17% HP.
The optimal CO2 emissions configuration presents a total annual cost 31% higher than the optimal annual cost
solution, while CO2 emissions are 52% lower. The shift towards a more environmentally sound configuration
incurs an increase of 183% in the annual fixed cost and 354% in the annual CO2 emissions relative to the
manufacturing of the equipment. These are offset by a better energy usage during the operation of the system,
translated into a decrease of 29% in the annual operation costs and 59% in annual CO2 emissions relative to the
operation of the system.
Analyzing the annual operation of the optimal annual cost solution, the GE, GB, HP, and TSQ operate all year
round, the TSR operates all summer, and the ABS operates from July to September. Of the total electricity
consumed, 8.4% is produced by the GE and the rest is purchased from the electric grid. Regarding the heat
production, the HP and the GB are the major producers, with 48.4% and 38.6%, respectively. The produced
cooling comes almost entirely from the HP (91.7%), being the ABS responsible for supplying peak demands in
July and August. Considering the total cooling produced by the system, 4.5% is stored.
Focusing on the optimal CO2 emissions solution, the HP operates all year except for May, the ABS operates all
summer except for September, and the TSQ is used all year round. The GB operates marginally in June to attend
heat peak demands. It is worth mentioning that there is dissipation of heat from the ST Qstl in May (4977
kWh/yr). The PV panels account for 23.6% of the electricity consumed, while the rest is purchased from the
grid. Of the total electricity produced by the PV, 8.7% is sold to the grid, generating economic benefits. The HP
is responsible for 76.2% of the heat produced by the system, followed by the ST with 23.8%; the GB has a
negligible share. Of the total heat produced, 26.7% is stored in the TSQ. Cooling is produced mostly in the HP
(87.9%) and the rest is covered by the ABS with solar heat from the ST.
The optimization model also determines the hourly operation of the system for each representative day. As an
example, Fig. 3 presents, for the optimal annual cost solution, the hourly productions of (a) electricity, in the
month of January, (b) heating, in the month of January, and (c) cooling, in the month of July.
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Fig. 3: Hourly production for a representative day of (a) electricity in January, (b) heating in January
and (c) cooling in July. Optimal annual cost configuration
In January, only electricity Ed and heating Qd are required by the consumer center. As can be seen from Fig. 3,
the GE operates all through the day producing electricity Wc and heat Qcx; particularly, between hours 6 and 24,
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it operates at full load. Also, electricity is purchased from the grid Ep throughout the day. It is interesting to note
the increase in the purchase of electricity at hours 7 and 8, which are the last two hours of off-peak rate. Apart
from the electricity demand Ed, electricity is consumed by the HP from hour 6 to 20 for heat production Qhp. The
HP’s load increases in the afternoon, after hour 11; it also complements heat production when the GB is at full
load, e.g. hours 9 to 11 and 19 to 20. As already mentioned, the TSQ is used but with negligible shares.
In the month of July, cooling is required from hour 12 to 22. However, as presents Fig. 3, cooling production
begins earlier in the day (e.g. hour 8), being stored in the TSR for later use. The ABS operates marginally with
heat from the GB at hours 12 and 13, and more significantly from hour 15 to 17, when the HP is at full load. The
TSR has one significant charge at hour 8 and one significant discharge at hour 15.

5. Multiobjective optimization
The issue is that economic costs and environmental concern are generally conflicting objectives, which means
that the optimal solution for one is not the best for the other, as was demonstrated in Section 4. Multiobjective
optimization is used to optimize a problem with two or more conflicting objectives, identifying trade-off
solutions among them. These trade-off solutions, also known as non-dominated solutions, constitute the Pareto
set, in which no improvement in one objective can be achieved without sacrificing the other (Andiappan, 2017).
Pareto optimization has been extensively applied in the literature concerned with multicriteria problems and
many methods are available for solving multiobjective optimization problems. Some methods involve
converting the multiobjective problem into a series of single optimization problems. An important question is
the role of the decision maker in the procedure. In this regard, a posteriori methods for generating Paretooptimal solutions are preferred. Among them, the ε-constraint has been applied by various authors to the
optimization of energy supply systems (Buoro et al., 2013; Carvalho et al., 2012; Fazlollahy et al., 2012;
Gebreslassie et al., 2012). In this approach, the problem is optimized with respect to one of the objective
functions, while upper/lower bounds are set for the rest of the objective functions. The problem is repeatedly
solved for different ε values, obtaining the different trade-off solutions that compose the Pareto set. Based on the
Pareto curve obtained, the decision maker has more flexibility to judge the different trade-off solutions and
make a more informed decision.
In this paper, the optimization model was solved for the total annual cost objective, subject to CO2 emissions
constraints. The Pareto set obtained is limited by Limsup = 155,066 ton CO2/yr (optimal annual cost solution) and
Liminf = 74,240 ton CO2/yr (optimal annual CO2 emissions solution). The interval between superior and inferior
limits have been subdivided and the model was repeatedly solved. Table 5 presents the ε values considered in
the analysis, starting from the optimal annual cost solution (point B), towards the optimal annual CO 2 emissions
solution (point A). Along the Pareto curve, different solutions are obtained with different configurations and
installed capacities. Fig. 4 shows the Pareto curve obtained, in which equal symbols represent the same
configuration (with different installed capacities). As can be seen from Table 5, a total of 33 ε values were
evaluated, obtaining 9 different configurations.
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Fig. 4: Pareto curve – Annual economic cost vs. annual CO2 emissions
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Table 5: Trade-off solutions obtained with the ε-constraint method considering economic cost and CO2 emissions

ε-CO2
emissions
[tonCO2/yr]
(B)
155.1
145.0
135.0
125.0
115.0
(C)
105.0
100.0
99.0
97.0
95.0
93.0
91.0
89.0
87.0
(D)
85.0
84.0
83.5
83.0
82.5
82.3
82.0
81.5
81.0
80.0
79.0
78.0
77.0
76.0
75.5
75.3
75.0
74.5
(A)
74.2

Economic
cost
[€/yr]
105,067
105,126
105,254
105,453
105,771
106,266
106,690
106,916
107,745
108,574
109,403
110,232
111,060
111,889
112,718
113,170
113,472
113,932
114,392
114,631
114,884
115,424
116,005
117,605
119,643
121,862
124,221
126,850
128,282
129,301
130,498
134,365
137,630

Installed capacities
GE

GB

HP

ABS

PV

ST

TSQ

TSR

4.2
3.5
3.1
1.1
-

204.8
193.5
171.6
169.0
163.6
140.0
113.6
91.8
91.8
91.8
91.8
91.8
91.8
91.8
91.8
86.6
75.3
74.5
74.5
72.6
69.7
63.2
59.8
56.1
55.8
55.6
54.7
52.9
52.8
62.7
63.0
54.3
49.3

162.1
176.8
201.9
209.8
218.7
244.6
273.6
297.6
297.6
297.6
297.6
297.6
297.6
297.6
297.6
303.3
315.6
316.6
316.6
316.6
317.3
320.9
320.8
312.6
296.4
285.2
267.8
260.4
253.2
265.0
269.6
269.6
269.6

94.0
83.8
66.3
60.9
54.7
36.7
16.6
0.4
19.2
30.4
37.4
39.3
41.4
42.7
47.8
48.8
48.8
48.8

1.5
88.1
174.7
261.3
347.9
434.4
521.0
607.6
640.0
640.0
634.9
629.4
626.8
624.5
620.3
615.0
603.9
589.2
570.5
552.9
530.4
520.2
519.3
513.4
480.2
461.2

7.1
14.6
18.2
21.4
27.1
34.5
49.7
70.0
95.8
120.0
151.1
165.1
166.3
174.5
220.2
246.5

0.4
1.9
4.8
11.4
18.5
43.1
89.4
121.1
172.6
201.1
228.8
231.0
247.2
267.0
314.0

39.9
40.0
40.2
40.2
40.3
40.4
40.6
40.7
40.7
40.7
40.7
40.7
40.7
40.7
40.7
35.3
23.6
22.7
22.7
22.7
22.0
18.6
18.1
0.9
14.8
19.0
24.0
5.8
-

Marginal
cost
[€/tonCO2]
5.9
12.8
19.9
31.9
49.5
84.7
226.6
414.4
414.4
414.4
414.4
414.4
414.4
414.4
452.0
604.3
919.2
920.5
953.8
1012.7
1080.2
1163.3
1599.3
2038.6
2218.4
2359.3
2629.2
2863.0
4076.3
4789.6
7734.3
12,562.0

Average
cost
[€/tonCO2]
5.9
9.3
12.8
17.6
24.0
29.5
33.0
46.1
58.4
69.9
80.6
90.7
100.2
109.2
114.0
117.4
123.0
128.5
131.3
134.4
140.8
147.7
167.0
191.6
217.9
245.4
275.5
291.8
303.6
317.6
363.7
402.9

The graphs in Fig. 5 show the installed capacities of each technology along the Pareto curve, from the optimal
annual cost to the optimal annual CO2 emissions solution. The analysis of the trade-off solutions that constitute
the Pareto curve obtained shows that each technology was included in at least one configuration; on the other
hand, no configuration included all eight technologies simultaneously. The GB and the HP were included in all
solutions obtained and the TSR was included in most solutions. From the optimal annual cost configuration (B),
as CO2 emissions are forced down towards the environmental optimal (A), there is a shift in the installed
capacities of GB and HP: the former decreases, while the latter generally increases. GE is only included at CO 2
levels higher than 125 ton CO2/yr, and even so with relatively small installed capacities. For total annual
emissions below 99 ton CO2/yr, PV panels begin to be incorporated. ST collectors are included at even lower
overall emissions levels, 83 ton CO2/yr, closely followed by the TSQ at 82.25 ton CO 2/yr. There are two
different ranges in which the ABS is included: for CO 2 levels higher than 100 ton CO2/yr and lower than 91 ton
CO2/yr. It is interesting to look into the role the ABS plays in each scenario: at the higher CO 2 emissions range,
the ABS is driven with heat produced with natural gas (Qcr and mostly Qar); on the other hand, at the lower
range, the ABS is driven exclusively with heat from the ST (Qstr). It is worth noting that GE was not included in
any solution simultaneously with PV and/or ST.
From the analysis of the trade-off solutions obtained, point C in Fig. 4 and Table 5 was selected as preferred
intermediate solution because of its good trade-off between both criteria: it achieves a 32.3% reduction in CO2
emissions with an increase of only 1.1% in costs relative to the optimal cost configuration (B). Moreover,
solution C includes only GB, HP, ABS, and TSR. Compared with the optimal annual cost solution (A), there is a
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reduction in the installed capacities of GB and ABS and an increase in the installed capacity of HP. As a result,
the system consumes 75.7% less natural gas and purchases 31.4% more electricity from the electric grid. By
supporting a higher sacrifice for the economic objective, point D in Fig. 4 and Table 5 can also be identified as
an interesting trade-off solution: it achieves a 45.2% decrease in CO2 emissions with an increase of 7.3% in
costs relative to the optimal cost configuration (B). The configuration includes GB, HP, PV, and TSR.
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Fig. 5: Installed capacities along the Pareto curve

Table 5 also presents the marginal and average costs of each solution, in €/ton CO 2. The marginal cost
represents the cost of moving from one solution to the next in the Pareto curve, while the average cost represents
the cost of moving from the optimal annual cost solution (B) to any other. These could be interesting indices to
measure the effort the decision maker is willing to make in order to move towards a more environmentally
sound configuration. As can be seen from Table 5, it is no surprise that both the marginal and the average costs
increase as the system shifts towards more environmentally sound configurations. Moving from one optimum to
the other (B Æ A) involves an average cost of 402.9 €/ton CO 2. However, taking the trade-off solution C into
account, the average cost of moving from B to C is only 24.0 €/ton CO2.
Based on the different circumstances under which the system operates, for instance local subsidies for CO2
emissions savings and/or stock market prices of CO2 emissions, the marginal cost could be used to select among
the various trade-off solutions obtained. Solution C presents a marginal cost of 49.5 €/ton CO2. Ensuring a
higher economic compensation for CO2 emissions savings would enable other solutions to be chosen, such as
solution D with 414.4 €/ton CO2.

6. Conclusions
This paper tackled the issue of conflicting objectives in the synthesis of trigeneration systems including
renewable energy technologies and thermal energy storage. A MILP model was developed using the
optimization software LINGO including two objective functions: minimize the total annual cost and minimize
the total annual CO2 emissions. Both objectives take into account a fixed term, relative to the manufacturing and
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installation of the equipment, and a variable term, relative to the hourly operation of the system. The model was
applied to a multifamily building located in Zaragoza, Spain.
At first, the objective functions were minimized separately, obtaining the optimal annual cost solution and the
optimal annual CO2 emissions solution. The optimal solutions presented fundamentally different configurations:
the optimal cost configuration included cogeneration, whereas the optimal CO 2 emissions configuration
included renewable energy technologies. Then, the ε-constraint approach was employed to identify the
intermediate trade-off solutions that compose the Pareto curve. As a result, it was possible to identify trade-off
solutions that were close to the single-objective solutions with reasonable sacrifices for both objectives; for
example, the preferred trade-off solution selected in this study achieved a 46.2% reduction in total annual CO2
emissions with only an 8% increase in total annual cost relative to the optimal annual cost configuration. This
procedure demonstrated the importance of the decision maker in evaluating the trade-off solutions in search for
the configuration that best suits the objectives of the analysis.
In the synthesis of energy systems, the quality of the data used plays a central role because it directly affects the
results of the optimization model. However, in multiobjective optimization problems, it is essential to maintain
all objective functions at the same level of detail. This issue was highlighted in a previous paper by Pina et al.
(2017), in which the price of the electricity from the grid and the associated CO2 emissions were considered
constant throughout the year. The present paper improved the optimization model proposed in that work by
incorporating hourly electricity prices and CO 2 emissions per kWh, for each representative day. As a result, it
was shown that the system takes advantage of the different electricity prices and emissions at different hourly
periods to achieve more interesting results in accordance with the objective function.
It is also important to maintain the closest level of detail as possible with regard to the elaboration of the
optimization model. For example, it is known that the electricity tariff is generally composed of a power term
and an energy term; however, what would be the appropriate counterpart to the power term for CO2 emissions?
Due to the lack of an appropriate value, the authors opted to consider only the energy term in the calculations.
Nevertheless, we do recognize having applied an amortization and maintenance factor over the operational
lifetime of the system with no equivalent in the CO2 emissions objective function. These issues should be
explored in further studies.
Further work could explore the interconnection with the electric grid, considering local policies on the
permission to sell/inject electricity to the grid and its effects on the optimal configuration and operation of the
system. Moreover, more technologies could be included in the superstructure, namely prime movers (e.g.
microturbines, fuel cell), RES (e.g. wind power, biomass), and energy storage units (e.g. electrical batteries).
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Abstract
More and more distributed generations systems have been connected to the power system in Brazil, especially
PV systems in the range between a few units (residential) to hundreds (power plants) of kW. On that context,
this work is related to operational analysis of a new 34 kWp grid-connected PV system based on local weather
conditions measured in the city of Goiania, located in Central Brazil. The PV system had been installed by a
research and development project approved by ANEEL (Brazilian Electrical Energy Agency) and it was the first
rooftop solar plant installed at UFG (Federal University of Goias) and also among other public universities from
Central Brazil. After some basics operational tests, that 34 kWp grid-connected PV system started to work
continuously on January 2017 after being registered and authorized by local grid utility. Since then an amount of
4.4 MWh has been generated and fed into the power distribution line up to middle of October 2017. Results
registered during February 2017 from an existing and active PV plant were chosen to present a possible
operational analysis. At the end, the energy and power performance profiles from grid-connected PV system are
discussed in terms of weather measurements and conditions. As a fully one operational year from 34 kWp gridconnected PV system has not been concluded yet, authors still working on its performance analysis.
Keywords: PV systems, Weather measurements, Distributed generation, Grid-connected PV system, Renewable
energy, Solar inverter.

1. Introduction
Grid-connected photovoltaic (PV) systems have been regulated in Brazil since 2012 (main document had been
reviewed in 2015) by the net metering mechanism related to Distribution Generation (DG) systems (Aneel,
2015). After that almost 25 MWp of new grid-connected PV systems have been installed (Aneel, 2017a).
Although there is a clear growing up of installed PV systems, such amount of power does not represent a huge
contribution from solar resources considering the fully power generation capacity in Brazil nowadays.
According to Tab. 1, renewables resources represent 78.5% of Brazilian power generation capacity up to now
(October 2017). This is already known around the world and that is why Brazil has been always cited in
renewable global reports or outlooks.
Tab. 1: Official Brazilian power generation capacity up to October 2017 (Aneel, 2017a).

Energy
resource

Solar

Nuclear

Foreign

Wind

Biomass

Oil &
Fossils

Hydro

Total

Installed power
capacity (GW)

0.31
(0.2%)

1.99
(1.2%)

8.17
(5.0%)

11.50
(7.1%)

14.24
(8.8%)

26.89
(16.5%)

99.40
(61.2%)

162.47
(100%)
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However, solar energy (exclusively from PV power plants) represents the lowest contribution (approx. 0.312
GW) of total power capacity in Brazil. It is even lower than the 8.17 GW imported (and paid for) from neighbor
countries (Paraguay, Argentina, Uruguay and Venezuela, in descending order). That is obviously an
encouraging reason for increasing solar power plants in Brazil over the next years. Considering its geographical
localization on Earth, its annual weather conditions and size of its territorial area, Brazil could produce even
much more electrical energy from solar resources for sure. Fig. 1 presents an overview of five geopolitical
regions of Brazil edited from original file published by (Macedo, 2007) and also its annual global horizontal
solar radiation per day estimated by (NREL, 2005). Actually those conclusions are not so new anymore since
academics, professionals, foreign and local companies, public agencies, grid utilities and politicians recognize
that Brazil still has an unexplored potential for power generation from solar and wind resources.

Fig. 1: Brazilian geopolitical regions (left) and its estimated global horizontal solar radiation (right) (Macedo, 2007; NREL, 2005).

Even under an unofficial (but real) political and economic crisis registered during last years that affects new
regulations and investments, step by step solar and wind resources have been more and more explored in Brazil.
For example, a new record of power generated by wind plants installed in the Northeast of Brazil was stablished
during the beginning of September 2017 (approx. 6.8 GW) but it will not last very long since new wind plants
are expected to be added to the Brazilian power grid until 2020 (ONS, 2017). In addition, Brazilian agency
ANEEL (National Agency of Electrical Energy) officially predicts that new solar (residential and commercial)
power plants will also provide plus 3.2 GW to Brazilian power grid among the 2017-2024 years (Aneel, 2017b).
Under that context, this work is related to operational analysis of a new 34 kWp grid-connected PV system
based on local weather conditions measured in the city of Goiania, located in Central Brazil. Central Brazil
corresponds to entire Central-West and a part of North geopolitical regions presented in Fig. 1. Also from Fig. 1
it can be concluded that city of Goiania has an estimated annual global horizontal solar radiation around 5.0-6.0
kWh/m2 per day. These estimated values suggest a considerable potential for exploring the annual available
solar energy source in terms of electrical energy production.
Some results from that 34 kWp grid-connected PV system operation are presented and discussed in terms to
propose a possible operational analysis related to such DG systems. Energy and power performance profiles are
also discussed in terms of weather measurements and conditions. At the end, some conclusions are presented.

2. Grid-connected PV system description
Fig. 2 shows the basic topology of the DG system covered by this work. It is based on a 34 kWp grid-connected
PV system and composed by 145 PV panels (235 W, 60 cells, poly c-Si) connected (in series and parallel
associations) with 8 single-phase power inverters. The PV panels and power inverters have been manufactured
by SUN EARTH (model TPB 156×156-60-P) and ELTEK (models Theia 2.9 HE-t and 4.4 HE-t), respectively.
That new 34 kWp grid-connected PV system corresponds to a rooftop structure and its installation was provided
by a research and development (R&D) project executed by UFG (Federal University of Goias). The R&D
project was financially supported by four local power companies: Espora Energetica; Transenergia Sao Paulo;
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Transenergia Renovavel; and Caldas Novas Transmissao (Pimentel, 2017). This R&D project was approved by
ANEEL and it proudly became the first rooftop solar grid-connected power plant installed at UFG and also
among other public universities from Central Brazil.

Fig. 2: Basic topology of the 34 kWp PV grid-connected system installed at Goiania (Brazil).

After some basics operational tests during the end of 2016, the 34 kWp grid-connected PV system started to
work continuously on January 2017 after being registered and authorized by local grid utility. All the power
inverters are connected to the PCC (Point of Common Coupling) which is also connected to the AC three-phase
power line based on four wires (more typical situation) and with nominal parameters 220/380 V and 60 Hz. The
shunt connection of local loads corresponds to all electrical circuits that feed a three-floor building construction
from Electrical, Computer and Mechanical Engineering School (EMC) at UFG.

Fig. 3: A 180° panoramic view from the 34 kWp rooftop PV grid-connected system on April 2017 (autumn).

In addition, Fig. 3 presents a 180° panoramic view from the PV panels related to the 34 kWp rooftop PV gridconnected system during afternoon on April 2017 (autumn). It can be noticed that PV panels had been installed
with different orientation and inclination angles. A part of them are faced to North direction (with +15°
deviation) with a 10° of inclination (following rooftop’s inclination). Others PV panels are faced to South
direction with the same deviation and inclination angles. The reason of such different installation procedures is
related to R&D objectives and it justifies why nominal power 34 kWp would be never reached all over the year.

3. Power and energy measured performance
It is known that some aspects related to energy production and its performance can be monitored and saved for
future numerical analysis. Otherwise other aspects related to local weather conditions can be also involved by
that PV system analysis as they could limit overall system performance (Raj, 2016).
This paper discusses the influence of local weather conditions on the operational analysis of an existing 34 kWp
PV grid-connected system (presented in Figs. 2 and 3). Its daily operation can be freely accessed by Internet
connection through the address (http://200.137.220.91/index.htm) after typing the code ‘visitante’ into both user
name and password fields (from login screen). The web interface (created by power inverters’ manufacture)
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could be describe as a supervisory system and it provides the amount of power and energy produced by power
plant or by each of power inverters during a period of time. Fig. 4 presents a print screen from such supervisory
system as it appears on October 15th, 2017. It can be noticed the shapes from total PV power output over the
last seven days and also a summary of energy and power over the last twelve months.

Fig. 4: A screen from supervisory system related to 34 kWp grid-connected PV system as it appears on October 15th, 2017.

An amount of registered data from local weather conditions and PV power performance during February 2017
was considered to support the analysis presented in this work. Then Fig. 5 presents the daily electrical energy
provided by the 34 kWp PV system to the PCC (as shown in Fig. 2) during February 2017. The biggest and
lowest registered values of energy occurred in days 15 (176.3 kWh) and 16 (71.3 kWh), respectively. However,
the AC output peak power from a 34 kW (nominal) PV system had a different behavior with lower variations all
over the days. Even so, the biggest output peak power value occurred in day 12 (32,7 kWp) and in the same day
with a ‘poor’ energy production (75,4 kWh).

Fig. 5: Daily energy production and output power peak from a 34 kWp PV grid-connected system on February 2017.
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Those conclusions suggest that both energy production and maximum power may be used to describe some PV
system performance. However, they are not directly dependent just because they are determined by different
local weather variables and/or power inverter capability. These issues are described during the next section.

4. Influence of registered local weather conditions
It is well known the direct relationship between power or energy performance from any PV system and the
available weather conditions during a period of time. As this particular 34 kWp grid-connected PV system was
related to a R&D project, an autonomous local weather station had been also purchased and installed alongside
with its PV panels. Fig. 6 presents a general view from local weather station installed closed to the PV panels.

Fig. 6: Local weather station installed alongside the 34 kWp grid-connected PV system at UFG (Goiania, Brazil).

The weather station showed in Fig. 6 automatically collects values from seven different weather sensors during
an interval of 10 seconds and registers an average of those captured values over one minute. Each average value
from all seven weather variable is then added to a table that could be accessed by user through a serial or IP
port. Besides time, the weather measured variables are: wind speed; wind direction; air temperature; relative
humidity; precipitation; global solar horizontal irradiance; and atmospheric pressure.
All variable values registered by local weather station since July 2015 are available to visualization (and for free
downloading) from an Internet portal through the address: https://sites.google.com/site/sfvemcufg/weatherstation. Updates involving data registered by local weather station and its sharing are weekly made by authors of
this work. Some of these data had been considered by authors to analyze the operation points from the 34 kWp
grid-connected PV system power plant and are presented below.
Fig. 7 presents the horizontal global solar irradiance and air temperature exactly at the 34 kWp grid-connected
PV system power plant during February 2017. It can be noticed that from February 12th to February 17th, both
local weather variables have distinct behaviors than other days. For that reason, this period of six consecutive
days from entire month had been chosen for a more detailed analysis.
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Fig. 7: Local horizontal global solar irradiance (top) and air temperature (bottom) at Goiania (Brazil) during February 2017.

Fig. 8: Amount of local precipitation per minute (blue) and accumulated (red) at Goiania (Brazil) during February 2017.

During the entire month of February 2017, a cyclic oscillation had been verified on air temperature in Fig. 7
(bottom). It suggests that power inverters operation probably had been not limited by temperature. Those peaks
verified on horizontal global solar irradiance (not the average blue curve) could explain a possible power
saturation on power inverters. It can be noticed that highest values verified in Fig. 5 (bottom) occurred on the
same days which global solar horizontal irradiance reached 1.1 kW/m2 (or higher) in Fig. 7 (top).
As February corresponds to a summer season in the city of Goiania and it means a lot of raining days (at least on
that of Earth), the oscillations on energy production verified in Fig. 5 (top) can be compared with the local
precipitation presented in Fig. 8. And it can be also noticed that significate rains were scattered along the month
and have not influenced those energy production oscillations. Even for that period from Feb-12 to Feb-17 that
reflects a distinct behavior from the rest of the month, the accumulated precipitation had just a slightly transition
over the days 12 and 13.
However, Fig. 8 shows only the precipitation measurements over the month and not how many cloudy were
those days (or that distinct period). Fig. 9 exhibits the correspondent part of Fig. 7 related to period from Feb-12
to Feb-17 and Tab. 2 describes this period in terms of energy and weather conditions.
It can be concluded from Fig. 9 that ‘low’ solar irradiance and ‘low’ air temperatures were verified on days 12,
13 and 16. Then, they were probably cloudy days and affected the energy production presented in Fig. 5 (top).
In addition, the constant behavior of output power in Fig. 5 (bottom) could be determined by the MPPT
capability from power inverters (Hosseini, 2016; Killinger, 2016).
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Fig. 9: Particular distinct behaviors verified on local horizontal global solar irradiance (top) and air temperature (bottom) during
a period of six consecutive days of February 2017 at the city of Goiania (Brazil).
Tab. 2: Power performance and weather conditions measurements registered during operation of
the 34 kWp PV grid-connected system from 12-Feb-2017 to 17-Feb-2017.

Day

Energy from
PV system

Output power
from PV plant

Daily air
temp. range

Effective rain
duration

Solar irrad.
(average peak)

12-Feb-2017

075.4 kWh

32.7 kW

~ 21-28 ºC

~ 1 h (at 1 pm)

~ 0.8 kW/m²

13-Feb-2017

100.6 kWh

31.8 kW

~ 22-27 ºC

< 1 h (at 7 pm)

~ 0.7 kW/m²

14-Feb-2017

155.9 kWh

31.1 kW

~ 20-30 ºC

~ 1 h (at 3 am)

~ 1.2 kW/m²

15-Feb-2017

176.3 kWh

26.2 kW

~ 21-34 ºC

-

~ 1.1 kW/m²

16-Feb-2017

071.3 kWh

22.1 kW

~ 22-28 ºC

< 1 h (at 10 pm)

~ 0.6 kW/m²

17-Feb-2017

111.6 kWh

32.4 kW

~ 20-34 ºC

~ 1 h (at 6 pm)

~ 1.1 kW/m²

In addition, Tab. 3 presents some values obtained by performance parameters related to PV systems during
February 2017. The daily (and monthly) amounts of energy produced by PV power plant, its capacity factor
(CF) and the verified performance ratio (or productivity) are presented.
Tab. 3: Daily (specific) and monthly performance parameters registered by 34 kWp grid-connected PV system on February 2017.

Period
of time

AC electrical energy
produced (kWh)

PV power plant
capacity factor (CF)

PV plant performance
ratio (kWh/kWp or h)

Feb 12th

75.40

9.24%

2.22

Feb 13th

100.60

12.33%

2.96

Feb 14th

155.90

19.11%

4.59

Feb 15th

176.30

21.61%

5.19

Feb 16th

71.30

8.74%

2.10

Feb 17th

111.60

13.68%

3.28

All month

3302.60

14.45%

97.14

Considering the selected distinct period of six days from Feb-12 to Feb-17, the effects of daily variations on
weather conditions can be cleared verified. A capacity factor of 15.0% (average) and a performance ratio around
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5 h (average) have been obtained. Such values are typical on good PV systems and they were expected since PV
panels and power inverters have been recently manufactured. Among specific days presented in Tab. 3, Feb-15
can be selected as most representative day from a PV system in the city of Goiania during a summer. High solar
irradiance and clear sky (no clouds) over a long period of time have been observed during that day. The amounts
of CF and performance ratio achieved on Feb-15 are also in accordance with the expected values from Fig. 1
(right) considering the localization of 34 kWp grid-connected PV system.
Considering a higher period of time, Fig. 10 presents some daily CF values observed from April 2017 to
October 2017 on the same 34 kWp grid-connected PV system. As it was previously concluded, an average CF
value around 15.0% still being observed on 34 kWp grid-connected PV system. Even so, some low FC values
have been also noticed from May to August, a period of year related to dry season (no raining) in the city of
Goiania. Such reduction can be explained by two typical weather conditions related to that dry season: higher
amount of accumulated impurities on the PV panels; and lower solar irradiance over the days (winter). Future
measurements from FC values may present the expected efficiency degradation from PV panels over the years.

Fig. 10: Curve of daily capacity factor values observed on 34 kWp grid-connected PV system from April to October 2017.

5. Conclusions
Some operational results from a 34 kWp grid-connected PV system installed in the city of Goiania (Central
Brazil) have been presented and discussed.
As the number of installed grid-connected PV systems in Brazil has been increasing over that last five years, this
paper described a new 34 kWp grid-connected PV system installed in the city of Goiania (Central Brazil).
After some basics operational tests, that 34 kWp grid-connected PV system started to work continuously on
January 2017 after being registered and authorized by local grid utility. Since then an amount of 4.4 MWh has
been generated and fed into the power distribution line up to middle of October 2017.
Some operational results observed on this solar power plant during February 2017 have been presented and
discussed. For the same 34 kWp grid-connected PV system, a method for validating operational results from PV
systems based on weather measurements has been also proposed and discussed.
From presented results, it can be concluded that days with low solar irradiance and low air temperatures cannot
be related to raining days only. Some cloudy days may have same aspects and they can also affect seriously the
power production from PV panels. Over the next months, the authors concluded that the clearness factor verified
during daylight actually has more impact on the efficiency of PV panels than the presence of raining. This
conclusion is valid in the city of Goiania since its average temperature does not significantly varies over a year.
Besides, the constant behavior of output power from 34 kWp grid-connected PV system over an intermittent
solar month as observed during February 2017 can validate the MPPT capability from power inverters and its
efficiency considering the accomplish of DC input voltage range specified by manufacturer.
Some performance parameters related to PV systems have been also calculated. A capacity factor of 15.0%
(average) and a performance ratio around 5 h (average) have been obtained. Such values are typical on good PV
systems and they were expected since PV panels and power inverters have been recently manufactured.
As a fully one operational year from 34 kWp grid-connected PV system has not been concluded yet, authors still
working on its power inverters and weather conditions monitoring, on energy performance parameters analysis
and on reliability of solar power plants.
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Abstract
This work presents the experience gained with the testing of photovoltaic grid-tie inverters to evaluate their
compliance with the Brazilian standards. The experience was obtained during the first two years at the Laboratory
of Photovoltaic Systems of the Institute of Energy and Environment of the University of São Paulo LSF/IEE/USP, the first laboratory in Brazil equipped to perform these tests.
Since the LSF is the first laboratory to apply the Brazilian standards procedures, there is still uncertainty if the
inverters available international market are able to comply with all the aspects of the standards.
The approach focus on the experiences with inverters that did not comply with the Brazilian standards concerning
one or more of its aspects, the difficulties encountered during the tests, and the firmware implementation needed to
solve inverter nonconformity with the standards.
By reviewing the data obtained, this work aims to evaluate if the criteria required by the Brazilian standards is
obtainable by the inverters that already exist in the market. In case there are non-conformities, the interaction with
the inverters technical team will show what are the most critical aspects of the standards, and if they can be
implemented in the existing inverters.
To back up the analysis, the laboratory infrastructure is briefly described, mostly to establish the power range and
main characteristics of the inverters that can be tested using the LSF infrastructure.
Keywords: Grid tied inverter, equipment evaluation, Brazilian standard.

1. Introduction
Distributed power generation is becoming usual in Brazilian distribution grids, and thus grid-connected systems
need compliance with the Brazilian standards, regarding the connection interface and energy quality. The inverters
in a photovoltaic system are mainly responsible for establishing the connection and delivering the generated power
to the grid. In order to evaluate the string inverters sold in the Brazilian market, the Instituto Nacional de
Metrologia, Qualidade e Tecnologia – INMETRO (National Institute of Metrology, Quality and Technology),
established a labeling program for inverter evaluation according to the standards NBR 16149, 16150, NBR IEC
62116 of the Associação Brasileira de Normas Técnicas – ABNT (Brazilian Association of Technical Standards)
and the INMETRO Normative Regulation Number 357.
To support the inverter labeling program the Laboratory of Photovoltaic Systems of the Institute of Energy and
Environment of the University of São Paulo was accredited by INMETRO to test grid-tie inverters and guarantee
their compliance to the standards.
This scenario presents a specific challenge for inverters already available in the international market, mostly
because for these products to enter the Brazilian market they would need to comply with a new standard specific
for that country, where there was still no data available for the inverter performance under the Brazilian criteria.
During the first two years, different inverter brands and models were tested at the laboratory, and although most
models showed compliance to the standards, a few cases showed non-compliance with one or more aspects of the
standards.
This work presents the data obtained during inverter testing. The main attempt is to inform international inverter
manufacturers about the aspects of the Brazilian standards and which aspects will require hardware and software
reengineering in order for the inverter to be commercialized in the Brazilian market.
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2. Brazilian standards
The Brazilian standards NBR 16149 and NBR 16150 dictate most of the features of photovoltaic systems´
connection to the power grid, except for the anti-islanding aspect, which is fully described in the NBR IEC 62116,
and DC polarity inversion and photovoltaic overload, which are described in the INMETRO Normative Regulation
Number 357. All the tests for the conformity criteria are listed in Tab. 1, and are briefly described in the following
items.
Tab. 1: Inverter tests according to Brazilian regulation.

Number

Test

Reference standard

1

Flicker

2

DC-Component injection

3

Harmonics and wave distortion

4

Power factor

5

Reactive power injection/demand

6

Over/undervoltage

7

Over/underfrequency

8

Power control under overfrequency conditions

9

Reconnection

10

Automatic out-of-phase reconnection

11

Active power modulation

12

Reactive power modulation

13

Photovoltaic system grid disconnection

14

Fault ride-through – FRT

15

Polarity inversion protection

16

PV overload

17

Anti-islanding

ABNT NBR 16149 and
16150

INMETRO nº 357
normative
ABNT NBR IEC 62116

2.1. Test 1: Flicker
The flickering caused to the electric system by the inverter is evaluated during the tests. For the criteria used and
test procedures the Brazilian standards make reference to the international standards IEC 61000-3-3, IEC 61000-311 and IEC 61000-3-5. This is the only test with direct reference to international standards and all inverters tested
in the laboratory complied with this aspect.

2.2. Tests 2, 3, and 4: DC-Component injection, harmonics and wave distortion, power factor
Tests 2, 3, and 4 are grouped together because of the similarity in their procedures. These three tests require de
measurement of DC component, harmonics, and power factor of the current injected to the grid for different
inverter loading conditions. Tab. 2 presents the conformity criteria for the three tests. It is important to mention
that the DC component and harmonics are calculated using the inverter current fundamental component.
Tab. 2: Criteria for tests 2, 3 and 4 for inverter evaluation in Brazil.

Test
2

Criteria

Limit

DC component

< 0.5 %

Total harmonic distortion
rd

Odd harmonics – 3 to 9

< 5.0 %

th

< 4.0 %

Odd harmonics – 11th to 15th
3

st

< 1.5 %

rd

rd

< 0.6 %

Odd harmonics – 17 to 21

Odd harmonics – 23 to 33
Even harmonics – 2nd to 8th
th

Even harmonics – 10 to 32
4

Power factor

< 2.0 %

th

< 1.0 %
nd

< 0.8 %
0.98 lead ~ 0.98 lag
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2.3. Test 5: Reactive power injection/demand
The fifth test requires the inverter to operate controlling the reactive power flowing between the inverter and the
grid. This control is done regarding the actual active power injected into the grid. The Brazilian standards describe
two types of reactive power control. The first type of control is referenced as a power factor curve, and in this
mode the inverter is required to change its power factor according to a ramp function related to the active power
delivered to the grid. The inverter installer should be able to configure the ramp function in the inverter, with the
default values for the test as shown in Fig. 1. The second type of control consists of maintaining a fixed proportion
between the reactive power flowing and the active power injected into the grid. This is the same as maintaining a
fixed power factor during inverter operation, but the standard requires the installer to input a percentage value for
the reactive/active power relation and not a fixed power factor value. Fig. 2 shows the expected operation for the
inverter in the second type of control.

Fig. 1: Reactive power control as a power factor ramp.

Fig. 2: Reactive power control as a fixed proportion of the active power injected to the grid.

The first type of control is mandatory for inverters with rated power above 3 kW and less or equal to 6 kW; for
inverters with rated power equal or above 6 kW, the manufacturer may choose between the two types of control to
be implemented in the equipment. Inverters with rated power under 3 kW are not required to have a reactive power
control routine.
For the conformity criteria in the first control type, the inverter should be able to attain the power factor values
within a ± 0.025 tolerance of the expected values for the injected power above 20 % of the inverter rated power.
The second type of control has the same directive but with ± 2.5 % tolerance regarding the expected reactive
power.
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2.4. Tests 6 and 7: Over/undervoltage, over/underfrequency
The 6º and 7º tests evaluate the inverter regarding the interruption of power injection during abnormal grid
conditions. In these tests, the inverter should detect the voltage and frequency values outside the normal operation
range and cease to inject power into the grid within the respected time limits. Tab. 3 summarizes the criteria for
these tests.
Tab. 3: Grid operation values and power injection interruption time limits for tests 6 and 7.

Voltage range (% Vrated)

Power injection interruption time
limit

Vgrid < 80 %

0.4 s

80 % ≤ Vgrid ≤ 110 %

Normal operation

110 % < Vgrid

0.2 s

Frequency range

Power injection interruption time
limit

fgrid < 57.5 Hz

0.2 s

57.5 Hz ≤ Vgrid ≤ 62.0 Hz

Normal operation

62.0 Hz < Vgrid

0.2 s

2.5. Test 8: Power control under overfrequency conditions
Test eight requires the inverter to control the active power injected into the grid according to the grid frequency.
For frequency values between 60.0 Hz and 60.5 Hz the inverter is required to maintain the power injection
unaltered, but for frequency values between 60.5 Hz and 62.0 Hz the inverter must reduce the power injected to the
grid according to Eq. 1.

߂ܲ ൌ ሾܨௗ െ ሺܨ௧ௗ  ͲǤͷሻሿ ܴ כ

(eq. 1)

where:
ΔP

is the active power variation, expressed in percentage, based on the active power injected at the moment
the frequency exceeds 60.5 Hz (PM);

Fgrid

is the actual grid frequency;

Frated

is the rated grid frequency;

R

is the active power reduction factor, expressed in percentage by Hz, adjusted on - 40 %/Hz.

Also, once an overfrequency event is detected and the injected power is reduced, the inverter is required to
reestablish the normal power injection only when the grid frequency returns to a value between 60.0 and 60.1 and
maintains this value for at least 5 minutes. When the frequency stabilizes, the inverter is allowed to increase the
power injection at a maximum rate of 20 % PM/minute.
The Brazilian standards divide this test procedure in two parts. The first part corresponds to seven frequency points
that evaluate the inverter response to overfrequency events. The second part corresponds to the eighth point that
evaluates the power injection gradient. Fig. 3 shows the frequency points and the expected injected power; the
power injection gradient is evaluated during the transition between points 8 and 1.
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Fig. 3: Frequency points and inverter response for test 8.

The inverter presents conformity with the test requirements if the values measured are as expected in Fig. 3 with a
± 2.5 % tolerance.

2.6. Test 9: Reconnection
This test requires the inverter to reconnect to the grid once the normal operation conditions are detected. The
inverter is required to reconnect within 20 to 300 s after the grid returns to normal. After the over and undervoltage
tests the reconnection time is measured to verify this test criteria.

2.7. Test 10: Automatic out-of-phase reconnection
This test requires the inverter to withstand two pulses of out-of-phase grid voltage. In the first pulse, the grid
voltage waveform skips 90º and, in the second pulse, the waveform skips 180º. The inverter is considered in
conformity with this requirement if after each of these events it still injects power into the grid normally.

2.8. Tests 11, 12, and 13: Active power modulation, reactive power modulation, photovoltaic
system grid disconnection
Tests 11, 12, and 13 are grouped together because their procedures make use of telecommunication protocols to
send commands to the inverter. By using external commands test 11 evaluates if the inverter is capable of limiting
the power injected into the grid according to the operator necessity. Test 12 makes use of external commands to
evaluate if the inverter is able to operate with reactive power control as described in Fig. 2. These two tests are only
required for inverters with rated power above 6 kW. Test 13 is required for all inverters and consists of sending
commands for the inverter to start and stop the power injection into the grid.
The Brazilian standards do not establish a communication protocol and require the inverter manufacturer to provide
the inverter with a protocol of his choice and all the equipment needed for testing.

2.9. Test 14: Fault ride-through – FRT
Test 14 requires that inverters with rated power equal or over 6 kW withstand voltage sags without disconnecting
from the grid. Fig. 4 shows the criteria for the sags duration and inverter expected response regarding the sag event
duration.
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Fig. 4: Inverter response regarding voltage sag duration.

2.10. Tests 15 and 16: Polarity inversion protection, PV overload
Test 15 and 16 are grouped together because their test proceedings are similar and they are both discussed in the
INMETRO Normative nº 375. These tests consist of operating the inverter for a period with the DC input polarity
inverted, or with an overall DC input capacity 20 % above the inverter rated active power, for each test
respectively. After the abnormal operation period, the inverter is operated in normal conditions. The inverter is
considered in conformity if after the abnormal conditions it is able to inject power into the grid normally and there
is no visible damage to it.

2.11. Test 17: Anti-islanding
The ABNT NBR/IEC 62116, which is a translation of the IEC 62116 standard, describes the anti-islanding test
characteristics and procedures. For this test, the inverter is required to detect the absence of grid voltage and stop to
provide power to the local load. The procedure takes several test conditions, which vary in power injected by the
inverter and the percentage consumed by the local RLC load, but once the grid voltage disconnection occurs the
inverter needs to stop the power injection in at least 2 seconds.

3. Laboratory infrastructure
In order to test grid-tie inverters the Laboratory of Photovoltaic Systems of the Institute of Energy and
Environment of the University of São Paulo developed a test bench that is composed mainly of: a Solar Array
Simulator (SAS) DC power supply, a grid simulator AC power source, a RLC load bank, and a power analyzer.
The equipment used in the laboratory and the connection diagram are shown in Fig. 5 and Fig. 6, respectively.

Fig. 5: LSF String Inverter test equipment. From left to right: S.A.S DC power source, grid simulator AC power source, and RLC
load bank.
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Fig. 6: Laboratory inverter test setup connection diagram.

The test bench equipment allows for testing single-phase inverters with maximum rated power up to 10 kW, as the
current INMETRO normative only applies to inverters with rated power equal to or below 10 kW.

4. Inverter test experiences
During the first two years, the laboratory tested 15 inverters with rated power between 250 W and 5,000 W.
Among the inverters tested, nine showed conformity with all the tests required by the labeling program, and the
others showed nonconformity in one or more tests. Tab. 4 summarizes the inverters tested in the order they were
tested, and the conformity criteria.
Tab. 4 shows that the inverters presented nonconformity in tests 2, 3, 4, 5, 6, 7, 8, 13 and 17. Inverters numbers 4,
6, 7 and 8 did not have further development on their firmware, but the manufacturers from inverters 9 and 10
requested to use the laboratory infrastructure to collect data and improve their firmware.
It is important to notice that inverter number 4 is a micro-inverter, designed for use connected directly to a
photovoltaic module. This equipment did not have a communication port or telecommunication system that an
operator could use to configure its operation or send any type of commands; so it immediately showed
nonconformity with test 13.
Tab. 4: Inverters tested and their conformity with the standards.
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Inverter

Rated Power (W)

Conformity with the standards?

Nonconformity for tests

1

1,500

Yes

--------

2

3,000

Yes

--------

3

4,600

Yes

--------

4

250

No

6; 7; 13

5

2,000

Yes

--------

6

700

No

3; 4; 8

7

1,500

No

2; 3; 4; 8

8

2,000

No

3; 4; 8

9

4,600

No

3; 5; 8; 17

10

5,000

No

5; 8

11

4,600

Yes

--------

12

1,000

Yes

--------

13

1,500

Yes

--------

14

3,000

Yes

--------

15

5,000

Yes

--------
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4.1. Inverter nº 9
Inverter number nine had its firmware updated for harmonic distortion compliance with the Brazilian standards.
Fig. 7 shows the results for the 4 evaluations of the harmonic distortion firmware update. The inverter technical
team made each update based on the previous results. For the first three evaluations, the inverter presented one or
more current harmonics over the limits established by the ABNT NBR 16149. At the fourth evaluation the
firmware update lead to an inverter operation in conformity with the Brazilian standard.

Fig. 7: Harmonic distortion evaluation results for firmware update on inverter nº 9.

After confirming the compliance with the requirements of test 3, the inverter technical team requested to evaluate
the power control on overfrequency. At first, the inverter firmware did not present such control. The fourth
firmware update implemented the power control required by test 8. One trouble found in this implementation was
the misinterpretation of the power injection gradient. During the second evaluation, it was discovered that the value
used for the power injection gradient was the inverter rated power and not the P M value specified by the standard.
With this result, the technical team developed a fifth firmware update, which presented conformity for test 8. Fig. 8
and Fig. 9 show the gradient test results for the three evaluations of inverter number nine.

Fig. 8: Power injection gradient evaluation results for inverter nº 9 with 100 % rated power.
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Fig. 9: Power injection gradient evaluation results for inverter nº 9 with 50 % rated power.

With inverter nº 9 in conformity with the requirements of tests 3 and 8, the technical team requested the evaluation
for the power factor curve. Fig. 10 shows the results for the first and second evaluations of the power curve. At the
first evaluation the inverter presented power factor values very close to the standard upper limit, so the technical
team implemented a sixth firmware update to bring the values closer to the standard.

Fig. 10: Power curve evaluation results for inverter nº 9.

Although the inverter did not show conformity with the requirements of test 17, once the inverter showed
conformity with tests 3, 5, and 8, the manufacturer did not request additional evaluations and firmware updates.

4.2. Inverter nº 10
Similar to inverter number nine, the inverter number ten also went through firmware updates in order to comply
with aspects of the Brazilian standards. The first update was regarding the requirements of test 8. Likewise the
values presented by inverter nº 9, inverter nº 10 also used the rated power instead of the PM value in order to apply
the power injection gradient. The inverter technical team then implemented a firmware update in order to comply
with test 8. After the first update, the inverter showed compliance with the test requirements but started to present
instability problems such as random disconnections from the grid. To correct this problem, the technical team
developed a second firmware update to eliminate the inverter operation instability and add the power factor curve
operation.
Fig. 13 shows that the firmware update implemented the power factor curve successfully; also, the update solved
the disconnection problems. Yet, Fig. 11 shows the power injection gradient did not attain the inverter rated power
during the 3rd evaluation, and the equipment was considered in nonconformity with the requirements of test 8.
After this firmware implementation, the inverter manufacturer did not request further evaluations for this
equipment.
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Fig. 11: Power injection gradient evaluation results for inverter nº 10 with 100 % rated power.

Fig. 12: Power injection gradient evaluation results for inverter nº 10 with 50 % rated power.

Fig. 13: Power curve evaluation results for inverter nº 10

5. Conclusion
The Brazilian standards evaluate inverters in different aspects: power quality, grid interaction, and safety. Most of
the inverters tested in the laboratory were able to present conformity with all the standards requirements. Some of
the inverters tested showed nonconformity with different aspects of the standards, but the experience with the
manufactures´ technical teams showed that it is possible for equipment already available in the market to attain
conformity with the Brazilian standards by firmware update.
The results showed in section 4 back the conclusion where it is possible for equipment already available in the
market to receive firmware development in order to comply with the Brazilian criteria. The results also inform
manufacturers which aspects should be included in the inverter firmware and how the equipment should perform
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under test conditions.
It is important to mention that micro-inverters usually do not have a communication port or telecommunication
system able to send commands to change the inverter operation, which leads to a nonconformity with the
requirements of test 13 and make firmware update unavailable.
As for the most critical aspects of the Brazilian standards, the power control in overfrequency, the power factor
curve, and the harmonic distortion requirements showed to be more difficult to attain for the inverters that did not
comply with the aspects of the standards.
The Brazilian standards have a rigorous criteria, some types of inverters, like micro-inverters, won’t be able to
comply with the all the aspects without hardware and software implementations, this could impact in the equipment
cost and performance. So for future challenges there is the question that all types of inverters should comply with
one general standard or there should be a specify criteria for each type of inverter. Also there is the question about
the limit levels of the standards and the discussion of which ones should be revised, for example, inverter n° 9 at
the first firmware implementation showed a power factor curve within the limits required by the standard, but the
second implementation showed an improvement on the inverter power curve, so a more restrict limit level could
help inverter manufacturers to provide equipment with better performance to the market.
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Abstract

This paper presents a numerical model to analyse the thermal and fluid dynamic behaviour of a mechanical
vapour compression MVC desalination system, which uses renewable energy to supply the electricity required
by the whole system. The reason to use renewable energy is that the MVC desalination system has been though
to work in remote places, where an electric grid is not available. The transient and steady-state of the
desalination system are evaluated taking into account the variability of the renewable energy sources (solar
energy). A scalability study has been carried out to find the relation between the variability of the renewable
energy sources and the capacity of the desalination system (distilled water production). Different components
which making up the desalination system are considered in the numerical simulation, all of them are solved in a
coupled way by mean of an object-oriented tool called NEST. The influence of the feed seawater conditions is
also analysed on the system performance.
Key-words: MVC desalination unit; Numerical modelling; Dynamic performance; Renewable source energy.

1. Introduction
The MVC desalination method is an evaporation and condensation process that occurs at low pressure, which
requires a compression work to increase the saturation temperature of the vapour. The trend is to use low
evaporation temperatures (between 50 to 70oC) to reduce the risk of corrosion and scale deposition (El-Khatib
2004). The compressed vapour is condensed and its latent heat is transferred to the feed seawater. The
applicability of MVC desalination systems in remote places where there is not possible a connection to an
electric grid depend on the use of renewable energy sources. However, the renewable energy means variability
in the power given. This variability should be well defined to avoid damage and establish secure partial working
operation of the desalination system. The MVC desalination is used at low and medium scale in comparison
with other techniques such as: multistage flash desalination (MSF) or reverse osmosis (RO) (Ettouney, 2006).
The numerical modelling presented in this paper is applied to analyse the thermal and fluid dynamic behaviour
of a MVC desalination system, which uses renewable energy source (solar energy) to supply the electric
requirements of the system. The electrical energy is used to feed the mechanical compressor, a heater, a group of
pumps and the control panel of the system. The well-known variability of renewable sources of energy is
considered in the performance system study. Also, the influence of the boundary conditions on the execution of
the unit along the time is analysed.

2. Dynamic modelling
The desalination system has been divided in four different subsystems, following the strategy proposed by
Bodalal (2010) and Mazini (2014). The first subsystem is the evaporator and condenser, in which the
evaporation and distillation processes are performed. The second is the vacuum and deareation subsystem,
where the low pressure is achieved and non-condensed gas (Oxygen) is stripped. The third subsystem is the
mechanical compressor, which is modelled to know its energetic requirement in function of the desalination
performance and the climatic conditions. The last subsystem is the heat exchangers, which preconditioning the
feed seawater flow temperature, taking advantage of the heat contained in the distilled water and brine flows at
the outlet of the evaporator/condenser.
The evaporator and condenser subsystem is modelled describing it as a brine block, vapour space block, and a
tube bundle. A schematic representation of these blocks is depicted in Figure 1, together with the others
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subsystems. The vacuum and deareation subsystem is modelled assuming that there are a liquid block, a vapour
space block and a package zone, which are depicted in Figure 2. The compressor has been modelled following
the mechanical model of a rotatory lobe compressor (blower), which uses the geometric configuration and the
relation between velocity (rpm) and the displacement by revolution (cfr) of the compressor.

3. Mathematical formulation
The mathematical formulation of the evaporator/condenser subsystem is based on mass, and energy balance
conservation equations.
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Mass and energy conservation equations of vapour space
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Mass, energy and salt conservation equation of the brine lump
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Mass of the bundle tubes and energy conservation equation of the vapour condensed inside tubes, assuming that
there is not heat accumulation in solid walls.
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(eq. 9)

The heat transferred between the vapour condensed inside of the bundle tubes and the fluid outside of tubes is
defined in function of the global heat transfer coefficient, transfer area and the difference temperatures.
Assuming that the tubes cannot accumulate salt on the external surface, then

݉ሶ ܺ െ ݉ሶி ܺ ൌ Ͳ

(eq. 10)
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ী Bo, XBo,
Fig. 1: Schematic representation of the MVC desalination system and evaporator/condenser subsystems

The mathematical formulation of the vacuum and deareation subsystem is based on the same mass, energy and
salt balance conservation equations applied on the vapour, liquid and packed zone. The conservation equations
are applied on the package zone assuming that there is not accumulation of mass, energy or salt on it. Some
extra relations are used to define the value of the non-condensable gas stripped, the flash evaporation, the mass
flow condensed into the package and the mass flow at the outlet of the deareator (Suryanarayana, 2011).
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Fig. 2: Schematic representation of the deareator subsystem (including a detail of the package zone) and the compressor
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Assuming that there is not accumulation on package zone:
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The compressor (blower) model is based on the root blower laws, in which the volumetric flow, velocity, power
and the displacement by revolution values are related:
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(eq. 26)

The ideal gas law is used to evaluate the inlet pressure at the compressor as function of the vapour mass
contained into the evaporator, the temperature of the vapour and the volume occupied.
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The heat exchangers are evaluated in function of heat flux transferred between flows (distilled water, brine and
feed seawater) to obtain the temperatures of each one, using the overall heat transfer coefficient (U), the
logarithm mean temperature difference (LMTD) and the transfer area (AHex). Assuming the hypothesis that
there is not heat losses in the heat exchangers, the heat transferred should be equal to the heat flux obtained or
delivered for the flow.

ܳ௫ௗ ൌ ܷܣுா  ܦܶܯܮൌ  ݉ሶܥ ሺܶ െ  ܶ௨௧ ሻ

(eq. 28)

4. Numerical resolution
The group of equations is solved by means of the in-house object-oriented tool called NEST, which is capable to
link and solve different elements that making up a system (Damle, et. al., 2011; Farnós, et. al., 2014). The MVC
desalination system that is presented in this paper has different components: an evaporator/condenser, a
compressor, a deareator, two heat exchangers and a group of pumps. Although in this numerical platform each
component is an object, the whole system resolution is carried out iteratively by solving all its components and
transferring the appropriated information between them (see Figure 3).
A dynamic model based on mass, energy and salt balances and applied to internal components of the MVC
desalination system has been implemented to analyse the transient behaviour of the MVC desalination system,
which uses renewable source energy.

Geometry, initial data
and boundary

T=0

Compressor

Evap/Cond

Deareator

HEXs

Error_it=(ĳ-ĳ*)/ ĳ

ĳ*= ĳ
no

Error_it<Error_set ?
T= T+ǻT
ĳo= ĳ

yes
no
Last time step
yes
End
Fig. 3: Global algorithm to solve the MVC desalination unit

5. Results
A numerical analysis has been carried out to define the specific average consumption of the MVC desalination
systems analysed. A value of 15.08 kW/m3 has been defined including the power required by the compressor,
pumps and heater of the whole system. A scalability study using three different units, each one with a
production capacity of 100, 200 and 400 m3/day of distilled water, has given 14.98, 15.07 and 15.19 kW/m3,
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respectivvely. All thesee values are in
n agreement w
with technicall literature datta (Plantikow,
w, 1999). The numerical
results exxpressed in a percentage
p
rellation betweenn the energy used
u
and the distilled
d
waterr production is depicted
in Figuree 4. This graaphic shows the
t capacity oof supplying distilled wateer in functionn of the energ
gy source
variabilitty; as an exam
mple a reducction of 70% in the energ
gy source reprresents a decr
creasing of 58
8% in the
productioon capacity off distilled watter. This valuee is in agreem
ment with data proposed by Plantikow (1999) for a
specific ccase in which evaporation occurs
o
at 60oC
C.
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Figg. 4: Percentage relation
r
between
n energy requireement and volum
metric flow dema
and of the MVC desalination sysstem

A virtuall prototype desalination uniit capable to pproduce 1m3/d
day of distilled
d water has beeen used to ev
valuate the
preliminaary results unnder dynamic conditions. T
Three differen
nt cases havee been used to evaluate th
he thermal
behaviouur of the MVC
C desalination unit, in whichh an evaporatiion temperaturre about 60oC has been used.

Figg. 5: Compressorr (blower) performance: Velocitty (N), Power av
vailability (Power
r) and Volumetrric Flow (Vol. Fllow)

The firstt case consistt of evaluatin
ng the energyy required to produce 1m3/day of distillled water, asssuming a
completee availability of the energy and constaant power (a hypothetical condition: hoow if the unit will be
connected with an elecctrical grid). The
T power, thee velocity and
d the volumetrric flow of thee compressor are
a shown
in Figuree 5. A constannt power prod
duces not variiations in the velocity and the volumetriic flow, which
h produce
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that the M
MVC desalinaation unit worrks in stable cconditions usiing a constantt mass flow oof feed seawater during
the workking time. The total mass off the seawater required to prroduce 1m3 off distilled watter is depicted
d in Figure
nd distilled waater produced in the process.
6, togetheer with the maass of brine an

Fig. 6: Masses used byy the MVC desallination unit alon
ng 8 hours: distiilled water (MMD), brine (MMB
B) and seawater (MMF)

The presssures and thee temperaturess in the evapoorator and condenser of th
he MVC desallination unit keep
k
their
ng a steady sttate condition
ns until produ
uce the quantiity of distilled product
values allong the proccess, achievin
defined. In this case a power of 285
50W is requireed to produce around 1m3 of
o distilled wat
ater in 8 workiing hours.
The secoond case consiists of analysing the influennce of the eneergy availabiliity and variabbility on the co
ompressor
performaance and their effect on the thermal behavviour of the MVC
M
desalinattion system. T
The solar energy is used
as sourcce energy off the MVC desalination
d
system in which
w
the eneergy availabiility is obtain
ned from
meteorological data, asssuming that the
t desalinatioon plant work
ks in Barcelonaa-Spain (See T
Table 1).
Tab.
T
1: Meteorollogical data for Barcelona
B
on Jun
ne
Hour

Radiatiion

Ambient Temp
perature

(W/m2 )

(oC)

9:00

515

17.2

10:00

684

18.1

11:00

771

19.8

12:00

860

20.6

13:00

811

21.1

14:00

801

21.9

15:00

734

22.0

16:00

722

20.9

A group of photovoltaaic devices sho
ould be used to transform the
t solar radiaation in electrrical energy, which
w
will
be used to feed the coompressor an
nd pumps. Thee radiation daata is a param
meter needed to evaluate th
he energy
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source, toogether with the
t photovoltaaic panel efficciency and thee effective area used. The ellectric power evaluated
is used too calculate thhe compressorr velocity and the volumetrric flow displaaced. A sunnyy day of Junee has been
chosen too evaluate thee energy availlability and vaariability alon
ng the day. Eiight hours havve been simullated with
the aim oof obtaining 1..0m3/day of diistilled producct.

Figg. 7: Compressorr (blower) perforrmance: Velocityy (N), Power ava
ailability (Power
r) and Volumetri
ric Flow (Vol. Flo
ow)

The com
mpressor perfoormance and the
t thermal beehaviours of the MVC dessalination unitit are describeed in next
figures. T
The velocity of
o the compresssor and the voolumetric flow
w are function
n of the solar eenergy availab
ble, which
is definedd by a power profile
p
that manages the co mpressor perfformance alon
ng the 8 workiing hours.
The voluumetric flow moved
m
from th
he compressoor to the evapo
orator/condenser defines thhe thermal beh
haviour of
the MVC
C desalination unit, which reequires a speccific quantity of the seawateer to feed the unit and to prroduce the
distilled w
water. The maass flows used
d by the MVC
C desalination unit are depiccted in Figure 8.

F
Fig. 8: Mass flow
ws used by the MVC
M
desalination
n unit: distilled water
w
(mDo), brine (mB) and feeed seawater (mF
Fi)
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The totall mass of seaw
water needed to
t produce 1.00 m3 of distilled water (finaal product) toggether with the quantity
of brine produced in the
t desalinatio
on process caan be obtained
d after integraating the masss flows along
g the time.
n Figure 9, a slight changee can be obserrved if the
The massses of seawateer, brine and distilled waterr are shown in
results arre compared with
w the results of the case w
with constant power
p
(see Figure 6).

Fig. 9: Masses used byy the MVC desallination unit alon
ng 8 hours: distiilled water (MMD), brine (MMB
B) and seawater (MMF)

The saltt concentrationn of the recircculation, brinee and feed seaawater flows are shown in Figure 10. A constant
salt conncentration vaalue of the feeed seawater at the inlet is
i used, whilst the salt cooncentration values
v
of
recirculaation and brinne flows pressent a slight ddecrease follo
owing the sam
me tendency oof the pressu
ure in the
evaporattor.

Fig. 10: Salt concentratiion in the evaporrator/condenser:: recirculation fllow (Xc), brine flow
f
at the outlett (Xb) and feed seawater
s
floow at the inlet (X
Xb)
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The tempperatures and pressures intto the evaporaator/condenser are shown in
i Figure 11. The vapour, brine
feed seaw
water temperaatures present a stable behaaviour as conssequence of th
he evaporatioon pressure (P
Pinlet)
condensaation pressuree (Poutlet) used
u
in the pprocess. A sm
mall decreasee in the evaaporation presssure
temperatuure are deteccted, which produces thaat the differeential pressure increase itts value, redu
ucing
volumetrric flow in the compressor and
a the mass fflows in the MVC
M
desalinattion unit (see FFigures 7 and 8).

and
and
and
the

Fig. 11: T
Temperatures in the evaporator//condenser: vapoour (TD), brine (TB) and feed se
eawater (TFo) annd pressures in the
t blower

The enerrgy transferredd between thee feed seawatter, the distillled water and brine flows in the heat ex
xchangers
t
the
distilled
produce that the seaw
water increasess its temperatuure from TCW
to
T
,
whils
d
water
and
br
rine
flows
W
FI
T temperatuure profiles aree function
decrease their temperaatures from TD and TB to TDDO and TBO, respectively. The
of the diffferent mass flows
f
used by
y the MVC deesalination un
nit, as consequ
uence of the ppower variabiility along
the working time. These temperatures are shown in Figure 12.
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Fig. 12:: Temperatures in
i the heat excha
angers of the floows along 8 hourrs: distilled water at the outlet (T
TDo), brine at th
he outlet
(T
TBo), preheating
g seawater at thee outlet (TFi) an
nd feed seawater at the inlet (Tcw
w)

The thirdd case consistts of analysin
ng the influennce of the bou
undary condittions, the feedd seawater tem
mperature
(TCW) and its salt conccentration (Xf) at the inlet oof the system, on the distilleed water and bbrine flows at the outlet
of the sysstem. Regularrly a change in
n the boundaryy conditions is applied, detaails in Table 22.

Tab
b. 2: Boundary cconditions applieed in function of time
Hour

Seawater Temp erature
o

Salt Con
ncentration

Tcw ( C))

Xf (ppm)
(

1

25.0

41000

2

25.5

42
2000

3

26.0

42
2500

4

27.0

43
3000

5

27.0

43
3000

6

26.5

42
2500

7

26.0

42
2000

8

25.0

41500

merical resultss of the third case are depiccted in Figurees 13 and 14. The salt conccentration of the brine
The num
flow (Xbb) at the outleet of the unit and
a the salt cooncentration of
o the recirculation flow (X
Xc) are shown. The salt
concentrration values tend look for
fo a new steeady-state con
ndition along
g the time, kkeeping the difference
d
regardinng to the salt concentration of
o the feed seaawater at the inlet.
i
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Figg. 13: Dynamic behaviour
b
of thee salt concentratiion in the MVC desalination syst
stem

The tem
mperatures of thhe distilled waater, brine andd feed seawateer flows after pass through the preconditioning
heat excchangers are shhown in Figurre 14. The tem
mperature proffiles of the flows depend onn the feed seaw
water
conditions (TCW) at thhe inlet of the MVC desalinaation unit.

Fig. 14: Dyn
namic behaviourr of the temperattures in the heatt exchangers of the
t MVC desalinnation system

6. Con
nclusions
A modeel to simulate the dynamiccal behaviour of a MVC desalination
d
unit
u has been implemented
d and the
numerical results havve been preseented in this paper. The numerical
n
mod
del proposed is a powerfu
ul tool to
M
desalination unit woorking under variable
evaluatee the thermal and dynamiical performaance of the MVC
conditions. Three diffferent cases have
h
been sim
mulated with the
t aim of deescribing the ccompressor and
a MVC
ower or bound
dary conditionns.
desalinaation unit perfoormance undeer different connditions of po
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The mass flows used by the MVC desalination unit depend on the energy used by the compressor during the
working period, whilst the temperatures, pressure and salt concentrations into the evaporator/condenser are
independent of this value.
The salt concentrations of the flows into the evaporator/condenser depend on the boundary conditions applied
at the inlet of the MVC desalination system. The third case shows the variation of the salt concentration of the
brine in function of the salt concentration of the feed seawater (Xf).
The temperatures of the distilled water and brine flows at the outlet of the system and the preheated seawater
temperature at the inlet of the evaporator/condenser are function of the mass flows used by the MVC
desalination unit and depend on the feed seawater temperature (TCW) at the inlet of the precondition heat
exchangers.
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Abstract
The environmental impact generated by the residential sector on energy consumption is estimated at
approximately 40%. Architecture and urban planning practice is on the front line directly applying best-case
evidence-based solutions to make the most of conserving and generating energy. The excessive and
inevitable growth of cities derived in both high and low rise building in most of urban central areas to
accomplish social and regular housing demands. Simultaneously, a sustained development of clean energy
production technologies and computer simulation allows for an increasingly more accurate prediction of the
potential that the architectural morphology possesses on the production of clean energies. High rise buildings
bring together: possibilities of high density housing, daylighting access limitations in low floor apartments
and issues related with the exploitation of solar irradiation for renewable energy purposes.
Today’s powerful building simulation tools can be leveraged for energy modeling during early design phases
and even to shape the morphology of tomorrow’s cities. For further reductions in building energy
consumption, energy simulations done during conceptual design have potential to impact long term energy
use both in architecture and urban planning. This paper reviews early conceptual designs of buildings and
their interaction with the immediate built environment looking at the consequences in terms of daylight
availability and the potential of irradiation use for clean energy generation.
Keywords: Architectural morphology, Residential housing, Simulation, Daylighting, Renewable energy.

1. Introduction
Planning and Building Codes play a decisive role in regulating the development of urban environments. The
regulations of urban planning and environmental management of urban land and other rights should
guarantee citizens the right to natural light, as a basic human right. (Bautista, G., 2012).
Building simulation is a powerful tool which can be used at all steps of architectural design complementing
and fostering innovations in the field of geometry (Gillchcrist, R., 2010) (Mascaró, J.J.; 2010).
Its predictive capabilities have been reflected in many areas of architectural design and energy assessment of
buildings and urban environments. (Ajmat, R. 2008).
This paper seeks to explore the potential energy savings and energy production due to solar radiation under
different proposed scenarios: buildings as isolated units and buildings within the urban environment.
That is why, knowing how and to what extent buildings’ density of the city affects or diminishes the chances
of capturing solar radiation, will allow better planning and generate new appropriate policies for better land
use.
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2. Methodology
Two study cases of the city of San Miguel de Tucuman, in Northwest Argentina are presented. Particular
attention is paid to its central area which does not escape the global trend of massive densification often to
the detriment of its environmental quality.
For this study both the global environment and the local level of San Miguel de Tucuman were analyzed in
the first stage from the legal and morphological point of view.
The starting point of this methodology is the generation of geometries using appropriate software (Autocad
and SktechUp) optimized to work modeling morphological and volumetric scenarios; then processing the
incidence of radiation on the surfaces (Ecotect or Revit) and finally the post-processing of results with the aid
of spreadsheets and graphic interface (Excel) for the presentation of data.
As mentioned previously two different approaches were taken into consideration:
Case A: Building as a unit complying with social housing requirements
Case B: Buildings as part of the urban grid complying with a particular Code of Urban planning

2.1 Case A:
Building as a unit complying with social housing requirements:
The analysis of case A was based in social housing of two different locations. One located in Tucuman (NW
Argentina ) -Figure1-the other in Berlin (Germany) -Figure 2-:
Case Study A1.: Tucumán (Argentina)

Figure 1 Left: aerial view of the neighborhood- Right: Picture of one block

The case study selected is the COPIAAT II a neighborhood in the south of the city of San Miguel de
Tucumán, Argentina, which was built in 1996 by the Provincial Institute of Housing and Urban
Development.
It has 14 blocks of 9 flats each. Each block has 3 levels (lower plan plus 2 storeys) with 3 flats per level.
The average energy demand (ED) for each of the blocks was calculated based on the consumption of each
appliance with its approximate power (W) and hours of use (h) per day. The annual ED of each flat is 2991.7
kWh / yr. It is observed that the highest energy consumption corresponds to the air conditioning equipment
with a demand of 600 kWh/yr. This implies 49,85 kWh/m2 per year of energy consumption. This is a
consideration of a mean value for the same type of units; however, it depends on the level of exposure of its
surfaces to the environment and to the different U-values one can consider (or a mean U-value).
Notwithstanding, the aim of this study is focused in generating a methodology that cooperates in the first
stages of architectural design in the analysis of the link between morphology and clean energy generation
potential
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Values of annual ED:
Energy demand per flat 2991.7 kWh/yr.
Energy demand in communal spaces 522 kWh/yr
Total energy demand per block 27447 kWh/yr
Case Study A.2: Housing Block Altoner Strasse 4-14 - Berlin, Germany
Architect: Oscar Niemeyer
Location: Hansa Viertel, Berlin, Germany

Figure 2 Left: aerial view of the neighborhood- Right: Picture of the block

"In response to Stalin Allee, a street-neighborhood built in East Berlin with a strong ideological load, Hansa
Viertel, a neighborhood designed through an international competition, emerged in West Berlin. It is
proposed first of all to give an answer to the question of homelessness in Berlin. The answer must be in the
area of housing design, but also in the area of construction and use of new materials.
The organization of the competition invites many German and foreign architects to carry out the projects,
with the aim of making an international exhibition of architecture, in the style of the Weissenhof. With this
approach and the specific problem of housing, Hansa Viertel is a laboratory in which the proposals
experience all types: towers, blocks and detached houses with and without patio. The general arrangement is
characterized by the rigid orientation of the buildings, both North-South and East-West, in order to obtain
good lighting in all rooms. The proposals of linear blocks are of great interest, highlighting the projects of
Frizt Jaenecke and Sten Samuelson, Oscar Niemeyer, Egon Eiermann, Pierre Vago and Walter Gropius.
(Moya Gonzalez et al, 2015)
For this case, the energy demand was taken from the one stipulated by the Ministry of Environment of
Germany
Values of annual ED: (For social housing dwellings considering water heating with electricity)
Flats for 2 inhabitants with heating 2800 kWh / yr per flat. That means 46,66 kWh/m2 and per year
Flats for 3 inhabitants with heating 3900 kWh / yr per flat. That means 43,33 kWh/m2 and per year
Flats for 4 inhabitants with heating 4400 kWh / yr per flat. That means 40,00 kWh/m2 and per year
Energy Estimations
Flats Type B (2) x 12 =

12 flats x 2800 kWh / yr = 33600 kWh / yr

Flats Type C (3) x 54 =

54 flats x 3900 kWh / yr = 210600 kWh / yr

Flats Type D (4) x 12 =

12 flats x 4400 kWh / yr = 52800 kWh / yr

Total energy demand = 297000 kWh / yr
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Methodology for Case A
The study of morphological alternatives linked to energy possibilities is the basis for an environmentally
responsible and energy efficient architecture. The shape of a building should not be indifferent to the
potential for energy production from renewable sources. Recent computer tools allow new ways of
conceiving a building from a morphological perspective. In this study the first step consisted in a geometric
analysis in order to build the base case geometry in a friendly interface which can interact with different
software (Sketch up). Later the Rhinoceros 3D Software together with the Grasshopper Plug-In make it
possible to import the building model and work its morphology parametrically, that is to say, using
generative algorithms. The main interface for algorithm design in Grasshopper is the node-based editor. The
information goes from component to component by means of cables that connect outputs with inputs.
Starting from the traditional block studied, formal alternatives are proposed, maintaining the number of units
and surfaces of each one. A systematization of the simulation process has been studied in order to automate
the modeling and the process to obtain output data. This methodology can be applied to various case studies
of any city. Once representative geometries of each scenario are generated, the potential of solar radiation on
top of the roof of buildings is determined using a graph computer model that works on the basis of hourly
weather data. The plug-in Insight was used in this case. This methodology allows us to try different
geometries for the block during the very first steps of design, analyzing the potential of solar radiation and,
consequently, the potential for the production of clean energy. The whole process is described in Figure 3
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Figure 3 Scheme of the simulation process for case A

Results for Case A
The results of the simulations show the incidence of radiation in different surfaces Figures 4 and 5. However,
since the horizontal surfaces are most suitable for the placement of photovoltaic panels, they have been taken
as reference in order to make a comparison of the solar-based energy production potential. The alternatives
analyzed show the increase of production surfaces that could be obtained from different morphological
operations. In that sense, it has been taken as an indicator of the percentage of coverage of the energy
demand of the housing complexes under study. Comparatively it can be observed that in the case of Berlin
can go over 300% which makes it possible to cover energy demand reaching almost 100%. In the case of
Tucumán with smaller scale housing blocks carrying out the same morphological operations only increase up
to 65% of the surface. However, due to the potential of irradiation of the climate of Tucumán the possibilities
of coverage of the demand are significantly greater reaching 150% coverage of it. In fact the base case has
the possibility to cover the excess demand.
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Base Case

Solar radiation scale kWh/m2

Alternative 1

Alternative 2

Figure 4: Results of radiation due to morphology exercises for Tucuman-Argentina

Base Case

Solar radiation scale kWh/m2

Alternative 1

Alternative 2

Figure 5: Results of radiation due to morphology exercises for Berlin-Germany
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Figure 6: Summary of annualized radiation due to morphology exercises for both locations.

2.2 Case B:
Buildings as part of the urban grid complying with a particular Code of Urban planning
This exercise aims to explore the potential of energy savings and the production of energy from solar
radiation with the application of the current Code of Urban Planning of Tucumán under different scenarios
proposed. Solar energy plays an important role in replacing fossil fuels to generate electricity without
emitting pollutants and without the need for fuel. (Li, 2014).
For this study the current environmental legislation was analyzed in the first stage in order to know how and
to what extent the density of construction of the city affects or diminishes the possibilities of capturing the
solar radiation, as well as the generation of new appropriate policies for a better use of the land. For example,
we consider the morphology of a solar facade as a building component that is feasible to generate energy and
allows the entry of daylight into the interior spaces, a key aspect of the design of such facades is the
determination of total energy benefits. (Li & Lam, 2008).
This work has a previous data base generated and processed to be able to obtain the different scenarios
proposed (Ajmat et al, 2011). The sector to work is selected, the morphological proposals are generated and
the simulation of surface radiation is carried out. The starting point of this methodology is the generation of
appropriate software geometries; then processing the incidence of radiation on surfaces and finally postprocessing the results with the help of spreadsheets and graphical interface for data presentation. (Hui,2001)
(Mesa et al,2010)

Figure 7: Left: Aerial view of urban sector for simulations - Right: Sketch up model to be exported for calculations.
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Methodology for Case B
The proposed Simulation Process (Figure 7) is based on a sequence of data that can be modified at different
points, leading to the obtention of data from different scenarios or typologies simultaneously. It analyzes in a
first step the basic information of the grid of the city, this information is checked against what the Urban
Planning Code proposes for each sector of the city and through a processing of it with different software. It
can provide a number of scenarios necessary to carry out studies of the morphology of the city or a selected
city sector. Once the necessary information is obtained for each scenario, it is modeled in both 2D and 3D (at
this point there is a Loop regarding modifications that can be made on the information data base of the model
that result in automatic changes on the 3D morphology of it). Finally the analysis with the calculation of solar
radiation and shadows of the 3D model is performed using the appropriate climate file and its geographic
location. Once the results are obtained we can review the initial model and make modifications to obtain
different morphological alternatives for the same scenario and thus compare different performances.

Figure 8 Scheme of the simulation process for case B

Two scenarios were simulated in order to analyze the potential and limitations of the urban densification
process: Maximum built surface until the lateral limits and therefore a certain height can be reached. This
was identified as: Scene 1. Minimum built surface with maximum height. This was identified as: Scene 2.
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Figure 8 Left: Scene 1 Maximum area constructed minimum height-Right: Minimum area constructed maximum height

Results for Case B

Figure 9 Left: Results of Solar Radiation for Scene 1 Right: Results of Solar Radiation for Scene 2

Based on this modeling, geographic and climate data are loaded. Then it proceed to the calculation of
irradiation. As for the area in square meters considered for both cases we observe that Scene 2 is a 14%
greater in surface than Scene1. This consideration is made since a greater surface can accumulate a higher
radiation amount, however the obstructions due to the morphology of the buildings must be considered too.
When analyzing the results Scene 2 exceeds Scene 1 by 6%with respect to amount of accumulated solar
radiation per square meters. We can say from these comparisons that for the cases studied Scene 2 exceeds
Scene 1 by 19% with respect to its total annual irradiation capacity from the point of view of morphology
(Table 1).
Table1: Results comparison between scenarios

Scene 1:

Scene 2:

Minimum Height

Maximum Height

Differences
%

506116.57

587776.40

13.89

Study average insolation value [kWh/ m ]

224.34

238.53

5.95

Total study insolation value [kWh/yr]

113541961.94

140201310.76

19.02

Total study surface area [m2]
2

563

R.F. Ajmat / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

3. Discussion
Case A
The influence of the morphological dispositions can be observed in the first place in the possibilities of
extension of the surfaces exposed to the radiation. It is also observed that the type of morphological
arrangement, even if it enlarges the surface, can generate shadows thrown between parts of the same building
when moving from a compact to a more disaggregated shape. In any case there are direct consequences on
the potential of solar energy exploitation. Terrestrial coordinates and the local climate characteristics also
influence the availability of the solar resource. It is for this reason that the role of the designer of architectural
form must be appropriately combined with local site and local climate considerations. Since we have limited
ourselves here to the analysis of the horizontal surface, the behavior of the other surfaces of the architectural
form are still to be experimented in order to develop the shape of future buildings..

Case B
It is evident that both the shape and height of each building and the ordering between plots influence the
capacity of a city to make the most of solar energy. Urban building codes fulfill a very specific role; the
future possiblities of production of clean energy will comply with it and consequently the reduction of carbon
dioxide emissions (De Schiller, 2002). In Case B two extreme scenarios of application of the building code of
San Miguel de Tucumán were studied. The study of the minimum height scenario is perhaps the most
feasible due to the technological possibilities, since the case of maximum height does not seem to be possible
execution in all the plots. However, using the minimum and maximum values allowed by the Urban Planning
Code of San Miguel de Tucumán, make it possible to question this code, since when generating the scenarios,
the morphology of the resulting set of buildings does not seem to come from a basis of criteria, norms and
guidelines to be taken into account to improve habitability and solar conditions, but, to restrict densification,
raising the problem of land use from the real estate point of view. Thus, the possibilities offered by the
technology and the characteristics of the ground where these buildings are located, and not the regulations
provided by codes and ordinances, which actually limit urban growth, which give rise to the urban
morphology resulting from the city. But the methodology which has been produced would allow simulating
an unlimited number of combinations and probabilities with a costless time investment. This would allow us
to experiment with new regulations within the code or to test the possibilities of collecting solar energy from
a new building to be built in a given context.

4. Conclusions
A methodology of evaluation of the architectural and urban morphology in relation to the potential use of
renewable energy has been presented. It is valuable at the scale of building and city in order to assess the
influence that the form has on the availability of surface for the capture of solar energy. In both cases building and city - morphological operations allow designers to increase the possibility of a greater and better
use of solar energy whether this is by surface increase or by the study of the shadows that buildings throw
each other (Kamal & Smiriti, 2014). From the results obtained we can verify the importance of urban
morphology and therefore the influence of city planning codes in terms of the availability of natural light and
the potential use of irradiation for energy generation.
This approach arises from the search for strategic solutions, given the need to create conditions of habitability
in areas of high density population as well as in the interior and exterior of buildings; which today seems to
lack effective solutions. Therefore, a simplified process that facilitates consideration of the morphology and
size of future constructions is a valuable goal sought by designers. The possibilities offered by simulation as
a prediction tool are significant; energy simulations carried out during the initial stages of design have the
potential to impact on long-term energy consumption. On the other hand, we are challenged as architects of
the cities of the coming century challenging formal innovation and creativity in relation to the interaction
between buildings.
A systematic simulation process to analyze the consequences of densification, an output of the current
building trends, applying a methodology to investigate the real effects of the implementation of the urban
planning codes enable.
- The analysis of the production potential of clean energy.
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- Pre visualization and study of the habitability of particular situations (courtyards within high-rise
buildings).
- To propose new legislation that addresses problems of habitability and sustainability.
-To challenge the established morphological paradigms of low and high rise buildings.
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Abstract
This paper presents a mobile hardware-in-the-loop (HIL) test bench that has been developed to simulate a solar
assisted cooling and heating system for residential buildings in hot climates. The main component of the system is a
low cost uncovered solar collector that is used for the production of night radiative cooling or daytime heating energy
(hardware component). The collector was designed for low cost housing projects in Egypt, whose cooling and heating
demand was modeled using the program TRNSYS (software component). The design and construction of a mobile
HIL test bench is presented together with some performance results from the HIL-tests in cooling mode.
Keywords: HIL test bench, space heating and cooling, solar absorber, radiative cooling

1.

Introduction

Low cost renewable heating and cooling systems are of prime importance for developing nations with high
population densities and limited financial resources. As an example, Egypt is one of the fastest growing countries
worldwide, the population increased from 21 million in 1950 to 98 million in 2017 and is currently ranked on place
14 by total population size worldwide. For the year 2050 a total population for Egypt of 153 million it is expected
(UN, 2017). Due to this fast population increase, the state of Egypt is facing many social and economic problems.
Providing decent and affordable housing for the lower and middle class and the adaptation of the energy system will
be two of these challenges for the future.
During the past few years, Egypt has been suffering from recurrent electricity cut-offs, mainly in summer because of
the large cooling demand (Elharidy et al., 2013). The national demand has been exceeding the available produced
power from generation plants since 2011.

Fig. 1: Electricity-shares sold in Egypt (on all voltage levels) according to the purpose of usage 2013/2014 (Egyptian Electricity
Holding, 2014)

Fig. 1 shows the electrical energy consumption distribution among the different sectors in Egypt. The greatest share
of the total nationally generated electricity is consumed in residential buildings (43.4%). When considering only the
medium and low voltage levels, the residential consumption reaches 51.3% of the total energy sold from the national
electricity distribution companies (Egyptian Electricity Holding, 2014).
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Urbanized dense cities lead to higher local ambient temperatures. As a result of this, the use of air-conditioning (AC)
units for cooling has immensely increased in Egypt. Conventional AC units represent the major energy consumption
of the residential energy demand (Xing Lu et al., 2016, Attia et al., 2012). On the other hand, in winter electric water
heating accounts for large shares of electricity demand, even in warm-climate countries. Nowadays, cooling in
residential buildings in Egypt is provided by not very efficient split units, which number grows very rapidly (Attia
et al. 2012). This leads to frequent electricity cut-offs in summer (Elharidy et al., 2013). Integration of renewable
energies to the space cooling and heating in residential buildings could be an environment-friendly and sustainable
solution.
Within the research project NightCool, funded by the German Federal Ministry of Education and Research (BMBF),
a concept for a low-cost system for heating and cooling applications was developed and simulated in detail.
The developed system consists of uncovered solar collectors for the energy production and an activated ceiling for
the energy distribution. Fig. 2 shows the principles of the energy supply system for direct cooling (left) and direct
heating (right). The space cooling is achieved at night by circulating the heat transfer fluid in the collectors (radiative
cooling) while the space heating is provided during the day by converting the solar energy into useful heat. Since
these collectors are not expensive, such a heating and cooling system results to be low-cost. The advantages of such
a simple system lie in simple installation and low energy costs (Eicker and Dalibard, 2011), which is very important
for solar thermal systems in order to achieve a higher market penetration (IEA SHC Task 54).

Fig. 2: Energy supply system that provides space cooling in summer (left) and space heating in winter (right)

In order to investigate the potential and limits of such a system, a mobile HIL test bench has been designed and
constructed. The present paper aims to show the advantages of using such a HIL environment show its limitations
and give some insights for further improvements.

2.

Motivation to build a mobile HIL test bench

2.1. Motivation to build a mobile HIL test bench
As before mentioned, the project NightCool aimed to develop a low-cost system for heating and cooling applications
for Egyptian climate conditions. The estimation of the achievable return temperatures as well as the cooling power
by using solar collectors for radiative cooling applications needs adequate physical collector models.
ISO 9806:2017 specifies test methods for the thermal performance characterization of fluid heating collectors for
steady-state and quasi-dynamic conditions (ISO 9806, 2017). Based on this test method parameters for the
parameterization of collector models within the simulation environment TRNSYS such as Type 203 (PVT collectors)
(Bertram et al., 2011) or Type 1289 (flat plat collectors) can be determined. The deviation between measured
collector power output on a test stand and simulated power can vary between night and daytime (Cremers et al.,
2015). Especially for night time radiative cooling, the collector parameters determined according to ISO 9806:2017
are not sufficient enough to develop control strategies only by using a simulation model.
The motivation to build the HIL test bench in the NightCool project can be summarized as follows:
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x

The thermal performance of solar collector at night cannot be modelled accurately with existing available
models so that their performance needs to be measured and not simulated.

x

Test new market available solar thermal collectors (which thermal performance is not specified by the
producer)
Test the integration of such collector into different systems and for different buildings construction (light or
heavy) and achieve a realistic estimation of the dynamics of the system, scalable and adaptable to different
kind of loads etc.
Dimension the system components and optimize the control before it can be installed on a bigger scale

x

x

Following table summarizes the main functionalities of the mobile HIL test bench and the benefit by setting up a
small scale test environment.

Tab. 1: Main functionalities of the mobile HIL test bench and the need and benefit

Functionality

Need and benefit

Conduct collector performance tests under
real conditions and conduct tests of solar
collectors at night time

Various solar collectors of different constructions from different
producers (basically swimming pool absorbers are recommended)
can be tested and a collector with a highest thermal potential and
best integration suitability (easily connected hydraulic connections,
appropriate mechanical properties, etc.) can be defined
For the cooling application, it is essential to know also the cooling
potential of different solar collectors. This information is missing in
technical data sheets, it can be obtained experimentally.

Analysis of the dynamic behaviour of
system components

It is important to understand the behaviour of the solar collector and
the building to define optimal control algorithms.

Development and test of control
algorithms for heating and cooling systems
depending on the defined system

The control algorithm of a system can be easily implemented in a
simulation environment such as TRNSYS either for cooling or
heating application. An optimal set of parameters such as the set
point temperatures to turn on or of the system.

Optimize building construction elements
so that they are appropriate for the
suggested cooling/heating system

By changing building parameters in the building model on the
simulation environment an optimal distribution system can be
defined (activated heating and cooling ceiling, floor heating or
others)

Estimation of achievable thermal comfort
e.g. temperature and relative humidity and
analysis of the activation capability of
building mass to act as energy storage
through different distribution systems e.g.
activated ceilings

Direct feedback from the simulation model helps analyse comfort
parameters and gives insight into the architectural concept of active
and passive measures (active and passive building design).

3.

Mobile HiL test bench

3.1. Working principle and construction
The mobile HIL test bench has been designed and constructed within a research project aiming to develop a low-cost
space heating and cooling system for Egyptian climate conditions. The working principle of the HIL test bench
(Figure 3) is based on hardware-in-the-loop (HIL) simulation, a technique that is used in the development and test of
real-time embedded systems. The mobile HIL-Box consists of an uncovered solar collector (hardware component)
and a building simulation model (software component). It enables to conduct real-time measurements and simulations
to calculate at each time step the dynamic change of the system parameters such as room temperature and ceiling
temperature, as well as the cooling or heating power. The solar collector is replaceable, so that different solar
collectors can be tested. The building and the distribution system are defined in the simulation environment TRNSYS
(www.trnsys.com). Thus, an optimal solar system combination, solar collector (collector-type, -size, etc.) and

568

R. Braun / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

building properties (construction, size, materials, etc.) can be chosen. In other words, the HIL test bench enables to
optimize the building and the system at the early planning stage.
The main weather data (ambient temperature Ta, relative humidity RH, horizontal global irradiance Ghor, net longwave radiation GL and wind velocity w) and system parameters (inlet and outlet temperature Tin and Tout, flow rate
ṁ) are measured and acquired by several ethernet input modules connected with the software LabVIEW. The
measured data are given as inputs to the TRNSYS building model which calculates the building behavior and the
system response, such as room temperature Troom and the outlet temperature of the cooling ceiling Tcc. In the hydraulic
system the simulated Tcc is the same as the inlet collector temperature Tin. It is read in LabVIEW and transmitted as
set-point temperature via an analog output module to the temperature control unit (TCU). The TCU regulates then
the fluid inlet temperature of the solar collector, i.e it sets the inlet temperature equal to the Tcc Based on the
temperature difference (Tin – Tout) and the fluid flow rate the cooling or heating power of the solar collector can be
calculated.
ܳ ൌ ᒡܿ ሺܶ௨௧ െ ܶ ሻ

(eq. 1)

where cp is the fluid heat capacity.
In the next step, the collector response and the weather data are measured and the procedure is repeated (see Figure
3).

Fig. 3: Working principle of the HIL test bench

The measuring box is shown in Figure 4 and its main components are listed in Table 2.
Tab. 2: List of the main components of the HIL test bench

Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Component
Solar collector, length 1,8 m
Temperature control unit Variocool VC 2000
Pyrgeometer LP PIRG 01
Pyranometer LP PYRA 02
Anemometer “Windgeber – compact”
4.3519.00.161
Temperature and relative humidity sensor
HD9008TRR
Air vent valve
Temperature sensor
Ball valve
Valve Motor
3-way diverter valve Tri-M TR
Magnetic inductive flow sensor induQ
Flexible pipes
Copper tubes
Roller Shutter
Electric control box

Manufacturer
AQSOL
Lauda
Delta Ohm
Delta Ohm
Thies Clima
Delta Ohm
Solar
Omega
Oventrop
Oventrop
SIKA
Turtle24
Consists of many components
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Fig. 4: HIL test bench: a) general view closed, b) general view open, c) and d) weather station, e) hydraulic system, f) electric control
box

The simplified hydraulic scheme of the HIL test bench is shown in Figure 5. The solar absorber is connected to the
temperature control unit Lauda and the thermal fluid, forced by the pump, circulates through the absorber. The flow
rate is regulated by a valve with motor. The valve can be partly closed to reduce the flow rate. When the valve is
closed completely, there is no flow through the absorber.

Lauda

Absorber

M

Fig. 5: Simplified hydraulic scheme of the HIL test bench (Lauda is the temperature control unit)
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3.2. Data communication
The coupling between LabVIEW and TRNSYS requires a data communication between two softwares, which is
achieved by the means of ASCII files (text files read and written by both programmes). The different steps of this
communication has been programmed in LabVIEW and are shown in Figure 6.

Timed loop (each 30 seconds)
Enter constant
parameters in
Labview

Data acquisition of the
measurement data

Send control
signals

Write measurement data on
the TRNSYS input file

Read TRNSYS
simulation results and
plot in Labview

Launch
TRNSYS
simulation

Fig. 6: Data communication steps between Labview and TRNSYS for the HiL configuration

In the first step, the parameters which remain constant during the whole HIL test have to be entered by the user in
the LabVIEW graphical interface in order to define the system size as well as the main control parameters. In addition
the path locations of the necessary different files have to be defined.
In the second step, the measurement data are acquired in LabVIEW via the I/O modules and written in a ASCII file
to be read in TRNSYS. The data required by TRNSYS are listed in Table 3.
Tab. 3: Data transferred from LabVIEW to TRNSYS

Variable

Name

Unit

Ambient air temperature

Tamb

°C

Ambient air relative humidity

RH

%

Horizontal solar irradiance

Gh

W/m²

Effective sky temperature

Tsky

°C

Collector outlet fluid temperature

TcolOut

°C

Collector mass flow rate

mdotCol

kg/h

Collector aperture area

Acol

m²

Specific heat of the collector fluid

cp

kJ/kgK

Density of the collector fluid

rho

kg/m³

Pipe diameter

dpipe

m

Pipe length

Lpipe

m

Building orientation

TURN

°

Then the TRNSYS program is run and the LabVIEW program stops until the simulation is finished. At the end of
the simulation, the main results are written by TRNSYS in a text file, read by LabVIEW and shown for visualization
(see Figure 7).
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Fig. 7: Screenshot of the HiL visualization in Labview (grey: measurement data, red: simulated data)

The data that are passed from TRNSYS to LabVIEW are listed in Table 4.
Tab. 4: Data communicated from TRNSYS to LabVIEW

Variable

Name

Unit

Outlet fluid temperature of the building heating/cooling distribution system

TdistOut

°C

Collector inlet temperature (after pipe)

TcolIn

°C

Building room temperature

Troom

°C

Control signal of the pump

CTRLpump

[0/1]

Heating/cooling power transferred to the building (+/-)

Qdist

W

Relative humidity of room air

RHroom

%

Infiltration gains

Qinf

W

Ventilation gains

Qvent

W

Radiative internal gains

QgainRad

W

Convective internal gains

QgainConv

W

Total solar radiation absorbed at all inside surfaces of zone

Qtsabs

W

Control signal heating

CTRLheat

[0/1]

Control signal cooling

CTRLcool

[0/1]

Control signal collector

CTRLcol

[0/1]

Control signal season

CTRLseason

[0/1]

Control signal winter

CTRLwinter

[0/1]

Control signal summer

CTRLsummer

[0/1]

Depending on the simulation results, the appropriate control signals of the inlet temperature to the solar collector and
the flow rates are sent via the I/O modules.

4.

Example of measurement results

In this section, some results obtained in cooling mode with the developed HIL test bench are shown exemplarily.
The test bench has been operated for commissioning tests during one week between the 12th and the 19th of June
2017 for a typical Egyptian building and under the climate conditions of Stuttgart.
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4.1. Constant parameters
The main constant parameters assumed for the test of the measurement box are summarized in Table 5.
Tab. 5: Main constant parameters

Parameters
Collector area
Fluid density
Fluid specific heat
Cooling set point
Activated ceiling area
Initial building temperature

Value
70
1043
3.675
22
114
23.5

Unit
m²
kg/m³
kJ/kgK
°C
m²
°C

4.2. Weather data
Figure 8 shows the main measured weather data during the considered period: the ambient temperature T amb, the sky
temperature Tsky which is calculated with the help of the downward longwave radiation measured with the
pyrgeometer and the global irradiance on the horizontal plane Gh.
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40
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Tsky
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35

1200
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13.06
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14.06
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16.06
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17.06
17.06
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18.06
18.06
19.06
19.06
19.06

5

Fig. 8: Main weather data during the measurement period

4.3. Collector operation
Figure 9 shows, in addition to the ambient and sky temperatures, the main collector measured values: the inlet and
outlet temperatures Tin and Tout as well as the volumetric flow rate Vdot. The collector is operated in cooling mode,
i.e. at night according to a defined control strategy.
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Fig. 9: Collector operation during the measurement period

4.4. Building behavior
Figure 10 shows the simulated building temperature T room, the collector specific power QdotColSp transferred to the
building, as well as the total building specific gains QdotGains. The collector specific power is based on the collector
area (70 m²) whereas the building specific gains are based on the apartment floor area (115 m²). Q dotColSp is defined
positive when cooling is provided to the building. Q dotGains includes the internal gains, the solar gains, as well as the
ventilation and infiltration gains.
It can be seen that the building temperature T room increases suddenly when the collector pump is switched ON at the
beginning of the night. This is due to the still hot fluid which is in the pipes and the collector and is pumped to the
building causing a temperature increase in the room. This can be easily solved by appropriate changes on the control
parameters.
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Fig. 10: Main building results during the measurement period

In order to see the influence of the investigated system on the building temperature, a reference system (i.e. without
collectors) has been simulated. Figure 11 shows the room temperatures of the reference system and the night cooling
system for the three first nights of the considered measurement period. Due to the control problem mentioned earlier,
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the room temperature of the radiative cooling system is higher at the beginning of the night (i.e. the building is
actually heated up) than the reference system. When the cooling power of the collector is positive (i.e. the building
is cooled down), the room temperature is lower than the reference system. The pump is stopped when this temperature
reaches 22°C.
Due to the chosen distribution system (thermally activated ceiling), both temperatures merge together as soon as the
collectors are not operated. Indeed, the activated ceiling of the TRNSYS building model assumes a unique thermal
coupling to the building air node. Therefore, the cooling provided by the collectors cannot be transferred to the
building thermal mass, causing a quick drop in the room temperature which has no effect on the room temperature
during day time. A better option would be in this case to connect the collector loop to an activated concrete core so
that the building thermal mass can be cooled down during the night and therefore providing additional thermal
comfort during the day.
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Fig. 11: Comparison of the room temperatures with the night cooling system (red line) and without (grey dashed-line)

4.5. Summarized results
Table 6 shows the main summarized measurement results over the considered measurement period. These values
have been averaged or integrated only during the collector operation, i.e. when the collector pump was running (see
Figure 9).
Table 6: Summarized main measurement results over the considered period

Parameter
Collector mean specific cooling power
Mean sky temperature
Mean ambient temperature
Mean wind velocity
Mean downward longwave radiation
Total cooling energy (one collector)

5.

Value
75.9
9.3
20.3
0.3
363.2
8,9

Unit
W/m²
°C
°C
m/s
W/m²
kWh

Conclusions and outlook

The present paper presents a mobile Hardware in the Loop test bench that allows to test solar assisted heating and
cooling systems based on low cost uncovered solar collector for the Egyptian climate. This test bench can be used
for collector testing and for system testing in a hardware in the loop configuration. The measurement results show
that a 70 m² collector could provide an average of 76 W cooling power per square meter and would be suitable for
the cooling of a 120 m² apartment. With the developed test bench, many kind of collector integrations can be tested
for different building constructions and system definitions. Also the control algorithm of the system can be tested
and optimized before the implementation in real systems.
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The developed test bench will be transported to Egypt and further used for both collector and system testing at the
German University of Cairo (GUC). In particular the following improvements will be done by modifying the systems
in the TRNSYS model:
x Activate the building thermal mass (Type 56) by changing from chilled ceiling to activated ceiling

x Integrate a water store in the system for domestic hot water preparation
x Add a water storage to store the cold at night and use it during the day
x Modify the control so that the collector energy yield is increased
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Abstract

Research in the domain of renewable energies has been showing increasing consideration of energetic
sustainability due to the escalation of global environmental concern. This paper focuses on implementing an
energy storage solution in a hybrid ventilation system. Solar Chimneys constitute an effective technology used
in green building architecture that capitalizes on solar energy to provide thermal comfort and air quality. The
study centers on the effects of the organic paraffinic Phase Changing Material (PCM) RT-44 panel upon the
thermal performance of a laboratory prototype and a stand-alone solar chimney. Furthermore, a numerical
model has been established, which solves the thermal exchange of a PCM integrated multi-layered wall. The
mass balance of the aerodynamic model of the chimney channel is calculated and input into a coupled model.
Keywords: energy storage, green energy, green house emission, PCM, solar chimney

1. Introduction
For the past years, natural ventilation has increasingly taken into consideration new energy-efficient strategies
for thermal comfort as well as air quality improvement. One of the main objectives of the COP21 – Sustainable
Innovation Forum meetings (information available at: http://www.cop21paris.org/) has been to decrease
energetic consumption and to implement of green energies in order to reduce greenhouse gas emissions.
1.1 Overview
In its simplest design, a Solar Chimney is a channel used to evacuate hot air from a building via a closed
conduct at a higher elevation. By means of the greenhouse effect, temperature rises across the canal and induces
a thermal updraft. Most recent designs, as the one proposed by Arce, Jiménez, et al., 2009, have made
modifications to add elements such as a glazing or an opposite collector wall, both of which maximize the
incoming solar energy and improve the chimney’s performance. The use of solar chimneys is only profitable
during the day, when solar energy heats the chimney and the air within it. Thus far, the induced airflow created
in the chimney has been used for ventilation almost exclusively in hot countries.
The chimney acts like a heat engine converting heat generated by a collector into kinetic flow. The main task
of the collector is to absorb solar energy for heating air and release it as solar radiation decreases. The initial
driver of a solar chimney is the temperature difference between the inside of the building and the inside of the
conduit, which causes a density variation. Several previous studies (Bansal, Mathur and Bhandari, 1993;
Mathur et al., 2006; Jianliu and Weihua, 2013; Naraghi and Blanchard, 2015) have proven that mass flow rate
is directly related to solar radiation. Other investigations focused on the effect of solar radiation intensifiers on
the performance of solar chimneys (Shahreza and Imani, 2015), however few have investigated the possibility
of after-sundown utilization or the possibility of implementing this ventilation system in cold climate
environments.
1.2 Active Solar Chimney
The objective of the study is to analyze the effectiveness of energy storage devices, in particular organic phase
changing materials (PCMs), on solar chimneys for after-sundown utilization. The activation (transition from
passive to PCM enhanced ventilation) of this technology is achieved through the implementation of these PCM
panels.
The interest of phase changing materials lies in their superior energy storage capacity per unit of volume in
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comparison to conventional building materials. This type of material stores energy in its latent form. A rise in
temperature up to the range of 40 – 44 °C will induce a change of state of the material from solid to liquid. The
melting phase is an endothermic process, where heat is absorbed for the phase changing. Furthermore, the
stored energy is released during the solidification process once temperature drops. The selected RT44 PCM
panel has a heat storage capacity of ʹͷͲ ݇ܬΤ݇݃ (or Ͳ ܹ݄Τ݇݃) for a combination of latent and sensible heat
in a temperature range of 35°C to 50°C.
Overall, paraffinic phase change materials for implementation in solar chimneys could be an economically
viable option for hybrid design solutions to create a healthy indoor environment within residential buildings
through renewable solar energy. The aim if this analysis is to evaluate the thermal performance of PCMs for
residential purposes particularly after sundown.
Fig.1a represents a simple solar chimney as developed by Arce et al., 2015, which is the basis of our model
that integrates the PCM panels as shown in Fig.1b. This study will focus on the macro encapsulated organic
PCM panels (bottom) filled with RT44 (top) shown in Fig.1c.

(a)

(b)

(c)

Figure 1: (a) Solar chimney built by Arce et al. (b) PCM panel integrated solar chimney. (c) Top - Organic paraffinic PCM in
solid state. Bottom - macroencapsulated panel.

2. Numerical approach
The system is modeled by a heat transfer model and a pressure code. The first model integrates a multi-layered
wall containing PCM and the second by analyzes the air temperature, speed and pressure distribution.
2.1 PCM integrated multi-layered wall
The model was developed using a finite-difference Crank-Nicholson implicit method, which follows a central
difference scheme at time ݐାଵΤଶ and a second order central difference for the space derivative at position ݔ
by setting the new variable ܶത:
ܶത ൌ

ܶ௧ାο௧  ܶ௧
ሺ݁ݍǤ ͳሻ
ʹ

This method was chosen over other finite-differences approaches due to its faster convergence and its superior
stability properties, especially at higher time steps (ο )ݐhowever, at the expense of a higher computational cost.
Since we test our system over a large time interval, stability must be assured. Unstable approaches are not well
suited due to these large time steps. The following expressions allows us to define a mathematical resolution
that considers four different types of nodes: nodes in contact with the exterior environment, nodes in contact
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with the internal channel, nodes within a solid material and the nodes in the interfaces between materials. The
system is defined as follows:
ߣ ߛ οݐ
݄ ߛ οݐ
ߣ ߛ οݐ
݄ ߛ οݐ
ߛ ȟݐ
ܶ ۓଵ௧ ൌ  ቆͳ  ଵ ଵ ଶ ଵ  ௫௧ ଵ ଵ ቇ ܶതଵ  ଵ ଵ ଶ ଵ ܶതଶ െ ௫௧ ଵ ଵ ܶ௫௧ െ ଵ ଵ ൫ߙ ߮  ߙ ߮ ൯ሺ݁ݍǤ ʹሻ
ȟݔଵ
ȟݔଵ
ȟݔଵ
οݔଵ
οݔଵ
ۖ
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Eqs. 2-5 are solved by the following matricial equation and solving for ܶ௧ାο௧ in the previous eq.1:
ܶ௧ ൌ ܶܣത  ݑܤሺ݁ݍǤ ሻ
2.2 Modelling of PCM Non-linearity in a multi-layered wall
In order to account for the non-linear behavior of phase changing materials, several options were considered.
Some studies have explained the behavior of phase changing materials by setting three different working
phases: solid, liquid and transitory state (Li and Liu, 2014). Studies such as the one carried out by Mirzaei and
Haghighat, 2012 have modelled the behavior in similar ways and adding a discretization along the PCM layer
to simulate the progressive phase change of the material. Other articles have opted to work on different
approaches such as DTA (Differential thermal analysis) (Zhou, Zhao and Tian, 2012) and DSC (Differential
scanning calorimetry) tests (Kheradmand et al., 2016), both techniques in which the difference in the amount
of heat required to increase the temperature of a sample and reference is measured as a function of temperature.
This last technique was chosen over other options since the data from the test can be simply input into the code
instead of calculated at each time interval; thus reducing the calculation time of the numerical model.

(a)

(b)

(c)

Figure 2: (a) Preparation of solid state RT44 material. (b) Sample setup for DSC analysis. (c) DSC test machine

The results of the DSC test for the Rubitherm RT44 phase changing material are shown in Fig.3. This test was
carried out at a cooling/heating speed of 0.05°C/min, according to the expected charge/discharge speed of the
panels in the chimney. The specific heat of the RT44 material is input to each node of the discretization as a
function of temperature ܥ ሺܶሻ, allowing a more specific evolution along the PCM layer. Specific heat is
calculated using the following expression:
ܥ ሺܶሻ ൌ

ܥܵܦሺܶሻ௦
ሺ݁ݍǤ ሻ
߮

2.3 Pressure code – Airflow calculation model
The aerodynamic behavior and the heat exchange of the fluid within the conduct are influenced by the
boundary wall temperature. This model employs a pressure code for the calculation of airflows throughout the
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conduct and is based on the following simplifications:
x

Airflow through the channel has been assumed one-dimensional. Only the vertical component parallel
to the height of the chimney are considered.

x

No losses are considered throughout the air channel. The mass conservation equations only take into
account the exchanges between adjacent volumes and boundaries.

x

Density is not constant and behaves according to the Boussinesq approximation as a function of
temperature to account for the buoyancy driven flow.

The pressure code follows an iterative resolution based on the Newton-Raphson method. The mass balance ݉ሶ
of a cell ݅ connected to cells ݆ of a domain is expressed by the following equation:


 ݉ሶ ൌ Ͳሺ݁ݍǤ ͺሻ
ୀଵ

The mass flow rate depends on the pressures of the neighboring cells. The mass exchange between common
interfaces will serve to calculate the new pressure distribution through several iterations until convergence is
reached. Density fluctuates due to temperature differences between adjacent zones, which leads to buoyancy
driven flow. This phenomenon causes light hot air to rise and flow out while cooler air flows in. The system
is solved by using Bernoulli’s principle; taking the reference pressure on the lower boundary of the cell ܲ and
according to the hydrostatic gradient, the pressure due to stack effect ܲ only at height z is:
ܲ ൌ ܲǡ െ ߩ ݃ݖሺ݁ݍǤ ͻሻ
ߩ ൌ ߩ

ܶ
ሺ݁ݍǤ ͳͲሻ
ܶ  ܶ

where ܶ corresponds to a reference temperature and ܶ the air temperature of the cell. Boundaries between
volumes are written in terms of οܲ to account for the interaction between adjacent volumes. This substitution
is then input into the mass conservation equation in order to satisfy the expression in equation 7 and rewritten
in terms of Bernoulli:




 ݉ሶ ൌ  ߩ ܥௗ ܹඨ
ୀଵ

ୀଵ

ʹοܲ
ሺ݁ݍǤ ͳͳሻ
ߩ

where ܥௗ is a discharge coefficient inherent to the system and ܹ the perpendicular surface to the flow.
Calculation of unknown pressures is derived by application of mass balance equations in each node. The
solution of the system, as stated before, is based on a Newton-Raphson iterative method. Each cell pressure is
adjusted to satisfy mass balance. The new cell pressures are computed from the previous estimated pressures
and a correction vector ܲ as follows:
ܲ௧ାଵ ൌ ܲ௧ െ ܲ ሺ݁ݍǤ ͳʹሻ
ܲ is calculated using:
ܲ ൌ ିܬଵ ܾܯݔሺ݁ݍǤ ͳ͵ሻ
where Mb is a mass balance vector when considering no source terms, computed by the following expression:


ܾܯ ൌ  ܳ ߩ ሺ݁ݍǤ ͳͶሻ
ୀଵ

and J is the Jacobian matrix calculated by:
ܬ ൌ

߲ܾܯ 
ሺ݁ݍǤ ͳͷሻ
߲ܲ

The convergence of the aerodynamic model is given by a convergence factor, which is defined by a correction
vector in order to end iterations. This correction factor was set to ߝ ൌ ͲǤͲͲͳ.
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2.4 Model coupling
The data obtained in the previous sections and equation systems share information through a Matlab Simulink
interface called HYBCELL (El Mankibi et al., 2006, 2015) which displays the temperature evolution, pressure
distribution and air flow across the chimney.
From an initial temperature distribution, aerodynamic model computes pressures and flow distributions. These
results will allow new temperature calculations by changing convective heat fluxes. The model was developed
to run with meteorological data from Lyon.
Multi-layer wall model

Initial wall temperature distribution

Initial conduct temperature distribution T

i

Aerodynamic model
Pressure distribution:
P
Thermal model
Temperature distribution:
T
i+1

No
Ti – Ti+1 < ε
Yes
Temperature distribution
Pressure distribution

Figure 3: Flowchart of the coupled model.

3. Experimental procedure
3.1 Laboratory set-up
In order to analyze and validate the numerical models, a laboratory prototype was developed. The prototype is
based on the chimney built by Acre et al. (Arce, Jiménez, et al., 2009; Arce, Xaman, et al., 2009) at the Almeria
Solar Platform (PSA). The laboratory prototype is made from 5cm-wide polystyrene plates, supported by an
aluminum beam structure (3cm cross section). The prototype is connected to one of the sections of the Guarded
Hot Box (shown in Fig.3) in order to simulate the temperature in a controlled volume.

(a)

(b)

Figure 4: Laboratory prototype showing (a) the prototype and the both sides of the Hot Guarded Box and (b) ongoing
experiment with PCM panels.
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3.1.1

Experimental protocol

Fig. 5 below shows the protocol used for the experimentation. The experimental protocol is composed of seven
consecutive phases of 6 hours each (0.25 days), completing a full cycle in roughly 1.75 days. Phases depend
on the state of the opening (open/closed) for natural ventilation, and heating provided by the halogen lamps,
which simulate solar radiation. The lamps are evenly distributed over the 3m glass face of the chimney and
provide a net heat flux of 700 W⁄m².
Phase 1 corresponds to the initialization of the system. In this stage, the outlet is closed and there is no present
heat source. Phase 2 was designed to charge the panels in order to ensure the melting process of PCMs. Phase
3 allows air circulation by opening the outlet and maintaining the heat source. Phase 4 removes the heat source
while allowing air circulation. Phase 5 reinitializes the system. Phases 6 and 7 work in the same way as phases
2 and 4.
1.4
Opening
Solar radiation

Phase 1 : Initialization
1.2

Phase 2 : Heating Only
Activation

1

Phase 3 : Chimney
Activation
Phase 4 : Ventilation only

0.8
0.6
0.4

Phase 5 : Initialization

0.2

Phase 6 : Heating only

0

Phase 7 : Ventilation only
Time [days]
Figure 5: Experimental protocol showing the Boolean behavior between the outlet (open/closed) and the solar gain (on/off)

3.1.2

Laboratory test results

Outlet mass flow rate, air gap temperature and temperature difference between inlet and outlet, are some of the
most important quantities for the design of a solar chimney. Outlet airflow for no PCM and PCM integrated
solar chimney (ASC) are shown in Fig. 6-8. The results represent two continuous cycles from the experimental
protocol. The results shown below were carried out under two different conditions: input temperature set by
the Hot Guarded Box and no input temperature, thus following the exterior temperature.
250.0

250.0

Airflow out No PCM…
Mean Airflow_out No…

200.0
Outlet Airflow [m3/h]

Outlet Airlfow [m3/h]

200.0

150.0

100.0

Airflow_out
Mean Airflow_out

92.99

91.09

50.0
15.59

18.92

12.42

20.74

150.0
107.30

97.76
100.0

52.88
40.11

50.0

30.03

14.45
0.0

0.0
Time [days]

Time [days]

(a)

(b)

Figure 6: Outlet airflow results for (a) 09/05/2017 No PCM Solar chimney for a set temperature of 17°C (Cycle 5 No MCP)
and (b) 16/08/2017 RT44 PCM integrated Solar Chimney for a set temperature of 17°C (Cycle 4 MCP)
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250.0

250.0
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Mean Airflow_out

Airflow_out
Mean Airflow_out

200.0
Outlet Airflow [m3/h]

Outlet Airflow [m3/h]

200.0

150.0

100.0

84.24

72.84

50.0
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100.0
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80.95

51.05
50.0
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6.65

4.68
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0.0

0.0
Time [days]

Time [days]

(a)

(b)

Figure 7: Outlet airflow results for (a) 25/07/2017 No PCM Solar chimney following exterior temperature (Cycle 7 No MCP)
and (b) 23/08/2017 RT44 PCM integrated Solar Chimney following exterior temperature (Cycle 5 MCP) – Max outside
temperature of 42°C
250.0

250.0

200.0
Outlet Airflow [m3/h]

Outlet Airflow [m3/h]

200.0

150.0

100.0

Airflow_out
Mean Airflow_out
185.79

Airflow_out
Mean Airflow_out
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72.84

50.0

160.79
150.0

100.0

50.0
6.46

6.65

0.0

4.68

122.39
110.04

9.56

31.79

15.42

0.0
Time [days]

Time [days]

(a)

(b)

Figure 8: Outlet airflow results for (a) 25/07/2017 No PCM Solar chimney following exterior temperature (Cycle 7 No MCP)
and (b) 15/06/2017 RT44 PCM integrated Solar Chimney following exterior temperature (Cycle 3 MCP) – Max outside
temperature of 45°C

The results demonstrate the influence of the different stages of the experimental protocol on the outlet mass
flow rate. The impact of the PCMs is particularly noticeable during ventilation only phases (4 and 7). Solar
chimney mass flow rate values drop dramatically during the aforementioned phases, as shown in Fig. 6a – 8a.
The polystyrene structure provides no thermal inertia to the system, which causes a drop in outlet mass flow
rate as soon as there is no longer a heat source. In turn, ASC results (as shown in Fig. 6b – 8b) display a slow
decrease of mass flow rates between phases. The PCM panels work as expected, absorbing available energy
during each charging phase and releasing once the source is withdrawn.
Additionally, ASC results display as well, an overall higher mean mass flow rate across all phases of the
experiment. In some cases, up to a twofold increase of mass flow rate can be noted for the active solar chimney.
3.2 In-situ experimentation
The stand-alone chimney was developed in Almeria in 2009. The latest iteration of the system is 5.60 m tall,
1.20 m width and 0.52 m deep. The chimney is composed of a 0.15m thick concrete absorbing plate, thermal
insulation behind the concrete plate, a 5mm thick glass cover to reduce convective and radiative losses to the
environment, a wood casing, and a driving air protection; which generates a fall of pressure near the exit and,
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at the same time aids the extraction of air. The prototype is shown in Fig 9. (Arce et al., 2015).

(a)

(b)

Figure 9: (a) Lateral view of the PSA solar chimney and the instrumentation set up by Arce et al. and (b) Panel distribution
on the PSA solar chimney

3.2.1

PCM implementation

The dimensions of the Almeria solar chimney, as well as the cable distribution do not allow the placement of
PCM panels on the perpendicular sides to the glazing. The panels are distributed over the concrete collector
wall as shown in Fig. 4b in a matrix manner. The sensors are placed in the center of the panel, over and behind
at three different levels: inlet panel (72) at 1,25m, center of the solar chimney (41, 42 and 43) at 2,75m and the
outlet panels (11, 12 and 13) at 4,25m. The panels’ southern surfaces were painted matte black in order to
maximize the absorption of solar radiation and to ensure the phase change.
3.2.2

Instrumentation

The experimental instrumentation used for the different measurements of the solar chimney is detailed in the
technical note published by Arce et al. (Arce, Jiménez, et al., 2009). Platinum thermoresistance (PT100, 1/10
DIN) sensors are used to record surface temperature of the panels via a four-wire connection. These sensors
consist of a very small sensing element embedded in a slim rubber substrate. The sensors were glued to the
center of the panels as marked in Fig.9b and painted black matte to integrate them as much as possible with
the corresponding surface.
A data acquisition system with the following characteristics is being used: 16-bit A/D resolution, range of
measurements fitting sensor output, modules distributed to minimize wiring, based in Compact Field Point
modules manufactured by NATIONAL INSTRUMENTS.
The Solar Platform of Almeria counts with its own meteorological station, which measures data ever second.
Data is averaged and recorded every minute. Further details concerning the meteorological station can be found
in the aforementioned article.
3.2.3

Mass flow rate

The results presented below show the exterior temperature and wind speed for the period from October 6 to
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October 9 in 2016 and 2017 respectively.
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(b)
Figure 10: Influence of exterior temperature and wind speed on the mass flow rate for (a) Arce et al. solar chimney and (b)
PCM integrated solar chimney

Fig. 10 (a) and (b) show an increase in mass flow rate for the PCM integrated solar chimney for the same
period between both year samples. For this specific period, the overall mass flow rate is higher across the three
days. The maximum and minimum differences are ʹǤͻͺ ݉ଷ Τ݄ and ͺǤ͵ͻ ݉ଷ Τ݄ respectively. The maximum
temperature from the three days in 2016 is approximately 30°C, thus there is a +5°C difference in relation to
the results of 2017. The highest mass flow rate values for the PCM integrated solar chimney are obtained at
25°C where wind speed has a mean wind speed of Ǥͷ ݉Τݏ.
3.2.4

Panel surface temperature distributions

Fig. 11 (a) – (c) show the panels’ surface temperature evolution for the period from October 6 to October 9
2017. In Fig. 11 (a) and (b) the phase change can be appreciated through temperature evolution of curves 12,
42 and 72 back. This phenomenon starts as soon as the temperature approaches 40°C. Once the material is
fully melted temperature continues to rise until it reaches the maximum level. When solar radiation decreases
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and outside temperature starts to drop, the surface temperature of the panel falls as well until it drops to 44°C.
At this point, the stored energy is being released from the PCM and thus, the temperature decrease occurs at a
slower rate. Moreover, Fig. 11 (c) represents the temperature evolution of the outlet level of the solar chimney.
At this level, surface temperatures do not reach the phase change range. This is explained by the lack of direct
sunlight due to the shadow of the top level of the solar chimney.
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Figure 11: Frontal and back surface temperatures of the PCM panel integrated in the solar chimney at three different levels (a)
inlet, (b) mid-level and (c) outlet.

4. Conclusions
An experimental study of the implementation of RT44 phase changing material panels was carried out for a
solar chimney prototype under laboratory and in situ conditions. Laboratory results show a clear influence of
solar radiation on the outlet mass flow rate when integrating PCMs to the solar chimney. Moreover, the interest
of phase changing materials can be appreciated in these results since the mass flow rate slowly decreases once
there is no longer a heat source. Outlet mass flow rate shows a steady reduction rather than the abrupt drop
observed without PCM. Although the decrease is cut by the duration of each stage of the experimental protocol,
its effect on mass flow rate is noteworthy. After the PCM has completed the melting process and the heat
source is taken away, surface temperatures and air temperatures follow as well a slow discharge.
The increase in mass flow rate is proportional to the energy stored by the PCMs. Lower mean mass flow rates
are the result of unattained melting temperatures at one or several levels of the active solar chimney. Further
studies will act on the optimization of the laboratory parameters such as the heat source and the time lapses.
In situ results are yet inconclusive and require additional tests in order to validate the wind speed and melting
assumptions made in order to explain the differences between the results obtained by Arce et al. and the Active
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Solar Chimney. Results, even though promising, are yet to be optimized to obtain a better performance. Thus
far, it can be concluded that the undercharge of the system can have an impact on the performance of the
chimney. The chimney is oriented to the south; this will be particularly impactful during winter when the
chimney receives an almost absolute impact of the sun. A better exposure to the sun and lower ambient
temperatures will show the performance of the active solar chimneys under disadvantageous conditions.
Finally, the numerical analysis aims to describe the behavior of the phase changing materials through the
combination a multi-layered wall. Further studies will emphasize in the validation of the numerical model via
the experimental data obtained by both experimental procedures.
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Abstract

Semi-Transparent Photovoltaic panels (STPV) have become an important element in the building integration of
photovoltaic panels (BIPV). STPV panels can be integrated on double skin facades (DSF) and insulating glazing units
(IGU) acting as their exterior layer, generating electricity, controlling the solar heat gains and utilizing daylight. In
addition, a mechanically ventilated DSF integrating STPV panels (DSF-PV), can cool down the PV panels, increase
their efficiency but also use the preheated air to enhance the thermal efficiency of the mechanical system connected
to the DSF-PV. Two virtually identical STPV are integrated on a DSF-PV and a IGU-PV respectively and their
electrical performance is evaluated experimentally. Under the same exterior and interior conditions, it is found that
the DSF-PV has a 3% greater electrical performance than the IGU-PV and if the cavity of the DSF-PV is selectively
ventilated, the DSF-PV can generate more than 9% of electric power than the IGU-PV.
Keywords: Double Skin Façade, IGU, STPV, BIPV, BIPV/T, Semi-Transparent, PV

1. Introduction
It is very common for both commercial and residential modern buildings to use curtain wall systems as part of their
envelope design. A well-designed curtain wall system is able to seal the building, protect it from weather phenomena
and provide to the building the modern architectural aesthetics. The large transparent facades are preferred due to the
reduced cost and the great appreciation of daylighting, as the sun light can penetrate deeper into the building. This
architectural tendency is likely to remain, due to the low cost of the curtainwall application and the fact that more
studies link daylight and view to the outdoors with increased worker productivity, well-being (Veitch and Galasiu
2011) and reduced lighting loads (Tzempelikos and Athienitis 2007). Highly glazed facades may maximize the
daylight potentials of the building but they may require an oversized mechanical system, as excessive solar gains may
lead to increased cooling loads during the day and low insulation may lead to increased heating loads during the night,
adding to the thermal and visual discomfort of the occupants.
The disadvantages of highly glazed facades may be minimized or overcome by either integrating photovoltaics (PV)
on windows or by adding an additional exterior layer forming in this way a double skin façade (Miyazaki, Akisawa,
and Kashiwagi 2005). Solar cells may be used instead of reflective coating or ceramic frits to reduce the solar gains,
forming in this way semi-transparent photovoltaics (STPV) that could be integrated on parts of the façade of the
building (James, Jentsch, and Bahaj 2009; Qiu et al. 2009). As a result, solar heat gains may be reduced, maintaining
at the same time adequate levels of daylight, provide view to the outdoors (Vartiainen 2001) and generate electricity.
When PV cell overheating is of concern, instead of a window with a sealed cavity (IGU), a ventilated one can be
utilized, turning the façade into a Double Skin Façade integrating photovoltaics (DSF-PV). The possibility of
recovering the heat from within the DSF-PV, along with the electricity generation and the daylight transmission, gives
the opportunity to the creation of an active façade (Gaillard, Giroux-Julien, et al. 2014). As the air circulates behind
the PV cells, it cools down the cells through convection, reducing the temperature of the cells and increasing their
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electrical efficiency.
STPV façades could have a substantial effect on the daylighting/lighting performance as well as energy and peak
power demand reduction on highly-glazed office buildings. The objective of this study is to experimentally investigate
the energy performance of two prevailing STPV façade configurations: i) curtain wall systems incorporating STPV
insulated glazing units (IGU-PV), ii) Double Skin Façade incorporating STPV technologies on the outer skin (DSFPV). The study focuses on offices in a continental climate region (Northeastern United States and Southeastern
Canada) and it is part of a bigger effort to provide input to the design guidelines for the utilization of advance
fenestration technologies that will help to achieve net-zero energy building performance targets and beyond, through
energy conservation and renewable energy generation.

2. Literature review on experimental investigation
A series of experiments have been held to characterize the performance of windows and double skin facades
integrating photovoltaic panels. Single, double and ventilated windows have been investigated, while the majority of
the studies used amorphous silicon (a-Si) photovoltaic panels. The experiments were mainly focused on the electrical
performance of the integrated photovoltaics, but many studies focus as well on the thermal and daylight performance
of such systems.

2.1 Windows integrating Photovoltaic
To assess the electrical performance of amorphous silicon STPV modules, the Sandia model was first validated
experimentally by Peng et al, with indoors and outdoors experiments (Peng et al. 2015b). It is reported that Sandia
model is able to predict the electrical output of the STPV modules on a sunny day but in order to predict the electricity
production on an overcast day a spectral correction should be applied to correctly simulate the performance of the
STPV windows. It is reported that a comprehensive spectral correction function is needed to be developed in the
future.
An experiment was set-up by Robinson and Athienitis (2009), integrating STPV on a double glazing window in
Montreal (Robinson and Athienitis 2009) focusing on its electrical and daylight performance. A design methodology
for optimizing the electricity generation and the daylight utilization was validated showing the potentials of south
facing STPV facades.
In addition to the electrical performance, the thermal performance of a double glazing STPV module was studied
under standard test conditions and outdoor conditions (Park et al. 2010). For an increase of 1oC of the PV module, it
is observed that the temperature coefficient (ȕ) is 4.8% and 5.2% under STC and outdoor conditions respectively
(irradiance of 500W/m2). It is also reported that the type of glass used at the STPV window does not affect the electrical
performance of the module but affects the thermal performance of the system.
A comparison is held between an a-Si STPV double glazing unit and common single and double glazing units in terms
of their electrical and thermal performance (Liao and Xu 2015). Liao and Xu focused mainly on the room and façade
dimensions to develop a model and later validate it with field experiments in order to simulate it with the use of Energy
Plus. Amorphous silicon STPV windows are found to be better suited for small rooms with high WWR or tall rooms.
It is also found that they perform better than single and double-glazing units, mainly because they reduce the cooling
loads of the interior zone.
The SHGC of STPV modules and STPV windows was measured using a calorimetric box in a solar simulator (Chen
et al. 2012). Three laminated and two double glazing units with amorphous and micromorph are tested in the Solar
Simulator and it is reported that it is sensitive to the spectrum of the solar simulator and the reflection properties of
the absorber plate. It is also reported that the SHGC reduces significantly for incident angles greater than 45o.
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In addition, a hot-box is used by He et al. (He et al. 2011) to compare an amorphous single-glazing PV window to a
ventilated double-glazing PV window. With an electrical efficiency of less than 5% and with a packing factor of 0.8
the SHGC of the IGU integrating STPV is 46.5% in comparison to the single glazing STPV. A CFD analysis is held
using ANSYS FLUENT and RNG k-epsilon turbulence model. The difference between the experiments and the model
created, for the total heat gains, is 11.7% and 2.7% for the ventilated double-glazing PV window and the single-glazing
respectively and the estimated temperature difference is less than a degree C for both cases.
A ventilated thin-film PV window is experimentally assessed and verified using a developed ESP-r simulation model
that is then used to compare the STPV window with a simple absorptive glazing (Chow, Qiu, and Li 2009). For an
electrical efficiency of less than 5%, the STPV window is compared to an a-Si STPV product available in the market
and an to absorptive glazing. It is shown that the see-through PV installation can reduce the consumption of the HVAC
by 28%.
An exterior experimental facility was set up by Olivieri et al (2013), to assess the electrical, thermal and daylighting
and behavior of an STPV window (Olivieri et al. 2014). It is reported that the transparency of the PV window is not
the most important factor concerning the electrical performance. Four a-Si STPV modules with visible transmittances
between 0.1 and 0.4 have been experimentally compared to a reference glass. All four modules present higher SHGC,
approximately 40% larger heat losses and the U-values are almost double in comparison to the reference glass.
The optimal packing factor of STPV windows for office buildings in central China was investigated, for different
room lengths, WWRs and orientations (Xu et al. 2014), analyzing its electrical, thermal and daylighting performance.
A parametric analysis is performed, using Energy Plus, to identify the impact of different cell coverages into the
energy consumption of the zone, stating that the selection of the optimal configuration can reduce the energy
consumption up to 13% in comparison to the least favorable configuration.

2.2 Double Skin Facades integrating Photovoltaic
The integration of PV on DSF is an idea that has recently received the attention of the academic community. The
majority of the research is focused on naturally ventilated DSF integrating STPV made out of amorphous silicon.
Peng et al, set-up an experimental facility in Hong Kong, consisting of a DSF integrating see-through a-Si PV (Peng
et al. 2015a; Peng, Lu, and Yang 2013). The DSF has a cavity width of 400mm that is created between a double glazed
see-through PV and the interior window and inlets at the top and the bottom, both at the exterior side. Four different
operation modes of the dampers and the interior window were experimentally investigated showing that the
temperature of the air at the outlet can be more than 2oC higher than the one at the inlet. It is also reported that the
SHGC for the different operation modes are between 0.1 and 0.13.
The same experimental facility was later used to validate a developed simulation model, based Energy Plus (Peng et
al. 2016). For a cool-summer Mediterranean climate zone, a thickness between 0.4m and 0.6m could be recommended
as the optimal cavity width while the DSF-PV, used 50% less net-electricity than other glazing systems. In addition,
it is highlighted that the future of the DSF-PV is promising because of the decrease of the prices and the increase of
the efficiencies of the PVs.
Three prototype DSFs integrating semi-transparent photovoltaics are tested and a comparison between the thermal
response of the semi-transparent photovoltaics and the air inside the cavity is presented (Gaillard, Ménézo, et al. 2014).
The two-storey West North-West DSF of the building is designed to increase the electrical performance of the semitransparent photovoltaics installed by utilizing the stack effect (Gaillard, Giroux-Julien, et al. 2014). As reported by
the experimental data collected under real conditions, in a span of a year, the behavior of the system can be predicted
by using simple relationships.
An experimental facility was built in Hong Kong to compare the energy performance of a Double Skin Façade (DSF)
and an insulation glass unit (IGU) integrating semi-transparent photovoltaics (Wang et al. 2017). The thermal
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performance of the IGU integrating STPV was found to be better by 2% than the naturally ventilated DSF integrating
photovoltaics (DSF-PV), although the authors mentioned that an appropriate ventilating mode for the DSF-PV would
potentially result into better thermal performance.
In Table 1, the available state of the art is shown, presenting the experimental research performed on windows and
double skin facades integrating semi-transparent photovoltaics. The available literature is also analysed presenting the
different type of PV utilized, the types of windows used and whether the DSF is mechanically or naturally ventilated.
In addition, the focus of the study is presented along with whether any simulation models are used. The last row states
the location of the experimental facility, if it is an exterior one, or if the experiments are performed on a solar simulator.

Table 1 Available literature on experimental research perfromed on windows and DSF integrating PVs

PV

Window

DSF

Focus

Simulation

Location

a-Si
Mono-Crystaline
Poly-Crystalline
Micromorph
Single
Double
Triple
Ventilated
Mechanically ventilated
Naturally Ventilated
Electrical
Thermal
Daylighting
Numerical model
Energy Plus
ESP-r
CFD

Study

J. Peng et al (2015)

9

9

Solar Simulator

L.Robinson and A.Athienitis (2009)

9

9

9

9 9

K. E. Park et al (2010)

9

9

9 9

W. Liao and S. Xu (2015)

9

9

9 9

F. Chen et al. (2012)

9

9 9 9

9 9

W. He et al (2011)

9

9 9

T. T. Chow et al (2009)

9

Olivieri et al (2014)

9

S. Xu et al (2014)
J. Peng et al (2013)

9

M. Wang et al (2017)

9

9

9 9
9 9 9

9

9 9 9

9

J. Peng et al (2015)

9 9

9

9

L. Gaillard et al (2014)

9

9

9

9

9

Montreal
Solar Simulator

9 9
Solar Simulator
9 Hefei
9

Madrid
9

9 9 9 9

Wuhan
Hong Kong

9

Toulouse

9 9 9
9

Hong Kong

Hong Kong
9

Hong Kong

Based on the Mataro Library in Barcelona, Mei et al, developed a dynamic thermal model on TRNSYS for a DSF
integrating STPV (Mei et al. 2003). For a 15% transparency and an assumed as constant transmittance-absorptance of
0.8 STPV panel a thermal model was developed. It is reported that the air at the outlet of the DSF-STPV can reach
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50oC in summer and 40oC in winter and this preheated air can be introduced into the HVAC system to reduce the
heating load by 12%. Based on the same building the potential to use a desiccant cooling machine in combination with
the DSF-PV is investigated (Mei et al. 2006). The 70oC heated air within the DSF can be fed into the desiccant cooling
machine and regenerate the sorption wheel, resulting into an average COP of 0.518 during the summer season. The
approach of four different terms describing the ventilation gains, the transmission losses and the temperature
components are used in a steady state analysis to simulate the Mataro Library DSF-PV (Infield, Mei, and Eicker 2004)
(Infield et al. 2006). In this way, monthly U and g values have been derived and the energy thermal gains have been
calculated.
An integral (electrical, thermal and daylight) simulation model is used to carry out an annual performance study for
an architype office building located at Toronto, Canada (Kapsis and Athienitis 2015). The model is experimentallyverified. The analysis demonstrates that the use of STPV façades have the ability to generate enough electricity to
cover the annual electricity demand of the building on electric lighting and plug loads. In case of STPV/T or double
skin façade, a significant amount of heat (in the form of preheated outdoor air) could be also generated. The heated
air could be used to a solar assisted air-source heat pump that could be used to partially cover the heating and cooling
demands of the building. Moreover, the use of STPV/T or double skin façade reduces the heat losses through the
building skin during the heating season.

3. Experimental set-up
Two virtually identical semi-transparent photovoltaics (STPV) are used for this experimental set-up, located in
Montreal, Canada (45° 30' N / 73° 35’ W). The first STPV is used as the exterior layer of a DSF forming in this way
a DSF-PV and the second one is used as the exterior layer of an Insulating Glazing Unit (IGU-PV). For each STPV,
48 cells of 17.80% nominal efficiency are used and are distributed in 8 rows with 6 cells in each row. In Figure 1, the
experimental test cell is presented, showing the IGU-PV on the left side and the DSF-PV on the right. An automated
damper with a Belimo actuator (0-5V) is integrated underneath the DSF-PV and is controlled to ventilate the DSFPV. The test cell faces towards the south, while the south view of the façade is shown on the panoramic picture of
Figure 1. It can be seen that most of the days of the year, the sky-scraper at the east, south-east shades the test cell, in
the early morning and for a couple hours after the solar noon the test cell is shaded by the building that is located at
the south, south-west.
The characteristics of the STPV modules are presented in Table 2 and the layers of the first and the second STPV are
show in Figure 2. Both the STPV have the same layers: glass, Ethylene-vinyl Acetate (EVA), PV cells, EVA and
glass. The dimensions of both the STPV panels is 1.968m by 0.992m and the PV cells used are square and have sides
of 15.6cm, while the seven transparent strips have a width of approximately 10.3cm. In this way, 63.4% of the area is
covered by the cells and the remaining 36.6% is transparent. The insulating glazing unit is assembled with a hard low
emissivity coating at the back of the STPV. The space between the STPV and the double glazing is vacuum and 13mm
wide.
The cavity of the DSF-PV is 17cm wide and the back layer of the DSF-PV extends from the bottom of the test-cell to
a height of 1.90m. The top of the DSF-PV is sealed and a plenum is used to collect the air and drive it through a
manifold (Figure 3). A rectangle FLST 25.4cm by 25.4cm (10in by 10in) flow meter by Dwyer is flashed at the middle
of this manifold and its location is selected to be at distance from previous and later elbows that could affect the flow.
Both the systems are integrated on the test-cell using mullions and pressure plates that are mainly used in curtainwall
applications. On the interior side of the DSF-PV, the double glazing that is used as the interior layer of the DSF-PV,
is mounted following the same principal. In this way, the mullion in its width acts as the spacer between the internal
and external layer of the DSF-PV and makes it easy for the integration on buildings.
Thermocouples (T-type) are place on the interior side of the STPV and on both sides of the clear IGU of the DSF-PV.
In addition, thermocouples are placed in the middle of the cavity, approximately 8.75cm from each side and in the
vertical direction. The thermocouples are placed at the same heights in all layers and are evenly distributed along the
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height of the DSF-PV (Figure 3). Because the dampers are located underneath the exterior layer of the DSF-PV, the
thermocouples on the DSF-PV start at the second height level. Similarly, because of the manifold, the thermocouples
on the interior layer stop before the last height level. In Figure 3, all sixteen of the height levels of the thermocouples
are shown with each color indicating a different layer.

East

South

West

A)

B)
Figure 1 A) View from the south façade of the test-cell, where the STPV are integrated. B) The IGU-PV is installed on the left and the
DSF-PV is on the right. The mechanical dampers are shown under the DSF-PV installation.
Table 2 Electrical data of the STPV integrated on the DSF-PV and the IGU-PV

Isc
Voc
Pmax
eff

STPV #1 (DSF-PV)
8.55 A

STPV #2 (IGU-PV)
8.57 A

29.90 V
186.39 W
10.6 %

29.98 V
187.95 W
10.7 %

*under Standard Test Conditions
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Figure 3 Layers of the STPV used at the DSF-PV
(Left) and of the IGU-PV (Right).

Figure 3 Thermocouples are placed on four layers on the
DSF-PV (Left) and on the IGU-PV (Right).

For the IGU-PV, thermocouples were installed on the side of the IGU that faces the room, distributed in the same way
as they are on the DSF-PV. The data acquisition system used is the LabView using national instruments (NI). For the
thermocouples the NI 9213 module is used (National-Instruments 2016). For the accurate measurement of the power
output of the DSF-PV and the IGU-PV, an identical electric assembly was set up for each PV module. This assembly
consist of a charge controller with maximum power point tracker (MPPT) a battery of 12 V and 110 Ah and a dump
load (TE Connectivity 2005). The multi-stage MPPT solar charge controllers used are the Solar Boost SB3024i (Blue
Sky Energy Inc. 2009) and the battery is the 8A31DT AGM sealed (MK Battery 2015). The voltage of each PV
module is measured with a NI 9223 module (National Instruments 2016) and a shunt resistor (Riedon Inc. 2018) is
used to measure the current flowing from the PV. The electrical configuration and connections are shown in Figure 4.
The selection of shut resistor was based on the range and precision of the voltmeter. In our case a NI 9213 was used
to measure the voltage difference (range of േ78 mV) and using a safety factor of two (2) over the short circuit current
from the PV (̱16 A), the value of the shunt resistor was calculated to be 5 mȍ. For the selection of the battery, an
empirical rule was used to calculate the battery capacity (Ah), which is equal to the watt peak of the STPV multiplied
by the daily solar exposure and the days of battery autonomy of the system, divided by the battery loss factor, the
depth of discharge and the battery voltage. In order the MPPT to supply the battery with the maximum current possible,
the battery should not be full and this is why a single day of battery autonomy was preferred. Assuming that the PV
average daily solar exposure is three hours, the battery loss is 0.85 and the depth of discharge is 0.5 the battery capacity
is calculated to be approximately 110 Ah. A resistor is used as dump load to release, in the form of heat, the total
electricity generated by the STPV and stored at the battery, during the night, when the heating loads from the resistors
will not interact with the STPV experiments. For a 1 ȍ resistor and a 12 V battery supply, a 144 W resistor should be
used, instead a 300 W resistor was selected to avoid the overheating of the resistor.
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R=1ȍ
P = 300 W

V

R = 5 mȍ 0.25%
P = 1-2 W

PV PV +
Battery +
Battery Load +

V

12V 110Ah

Maximum Power Point Tracker
with Charge Controller

Figure 4 Schematic showing the electrical connection between the STPV, the MPPT and the batteries. The location of the shunt
resistors used for the current measurement and the resistors used as a dump load is shown.

4. Experiments and result discussion
The test-cell and the experimental set-up described earlier, is used to characterize the electrical performance of the
DSF-PV and the IGU-PV. In addition, a comparison is held between their performance under the same exterior and
interior condition.
Experiments that are presented in this paper are for a series of eight (8) consecutive days, under different weather
conditions and under different ventilation strategies for the cavity of the DSF-PV. The average velocity within the
cavity and the incident solar radiation for these days are presented in Table 3. From Table 3, it can be extracted that
for all the monitored days, the DSF-PV out-performs the IGU-PV by a 3% to 10% difference, depending on the
strategy selected for the ventilation of the cavity of the DSF-PV.
From the same table, it can be seen that clear sky days are Day 1,4,6,7 and 8 and the overcast days are Day 2, 3, 5. If
the cavity is ventilated, the electricity production of the STPV integrated on the DSF is greater than this of the IGUPV by 7.27% to 9.20%. The days that the cavity is ventilated but the sky is overcast (Day 2 and 3), the electrical
performance of the DSF-PV is approximately 4.5% greater than the IGU-PV. Lastly, when the cavity is closed, the
difference between the electricity generated by both the STPV, is the smallest encountered but is still between 3.6%
and 4.1%. On the last column of Table 3, the percentage of the time that the power of the DSF-PV is greater than the
Power of the IGU-PV is presented showing that more than 87% of the time, the DSF-PV performs better than IGUPV
In Figure 5, a comparison of the power produced and the current generated by the DSF-PV and the IGU-PV is depicted
for Day 1 between 7:00 AM and 2:40 PM. The shaded with different colors zones, represent time-periods where
different average velocities within the cavity were measured, due to different fan operation.
As it can be seen, the power generation between 7:30AM and 8:00AM drops and this is because of the shading that is
provided to the test-cell by the sky-scraper presented in Figure 1. For the same reason, the power drops after 2:15PM,
where the building located at the south-west shades the test-cell. The power of the IGU-PV drops first, as it is located
on the west side of the test-cell.
When the cavity of the DSF-PV starts to be ventilated, the power generated by the DSF-PV starts to be greater that
this of the IGU-PV. The current generated by both the STPVs is almost identical, and this is because the STPV are
similar and under the same incident solar radiation. On the other hand, the difference of the power generated by the
integrated STPVs should be correlated to the voltage difference created by each system and thus the temperature their
cells, as the operating voltage of the STPV panels is dependent on the temperature of the cells.
For the same day (Day 1), the power generated by the DSF-PV and IGU-PV and the voltage at which this power is
generated is shown in Figure 6. It can be seen that the DSF-PV operated at a higher voltage of about 2 V than the
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IGU-PV. Consequently, the power generated by the DSF-PV is approximately 10 W higher than this of the IGU-PV,
for the majority of the time, resulting in the average 9.20% difference presented in Table 3.

Average Incident Solar
Radiation (W/m2/day)

Average diffuse Solar
Radiation (W/m2/day)

Electricity generated by
the DSF-PV (Wh/day)

Electricity generated by
the IGU-PV (Wh/day)

Daily Difference

Percentage of time
PDSF>PIGU

Day 1
Day 2
Day 3
Day 4
Day 5
Day 6
Day 7
Day 8

Average Velocity
within the Cavity

Table 3 Experimental data for eight (8) consecutive days in Montreal.

1.25 m/s
0.65 m/s
1.10 m/s
closed
1.20 m/s
closed
closed
1.20 m/s

194
156
156
201
170
203
201
192

44
70
77
46
61
29
25
31

704.01
561.06
462.91
637.04
637.62
754.09
768.62
742.65

644.67
537.31
442.40
611.58
594.39
725.23
741.85
683.23

9.20%
4.42%
4.64%
4.16%
7.27%
3.98%
3.61%
8.70%

96.49
93.81
89.27
91.24
95.72
89.85
87.58
97.72

Figure 5 Power production and current of the STPV panels integrated on the DSF and the IGU on Day 1, with an average velocity
within the cavity of approximately 1.25m/s.
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Figure 6 Power production of the STPV panels integrated on the DSF and the IGU in comparison to their voltage output on Day1, with
an average velocity within the cavity of approximately 1.25m/s.

5. Conclusions
This study is focused on assessing the electrical performance of two similar STPV panels under the same exterior and
interior conditions, integrated on different systems. An exterior experimental facility is set up to monitor the electrical
performance of the STPV panel integrated on the exterior layer of a DSF and on an IGU, forming in this way a DSFPV and an IGU-PV.
It should be noted, that the study presents some limitations. One of these is the short duration of the experiment. In
the contrary, these days are around the September equinox and thus makes it easier for the results to be used for future
studies and simulations. Also, the eight (8) monitored days that are presented in this manuscript are part of a longer
experiment that is set-up to run for a whole year, in Montreal (Canada). Annual results can be later used, with more
confidence to simulate IGU-PV and DSF-PV under different climatic conditions.
During the monitored days, the STPV integrated on the DSF out-performs the one integrated on the IGU. For all the
eight (8) monitored days that the experiment lasted, the electrical performance of the DSF-PV presented increased
values between 3% and 9% depending on the ventilation strategy of the cavity of the DSF-PV and the incident solar
radiation. Even when the DSF-PV is not ventilated and acts as a buffer zone, the electrical performance of the STPV
panels is 3% to 4.5% greater than this of the IGU-PV.
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Abstract

Understanding of the knowledge of classroom temperature distribution is critical to design of solar system
terminal. The temperature non-uniformity caused by solar radiation is not negligible, especially in high-latitude
and strong radiation areas. This paper presents a detailed and comprehensive experiment in a primary and
secondary school in northwestern China that was used to determine the thermal distribution and validate a
simulation model. The temperature variations in both the vertical and horizontal directions were analyzed in
detail. The indoor air temperature distribution was investigated with a systematic simulation of different
conditions, including five solar radiation intensity levels, four southern external walls thicknesses and five
window-to-wall area ratios. The results showed that the average air temperature difference in the vertical
direction was nearly 3.0°C, whereas it was approximately 1.0°C in the horizontal direction. The optimal results
of the non-uniform temperature distribution can provide the basis for determining the parameters of thermal
design and heating system settings in primary and secondary school classrooms.
Keywords: Temperature distribution, simulation, classroom, non-uniform, in-situ measurement,

1. Introduction
Healthy and comfortable microclimate conditions are essential in any type of environment, but schools in
particular are buildings, in which a high level of environmental quality can considerably improve attention,
concentration, learning, listening and performance (Corgnati et al. 2007; Corrado and Astolfi, 2002).The need to
provide good environments in commercial and educational buildings relies on the fact that people spend more
than 90% of their time indoors. Students spend approximately 30% of their life in schools (Valeria et al. 2012),
so researching the thermal environment in schools is essential. Existing research on indoor thermal
environments has primarily focused on thermal comfort in the whole environment; information on indoor
temperature distribution is limited, as current studies on indoor temperature distribution have concentrated on
urban office and residential buildings (Srebric et al. 2008; Catalina et al. 2009). However, primary and
secondary schools are different because students have a higher metabolic rate, classrooms have a higher density
of personnel, and classroom time is relatively fixed. Thus, current distribution laws may not apply to primary
and secondary school classrooms in northwestern China due to the unique indoor thermal environment
requirements for students; it is essential that it need to study these temperature distributions.
Indoor temperature distribution is not only affected by interior personnel and equipment but also by factors such
as wall thickness, materials and window-to-wall ratios etc. The latter factor is significantly influenced by solar
radiation and other outdoor parameters. Because of economic underdevelopment, improving the indoor thermal
environment of primary and secondary schools has primarily relied on renewable solar energy resources. This
provides the basis and foundation for the study of classroom temperature distribution under different conditions
for the construction of solar buildings.
Computational fluid dynamics (CFD) is a proven and effective simulation tool for predicting and analyzing
buildings with reliable results. Building temperature and other parameters are strongly affected by the outdoor
environment and the building envelope properties, which can be simulated and predicted using CFD (Desta and
Janssens, 2004). Currently, CFD consistently provides a convenient method for indoor thermal environment
evaluation and design for offices (Stamou and Katsiris, 2006), lecture halls(Cheng et al. 2003), and industrial
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premises (Rohdin and Moshfegh, 2007). Catalina (Catalina et al. 2009) showed test results for wall surface
temperatures to be consistent with thermal boundary conditions. Rundle (Rundle et al. 2011) simulated indoor
air temperature distribution given the temperature boundary condition of the outside wall surface and the heat
flux boundary condition of the indoor heat source. In addition, because of the complex nature of windows,
research has rarely considered the natural convection and radiation coupling of windows and the indoors.
Behnia (Behnia et al. 1990) considered the effect of solar radiation and change of temperature inside the glass
when modeling windows. Ismail (Ismail and Henriquez, 2003) simulated a corridor with a window inside of an
air flow and temperature distribution and then analyzed the building energy consumption and use of solar
energy. CFD is essential when studying the heat transfer properties of glass and room air flow and temperature
effects.
A comprehensive test was conducted to determine the temperature distribution features of primary and
secondary school classrooms with enriched solar energy resources in an actual passive solar classroom. On the
basis of the actual test, temperature distribution is simulated through Fluent. There was a high degree of
concurrence between the measured and the simulated results. The indoor air temperature distribution was
investigated with a systematic simulation of different conditions, including different solar radiation intensity
levels, southern external walls thicknesses levels and five window-to-wall area ratios. Therefore, the
non-uniform characteristics of temperature change provided the foundation for the construction designs of solar
buildings and system heating settings.

2. Methods
2.1. Experimental classroom
The experimental classroom was located in Huangzhong County (latitude:36°34ƍN, longitude:101°49ƍE, altitude:
2645m), Qinghai, China, where the average annual air temperature and precipitation were 5.1°C and 509.8mm,
respectively, as provided by a meteorological station.
The experimental classroom is shown in Fig. 1. The east, west and north walls were constructed of 20 mm of
plaster, 300 mm of aerated bricks, 20mm of polystyrene board and 20 mm of plaster. The roof and ground
structures were constructed with 200 mm of steel-reinforced concrete and 50 mm of aerated concrete and 100
mm of poured concrete and 80mm of polystyrene board, respectively. The heat transfer coefficient of the
windows was 1.1 (W m-2 K-1). The size of the south window was 2.3m×1.8m×2; the north window was
1.8m×0.9m×1.The north door was 2.1m high×0.9m wide in the front and back of the classroom.

2
9

8

7

6
3
4

5

(a) Layout of experimental classroom

(b) A real-scale 3-D model of the experimental classroom

Fig. 1: Measurement locations and dimensions of the experimental classroom

2.2. Measuring parameters, instruments and experimental procedure
The outdoor temperature and relative humidity were simultaneously measured according to the indoor
classroom measurements by means of a portable automatic meteorological station located on the roof of the
school building. The indoor environment measurements were automatically recorded every 10 minutes over 24h
every day for a total of seven days (from 5 to 11 December 2015). Tab. 1 summarizes the characteristics of the
equipment. The measurement equipment was fitted to the classroom to collect indoor environmental variables,
such as air temperature, relative humidity, air velocity. The equipment was placed at eight locations inside the
classroom and at one outdoor location without disturbing class activities and far from any heat sources, such as
projectors or computers. The detailed measurement points are shown in Tab. 2 and correspond to Fig. 1.
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Tab. 1: Measuring equipment specifications

Parameters

Instrument

Model

Accuracy

Solar radiation intensity

Solar pyranometer

TBD-1

±8.789 W m-2

Outdoor air temperature
and relative humidity

Portable automatic
meteorological station

Vantage
Pro2

±0.5°C/±5%

Indoor air temperature and
relative humidity

Recording thermometer

TR-72U

±0.2°C/±5%

Wall surface temperature

Thermocouple
thermometer

CENTER309

±(0.3%rdg)+1°C

Operating
method

Automatic
recording every
10 min

Tab. 2: Measurement details of monitored positions at the cross-section shown in Fig. 1

Monitored
position(P)

Measured items

Notes

1(Not shown)

Outdoor air temperature, Wind
velocity, Solar radiation, etc.

Portable automatic meteorological station placed
on roof (open space)
Height:2.30m

2
3
4

Height:1.60m

Indoor air temperature

Height:1.10m

5
6/7/8/9

Height:0.25m
Indoor air temperature

Height:2.30m

2.3. Computer simulation
Physical model. A real-scale 3-D model (shown in Fig. 1) of the experimental classroom was created with two
modules: for fluid computational domains such as inside and outside air, and solid computational domains such
as walls, roof and floor. Energy and Standard k-İ Turbulence Models were selected.
Model simplifications. 1) Humidity was not taken into consideration; 2) Air exchange between the inside and
outside of the classroom was neglected because natural ventilation was negligible for the closed experimental
classroom; and 3) The heat processes of the east wall, west wall and roof were considered to be adiabatic.
Governing equations. CFD is a numerical methodology that solves the governing equations of fluid flow by
using a finite volume method to convert partial differential equations into a set of algebraic equations
(Molina-Aiz et al. 2010; Zhang et al. 2016). It is based on the resolution of the governing equations of three
conservation laws that include mass, energy, and momentum transport equations as follows (Versteeg and
Malalasekera, 1995):
w UG
(eq. 1)
 div UPG
div *G  gradG  SG
wt

where į is the universal variable; ȡ, ȝ, īį and Sį are the density (kg m-1), velocity vector (m s-1), generalized
diffusion coefficient (m2 s-1), and source term (W m-1), respectively. This presents as a continuity equation when
į is 1, an energy equation when į is T and a momentum equation when į is u, v, w (m s-1) with velocities in the
directions of x, y, and z, respectively.
Initial and boundary conditions. Five types of boundary conditions were defined: the outside air temperature
(Tout), the air temperature of the north corridor (Tc), the radiant sky temperature (Tsky), the surface convective
heat transfer coefficient (ho) and the soil surface temperature (Tf). The initial temperature of the inside air was
set as an average value at 8:00 during the experimental period.
The air temperature (including Tout , Tc)changed over time; the conduction equation was solved inside the walls
and can be fitted based on the experimental data during the entire day as follows:

Tout

268.7  6.9 u cos 0.000073W  5.2

from 8:00(t=0 s W

R2

0.9173

(eq. 2)

t  3600 u 8 ) to 18:00(t=36000s)
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Tc

R2

276.8  0.5 u cos 0.000073W  26.3

0.7222

(eq. 3)

where Ĳ is the time(s) and 28800 d W d 36000 ; R2 is the degree of fitting.
The heat transfer of the exterior wall can be determined by the convective heat transfer coefficient that can be
calculated by eq. (4).
K0

1
d 1
1
¦ 
O ho
hi

(eq. 4)

where K0 is the heat transfer coefficient, W m-2 K-1; hi and ho are the heat transfer coefficients of the inner and
outer wall surfaces, respectively, W m-2 K-1; d is the thickness of the wall, m; and O is the thermal conductivity
coefficient, W m-1 K-1.
The thermal radiant exchange with the sky influences the heat balances of the exterior wall. It is therefore
necessary to determine the radiant sky temperature Tsky (Tang et al. 2003). The following proposed empirical
formula (Berdahl and Fromberg, 1982) was used:
0.25
(eq. 5)
Tsky H sky
Ta  273

H sky

0.74  0.006Tdp

(eq. 6)

where Ta is ambient air temperature, K.
The dew point temperature Tdp has the following empirical correction expressed in degrees Celsius(Cook,1985):
(eq. 7)
Tdp 26.14  16.99C  1.8893C 2
C

ln Rh  Pa
ln Rh  8.0929  0.97608 Ta  42.607

0.5

(eq. 8)

where Rh is the relative humidity, %; and Pa is the saturation vapor pressure of the air at any air temperature.
The final fitting equation of Tsky is below:

Tsky

276.8  6.8 u cos 0.000073W  5.2

R2

(eq. 9)

0.8498

To conveniently validate and utilize the established simulation model, the floor was regarded as playing a
constant wall temperature role.
The evaluation of the metabolic rate in the school building was obtained from Havenith (Havenith, 2007), who
studied the metabolic rate and clothing insulation of children and adolescents. The metabolic rate was set at 52
W m-2 in accordance with a simple writing task or sedentary activity. The total heat release of a human body was
set at 76 W per person (Srebric et al. 2008). The temperature around the body was simulated by a given body
surface heat flux.

2.4. Model applications
Once the computer simulation was validated, it was used to predict the thermal environment with different
conditions in terms of varying solar radiation intensities, south external wall thicknesses and window-to-wall
area ratios, as listed in Tab. 3. The same model parameters, initial and boundary conditions and solving
methodology were used in all models.
Tab. 3: Different cases of different conditions for simulation
(a) Five cases of solar radiation intensity for simulation
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Case

Solar radiation intensity level(W m-2)

1

800

2

600(Case validation)

3

400

4

200
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5

100
(b) Four cases of thickness of the south wall for simulation

Case

Thickness of the south wall(mm)

1

240+20

2

370+20(Case validation)

3

520+20

4

630+20
(c) Four cases of window-to-wall area ratio for simulation

Case

Area ratio of window to wall

Length(m) × Width(m) × Number

1

0.3(Case validation)

2.3×1.8×2

2

0.4

2.4×2.4×2

5

0.5

2.8×2.5×2

3

0.6

3.0×2.8×2

4

0.7

3.2×3.2×2

3. Results and discussion
3.1. Measuring results and analysis
Ambient air conditions. Fig. 2 shows the indoor and outdoor air temperatures along with the solar radiation
intensity for one measured day. During the day, the maximum global and direct radiation levels were 557 W m-2
and 470 W m-2, respectively. The mean outdoor air temperature and relative humidity were -1.3°C and 54.6%,
respectively. The air temperature ranged between 6.1°C and 13.4°C, with an average of 8.7°C during the day.
The relative humidity ranged between 16% and 74% and the air velocity ranged from 0 to 0.49 m s-1. However,
the variations in global solar radiation, outdoor air temperature and indoor air temperature ranged from 0 to 557
W m-2, from -6.2°C to 8.1°C, and from 6.1°C to 13.4°C, respectively, with averages of 284 W m-2, 1.8°C and
10.8°C during the school day.

Temperature (°C)

12

Outdoor solar radiation
Indoor temperature
Outdoor temperature

Lunch

700
600

-2

16

Spare time

Schooling time

Spare time

Solar radiation intensity (W m )

20

500

8

400

4

300
200

0

100

-4

0
-8
0:00

3:00

6:00

9:00

12:00 15:00
Time (h)

18:00

21:00

0:00

Fig. 2: Indoor and outdoor air temperatures and solar radiation intensity

Vertical temperature distribution. There are considerable differences in ambient building temperatures that also
influence the distribution of temperature fields inside buildings. According to the measured temperature data,
there was significant non-uniformity in the temperature field distribution inside the measured building. The
uneven distribution of the temperature field was analyzed in the vertical and horizontal directions.
The temperature variation in the vertical direction is shown in Fig. 3(a). The building temperature field, as
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observed in the temperature distribution, shows significant non-uniformity in the vertical direction. The
measured temperature at 2.3 m was consistently higher than the other locations. The temperature at 1.6m was
slightly higher than at 1.1m but substantially less than at 2.3 m. Obviously, the temperature is the lowest at
ground level. It can be seen from the diagram that the change tendency of the four lines is roughly the same. The
temperature decline was primarily due to students leaving the room for recess, lunch and nap. Heated air moves
upward in the classroom, the heat loss of human body at 1.1~1.6m makes the temperature higher than at ground
level (0.25m).
To facilitate analysis, the measured temperature data at representative timings (8:00, 10:30, 12:00, 12:30, 14:30,
and 16:10) were selected for assessing non-uniformity. The temperature values at different points are shown in
Fig. 3(b). It can be seen that the tendency of the temperature distribution was generally similar. The mean
temperature during the school day (from 7:00 to 18:00) was calculated. In the range of 0.25 to 1.1m, the rate of
temperature increase was greater due to the heat dissipation from the human bodies to the indoor environment at
2.0 °C m-1. Because of the lower personnel density, the rate of temperature increase reached 0.8 °C m-1 at 1.1 to
1.6m.
10.7°C

10:30
12:00

0.85
K

Height˖1.60m

12:30

Height˖1.10m

14:30

Height˖0.25m

1.60

Break
Height (m)

12

Mean

10.1°C

9.7°C

1.10
T=
2.0
0K

10

16:10

m -1

14

8

Ƹ

Temperature (°C)

08:00

2.30

Lunch
and nap

Height˖2.30m

m -1

Afternoon session

Morning session

16

0.80
K m -1

18

Break

6

0.25
8.0°C

4
7:00

8:30

10:00

11:30 13:00
14:30
School time (h)

16:00

17:30

5

6

7

8

9

10

11

12

13

14

Temperature (°C)

(a) Temperature variation

(b) Temperature distribution at different times

Fig. 3: Temperature distribution in vertical direction

Horizontal temperature distribution. The temperature at the south measuring point was generally higher than
the north. The average value was 11.4°C, 10.9°C, 10.8°C and 10.7°C from south to north in turns. It can be seen
from Fig.4 (a). that the tendency of the temperature distribution was generally similar except for the curve at P9.
Because the P9 point was located in the south, the influence of solar radiation was the strongest. From 16:00 to
17:00, the temperature at P9 rose sharply.
15

18

16

Lunch
and nap

P9
P8

14

12:00
Mean

12:30

13

P6

Temperature (°C)

Temperature (°C)

10:30
16:10

Break

P7

14

08:00
14:30

School hours

School hours

12

Break
10

12
11.4°C
ƸT=0.38

11

K m -1 10.9°C

-1

0.09 K m

10.8°C 0.06 K m-1

10.7°C

10

8

9

7:00

8:30

10:00

11:30

13:00

14:30

16:00

17:30

8
1

2

1.2m

1.2m

1.2m

6

3

4

5

School time (h)

Distance to the south wall ˄m˅

(a) Temperature variation

(b) Temperature distribution at different times

Fig. 4: Temperature distribution in horizontal direction

The temperature values at different points are shown in Fig. 4(b). It can be seen that the tendency of the
temperature distribution was generally similar except at 8:00 and 16:10. At 8:00, the temperature elevated from
south to north due to less solar radiation. With the increase of solar radiation, the temperature increased rapidly
at the south end of the room. At 16:10, the temperature at south rises sharply. The differences between the
northern and southern temperatures are caused by the increased heat loss on the north side due to differences on
both sides of the outdoor environment temperature in the winter and the increased solar radiation heat gain in
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the south. Based on the above, solar radiation intensity plays a decisive role in the south - north temperature
distribution differences.

3.2. Model validation
To verify the differences between the measured and simulated results and verify the reliability of the simulation
and the measurements, a comparative analysis of the measured and simulated temperature values between 1.1 m
and 1.6 m are shown in Fig. 5. It can be seen that the simulated temperatures at each measurement position
concurred with the experimental temperatures, with the same trend over the measurement period. For example,
the temperature tendencies of the measurement and the simulation at P3 in the morning and at P4 in the
afternoon are shown in Fig. 5(a) and Fig. 5(b), respectively. It can be seen that the mean simulated results were
higher than the measured results by 0.3°C to 0.4°C; the mean simulated and measured temperatures at P3 in the
morning were 11.7°C and 11.3°C, and the mean simulated and measured temperatures at P4 in the afternoon
were 9.9°C and 9.6°C, respectively. This small difference was caused by objective factors. Although the
simulation closely adheres to the actual situation, there are certain simplifications that cannot be fully
considered such as various indoor objects and accidental disturbances. In addition, the specific locations of the
actual measuring points are not precisely the same as the simulation locations.
14

14
Measurement data
Numerical simulation

12
Temperature (°C)

Temperature (°C)

12

10

8

6
8:00

8

Mesurement data
Numerical simulation

8:30

9:00

9:30

10:00 10:30
Time / h

11:00

11:30

10

12:00

(a) Verification of P3 at 1.6m in the morning

6

12:30

13:30

14:30
15:30
Time (h)

16:30

17:30

(b) Verification of P4 at 1.1m in the afternoon

Fig. 5: Comparison of the temperature distribution obtained by simulation and in-situ measurements

3.3. Simulated temperature distribution
Different solar radiation intensity levels. Fig. 6(a) shows the temperature changes of different positions at a
height of 1.1m. The temperature at the same location essentially shows a linearly increasing trend with
increasing solar radiation intensity. The temperature amplification differs with the increase of solar radiation at
different locations from the south wall; the closer to the south wall, the greater the slope of increased
temperature. The temperature increased by 2.3°C, 2.1°C and 1.9°C from distances of 0.8m, 3.3m and 5.8m to
the south wall, respectively, when the solar radiation increased in100 W m-2 increments. At 3.3 m from the south
wall, the temperature increased by 14.7°C when the solar radiation increased from 100 W m-2 to 800 W m-2. The
temperature increased by 0.7°C and 1.0°C at different locations from distances of 0.8m to 3.3m and from
distances of 3.3m to 5.8m at a solar radiation of 600 W m-2. The temperature gradient is lower when closer to
the south wall and greater when further away.
Different thicknesses of south external wall. The simulation was carried out under the following conditions: a
solar radiation of 600 W m-2, a window-to-wall area ratio of 0.3, and a time of 12 noon. Fig. 6(b) shows the
temperature changes of different positions at height of 1.1m.The temperature at the same location shows a trend
of initial decrease and subsequent increase with the increase of south wall thickness. When the wall thickness is
increased from 260mm to 390mm, the temperature significantly decreases by 5°C at 3.3 m distance to the south
wall. When the wall thickness is increased from 390mm to 540mm, temperature slightly decreases by less by
1°C. When it increased from 540mm to 650mm, the temperature only decreases by 0.2°C. In short, the impact
on indoor temperature is significant with increasing south wall thickness, but the indoor temperature will
eventually rise when the wall thickness increases to a certain extent.
Different window-to-wall area ratios. The simulation was carried out under the following conditions: a solar
radiation of 600 W m-2, a 540-mm south wall thickness, and a time of and 12 noon. Fig. 6(c) shows the
temperature changes of different positions at height of 1.1m. The temperature at the same location essentially
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showed an increasing trend with the increased window-to-wall area ratios. The temperature growth trends
differed with the increase of the window-to-wall area ratio at different positions to the south wall. At 0.8m from
the south wall, the temperature increase was greater with an area ratio of 0.3 to 0.4 and more gradual with an
area ratio of 0.4 to 0.7; the further from the south wall, the more gradual the temperature variation. This may be
due to an increase in the area of the window. The window increases the quantity of heat but simultaneously
contributes to heat loss because it is poorly constructed for heat gain and loss reduction.
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Fig. 6: The evolution of temperature distribution under different simulation cases

4. Conclusions
A computer simulation model using the finite-volume-based commercial software Fluent was used to evaluate
classroom temperature distributions. Experiments were conducted in an experimental primary school classroom
in northwestern China to validate the simulation model. The simulated results concurred with the measured
temperatures. The validated computer simulation model was applied to predict classroom temperature
distributions with various conditions. The following conclusions were obtained:
(1) Based on the measured temperature data, there is significant non-uniformity in the temperature field
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distribution inside the measured building. The vertical direction of the average air temperature in the classroom
was nearly 3.0°C; the horizontal direction of the average temperature was approximately 1.0°C.
(2) Within the range of 0.25m to 1.10m in vertical direction, the temperature gradient was approximately 2.0 °C
m-1, whereas the temperature gradient was reduced to 0.8 °C m-1 at 1.10 to 2.30m. The closer to the south wall,
the more obvious the temperature difference in horizontal direction. From 1.5m to 2.7m, 2.7m to 3.9m, and
3.9m to 5.1m, the temperature gradients were 0.38, 0.09 and 0.06 °C m-1, respectively.
(3)The simulated results showed that the indoor temperature changed when the solar radiation intensity was
varied; the temperature trends were linear. The temperature gradient is lower when closer to the south wall and
greater when further away.
(4)The indoor temperature changed when the thickness of the south wall was varied and the temperature trends
were non-linear. The temperature at the same location shows a trend of initial decrease and subsequent increase
with the increase of south wall thickness. So a thinner south wall was preferable.
(5)The indoor temperature changed when the window-to-wall area ratio was varied, and the temperature at the
same location essentially showed an increasing trend. At different positions, however, the temperature growth
trends differed with an increase of window-to-wall area ratio; the further the distance from the south wall, the
more gently the temperature varied.
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Abstract

The so-called "Plus-Energy-House" can make an important contribution to the future through a more efficient
use of energy. In cooperation with numerous partners from the industry as well as the Fulda University of
Applied Sciences (Fulda UAS), a multifunctional school building which meets the requirements of a PlusEnergy-House was built. Intelligent energy management achieves a high level of self-consumption and an
energy excess. This paper explains the energy concept of the building, which consists of numerous components.
These include for example, prediction algorithms for generating as well as using PV energy and a computer
vision (CV) system, which integrates the human as a thermo-technical component in the energy concept of the
building.
Keywords: Plus Energy House, Control, Prediction Algorithm

1. Introduction
The recent years have shown that the current method of energy production and energy consumption is not
sustainable. As a result, energy transition in the Federal Republic of Germany is currently a very relevant issue
of today’s world. Energy transition defines the transition from unsustainable fossil fuels and nuclear energy to a
sustainable and environmental friendly energy supply through renewable energies (Verbruggen, 2014). An
important goal is to reduce the social, health and ecological problems caused by the conventional energy
industry. A decarburization of the energy industry plays a significant role in stopping global warming. (LüdekeFreund, 2014) (Poizot and Dolhem, 2011) (Armaroli and Balzani, 2007) Therefore, a basic change in thinking
of energy production and the use of energy has to follow in the future. (Mertens, 2011) The construction and
housing sector provides a great energy saving potential. Currently, about 40 percent of the total primary energy
consumption is spent on it (Ministry of Environment, Energy and Climate Protection, 2013). As shown by
Köhler, Fischer and Lambeck (2014) the technology of the so-called "Plus-Energy-House" can make a major
contribution to that. A plus energy house produces more energy than it needs for heating and the entire
household electricity by using modern energy technologies in conjunction with energy storage (Lüdeke-Freud
and Opel, 2014). Combining the technology of plus energy houses with additional energy optimization systems,
further improvements are possible regarding energy consumption.

2. Application
A new multifunctional school building (see Figure 1) was built on the campus of the Johannes-Keppler-School
in Neuhof (Germany) in cooperation with the manufacturer "Bien Zenker" as well as numerous other partners
from industry and the handicrafts (Figure 1). It is in conformity with the requirements of a plus-energy-house.
Fulda UAS is using the building for research purposes.
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Fig. 1: Front view of the school building

The modern, energy-saving and efficient house contains numerous systems that produce, store and distribute
the required energy for the operation of the building in an intelligent way. For example, there is a photovoltaic
system on the roof of the building. The generated energy can be used for operation, stored in a battery or fed
into the grid. To ensure the lowest possible energy consumption, only highly efficient and energy-saving
systems are used inside the building. A ventilation system with heat recovery ensures ideal air quality. An
infrared heating system is used to heat the building. The control of actuators such as lighting, blinds as well as
some sensors e.g. temperature, CO2, brightness or presence is done by a radio bus system.
The use of special prediction algorithms enables the prediction of energy generation and energy consumption in
the building and helps to optimize the energy usage. In addition, the use of special camera systems to predict
the CO2 concentration and room temperature help to improve the energy balance. The camera system makes it
possible to determine the number of persons in the building. With the help of a Computer Vision (CV) system
(see 4.1) the influence of the room temperature and the CO2 concentration can be calculated by the persons
inside the building and their change can be predicted.

3. Efficient energy management
3.1. Three pillars concept
The energy of the building is used sensibly. As a result, only a little energy is taken from the public grid and the
own consumption is increased. To achieve this, the energy concept is based on three fundamental pillars.
First, efforts are necessary to save as much energy as possible. The built-in highly efficient technologies
contribute significantly to energy saving. It is important to reduce the energy consumption of the building as
much as possible. Energy should only be used when necessary. For example, make contacts and presence
detectors are installed inside the building, which allow some consumers to be switched off if there is no one
inside.
Secondly, the storing of the energy has to be made possible. The photovoltaic system generates energy only
during the day. As there is no solar energy available at night, it must be saved during the day time. This
increases the self-consumption of the generated energy and thus has a decisive influence on the autonomy of
the building. A battery system can be used for this purpose. In addition, the building has a special cement
flooring, which has a high heat capacity.
The third priority is the preventive use of excessive energy. The excessive energy is used where it is required in
the near future, e.g. for heating or ventilating the building. The battery has only a limited capacity. In spring,
summer and autumn the capacity is enough to supply the building at night without any power from the grid. In
the winter, the infrared heating requires a lot of energy that the battery cannot cover. That is when the usage optimization is put to use. There is a sufficient number of sunny days in the winter time, when the photovoltaic
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system produces enough energy. On these days surplus energy which is normally fed into the grid, is to be
effectively used in the building in order to prevent energy consumption at a later time.

3.2. Use of prediction algorithms
Renewable energy has many advantages like low environmental impact and endless resources. However, there
are also some disadvantages. For example, the energies are highly weather-bound and therefore not always
available. This makes it necessary to store and use such time-dependent energy. It would be ideal to adjust the
power consumption to the power generation. Thus, the produced energy could be consumed concurrently, peak
loads would be reduced and stored energy would be available longer. To realize this, it is advantageous to
forecast the produced energy by suitable methods to plan their use in advance. Thus, the energy consumption of
the produced energy can be tracked by PV forecasts and suitable activation of electric loads. On the one hand
this prevents unwanted load peaks and on the other hand economic losses of the system. The basis for a
forecast-based operating method are suitable methods to predict the PV production in order to plan the usage of
the generated energy better.

Fig. 2: Overview of typical forecasting methods (Köhler, Fischer and Lambeck, 2014)

There are two typical types of forecasting methods, as Figure 2 shows. Statistical methods use mathematical
combinations of historical data combined with information on the influencing variables to predict the future
behavior of consumers. However, if no expedient prediction can be made because of unavailable influence
factors, it could be helpful to use methods of artificial intelligence. Methods of artificial intelligence learn
patterns of behavior with the help of historical data and project these as a function of the expected operating
conditions into the future. To select the optimal forecasting method for a particular application, it is also
important determine the required time horizon of the forecast. Short-term forecasts (forecast horizon for one
day) can be created on the basis of measurements and current data. In contrast to long-term forecasts (forecast
horizon for several months) where mostly methods of artificial intelligence are used. These learn the different
patterns of behavior based on historical data and project them into the future. Sometime various forecasting
methods can work differently for certain sectors of the influencing factors. Because of this, combined or
cascaded models are increasingly used. These include a number of methods. Each of them operates only for
certain input variables and complement each other. A combination of different methods for a forecast can
improve the forecasting accuracy. (Prokhorova and Heimel, 2013) (Theil, 1966) (Schlittgen, 2001)

Fig. 3: Comparison between simulation and measurements on two days (Köhler, Fischer and Lambeck, 2016)
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4. Comfort and air quality for people
A major problem in well-insulated buildings is the air quality. The high insulation makes the air exchange with
the environment more difficult. This has advantages and disadvantages. One advantage is that the energy, like
heat from humans, remains inside the room. A disadvantage is that old depleted air remains inside the building.
For these reasons, various systems have been integrated into the building, which also significantly increase the
energy efficiency.

4.1. Use of prediction algorithms
Figure 4 shows that an average person with a light activity produces a heat current of 120 W. This results in a
daily heat output of about 2.9 kWh per day 8 (24 hours). This factor is multiplied many times due to the many
students inside the public building. Accordingly, this would be a heat flux of 3000 W at an average of 25
students. (Specht, 2005) Thus, the human is a part of heating system which is an important factor in the control
of heating and ventilation.

Fig. 4: Heat emission of humans (Specht, 2005)

A Computer Vision (CV) system (ADBF-Vision) was developed to recognize the number of people in the
room. Depending on the number of detected persons in the room, the heating is throttled and unnecessary
energy is saved. The Viola-Jones algorithm, which was originally presented in 2001 by Paul Viola and Michael
Jones as a possible solution for the problem of facial recognition, is used to realize the recognition of persons.
(Behera and Mohapatra, 2015) information on this development, refer to (Böttcher and Köhler, 2017). This can
also be applied to detect other objects.
The algorithm gains high acceptance because of the comparatively high computational efficiency that allows
real-time image processing. In one iteration, a migrating window moves over the input image pixel by pixel.
After completion of a run, the image can be scaled into a smaller format or the mask can be enlarged. The
image area inside the movable window is analysed step by step. The Haar wavelets developed by Alfred Haar
are processed (see figure 5). These are folding masks. The black and white areas represent the sign for the
summation of the brightness values of the covered pixels.
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Fig. 5: Bewegliches Fenster und Haar Kaskadenmuster (Zhenyu, 2012)

The object detection is based on the cascade filter. Within a position of the moving window, different Haarcascade elements are applied according to the state of the filter on this area. The individual results of the masks
are summed. If a specific threshold is exceeded, the area is passed on to the following level. If the threshold for
matching with the masks falls to a certain level, the content of the window is not checked anymore for
correspondence and the window moves. If the content of the windows can exceed the required threshold in all
levels of the filter, it is included in the result set of the detected objects. Therefore, it is possible for the
algorithm to search for possible facial shapes inside the movable window (figure 6). For further information on
this development, please refer to (Böttcher and Köhler, 2017).

Fig. 6: Person detection inside the classroom

4.2. Carbon dioxide (CO2) and temperature
Various studies have shown that the air quality in classrooms is poor and that CO2 concentration is too high,
especially during the winter months. This can lead to tiredness or lack of concentration for teachers and pupils.
The amount of CO2 depends on the activity of the people inside the room. Breathing air contains about 4
percent by volume CO2. This corresponds to 18 to 20 l/h CO2 per person (Benedix, 2006). In contrast to water
vapor, the exhaled CO2 is not absorbed by surfaces. It accumulates completely in the air. During a lesson, it
leads to an increase of the CO2 concentration from 400 ppm up to 2000-2500 ppm. The maximum permitted
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CO2 limit in public areas is 1500 ppm according to DIN 1946-2. The CO2 and temperature sensors as well as
the computer vision (CV) system allow a predictive control of the ventilation. Thus, it is possible to maintain
the air quality inside the room under efficient conditions.

Fig. 7: measurements of carbon dioxide (CO2) and temperature for one day in school

5. Conclusion and prospects
The energy management of the multifunctional school building has already proved over the past few years that
intelligent, predictive control strategies allow an environmental friendly operation of the building and an
efficient use of renewable energies. In particular, the low energy consumption of the building as well as a high
part of renewable energy in the total energy consumption should be highlighted. The strategies used to regulate
temperature and CO2 concentration leads to an ideal air quality and comfort.

Fig. 6: energy balance

Through integrating the Computer Vision system into the existing automation unit, further energy saving
potentials will be realized in the near future. A statement about the level of energy saving or an improvement
in air quality can only be made when the system is operating in the building over a longer period of time. In
the future, it is also important to coordinate the integrated systems and optimize their functions in order to
increase the efficiency of the building.
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Abstract

One way to improve the efficiency of renewable energy system is by integrating two or more devices or so
called the hybrid system. In this study, the change of the Ground Source Heat Pump (GSHP) seasonal
performance factor will be observed when it is integrated with Photovoltaic-Thermal (PVT) to meet the
multiple loads of house and office. Basically, the strategy to get this efficiency improvement is by combining
the water outlet of GSHP which firstly heated by desuperheater and the output of PVT in one (preheat) tank.
In the solar preheat tank, the heat from PVT will be added through heat exchanger as the supplementary to the
hot water which is previously from city water passing desuperheater of GSHP. The final output of GSHP with
the heat addition from PVT and the efficiency of stand-alone GSHP will be compared. GSHP-PVT hybrid
system has the lowest energy consumption followed by GSHP stand-alone and reference case (simple sum of
house and office) with 31.8 kWh/m2-yr, 78.7 kWh/m2-yr and 107 kWh/m2-yr
Keywords: Ground Source Heat Pump (GSHP), Photovoltaic-Themal (PVT), Multi-Load, Energy, Net Zero
Energy Building(nZEB)

1. INTRODUCTION
The requirement for alternative low-cost and efficient energy sources has triggered people to the development
of Ground Source Heat Pump (GSHP) system for residential and commercial heating and cooling applications.
Earth temperature always stable throughout the year and this is also the reason why GSHP is very attractive.
The heat pump on GSHP system operates using the same cycle as a vapor compression refrigeration cycle.
Both systems absorb heat at a low temperature level and reject it to a higher temperature level. The difference
between these two systems is that a refrigeration application is only concerned with the lower temperature
effect produced at the evaporator, while a heat pump may be concerned with both cooling effect produced at
the evaporator as well as the heating effect produced at the condenser in GSHP system. A reversing valve
system is used to switch between heating and cooling modes by changing the refrigerant flow direction. GSHP
system can be seen in Fig.1
A photovoltaic-thermal or PVT module is a combination of photovoltaic cells with a solar thermal collector,
forming one device that converts solar radiation into electricity and heat simultaneously. The excess heat that
is generated in the PV cells is removed and converted into useful thermal energy. The PVT system can
produced efficiency up to 75% as the efficiency of PVT increases and the cell temperature is decreased. PVT
can be distinguished into two types based on the manufacturing process: PVT collectors and PVT panels. PVT
collectors are very similar in appearance to a regular solar thermal collector, consisting of a PV-covered
absorber in an insulated collector box with a glass cover. PVT panes on the other hands are similar in
appearance to regular PV panels. Due to lack of extra insulation and a glass cover, PVT panes have a lower
thermal efficiency but higher electrical yield. Fig.2 shows the PVT panels. In this study, two cases will be
compared which are GSHP system and GSHP coupled by PVT system in order to perform the annual
performance analysis.
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Fig.1. Ground Source Heat Pump (GSHP) Cycle in (a) Cooling mode and (b) Heating Mode
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Fig.2. PVT Module
Fig.2. PVT Module
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2. MICRO-GENERATION SYSTEM MODELING FOR EACH CASE STUDIES
In this study, three systems will be introduced for applications in residential and commercial buildings. Case
one is simple sum of residential and commercial buildings (house and office) heating/cooling demand. Both
thermal loads of residential and commercial buildings are provided by boiler and chiller system also fan coil
unit as presented in Fig.3. The fan coil unit is located inside the building and a duct system is used to distribute
the cooling/heating air inside the building. Domestic hot water (DHW) tank in installed inside the house and
connected with the boiler via pipelines. This case will be the reference case for this simulation study.
Case two is a load sharing system with Ground Source Heat Pump (GSHP) to meet the combined load of
houses and offices. Case two is load sharing hybrid system of GSHP integrated with PVT module. Load sharing
in this case means houses and offices will use one system to provide heating and cooling demand instead of
using separate system for each house and office. In case one, as presented in Fig.4, uses GSHP system to
provide the heating/cooling demand instead of boiler/chiller system (conventional system). The desuperheater
of GSHP is used to preheat the city water for DHW usage. A hot water storage tank is equipped to provide
space heating and DHW heating. A gas burner is located at the bottom of the tank to provide supplementary
heat in cases where GSHP alone cannot provide sufficient heat in very cold days or to heat the DHW water in
summer. Water from the hot water tank is supplied to the two buildings through pipelines for DHW demand
loads. In this case, the city water has enough pressure to flow the water in the system without using a pump. A
cold water storage tank is used in the cooling season to provide chilled water for the cooling coils. Three way
valves are used to switch between GSHP heating and cooling loops in winter and summer cooling seasons.
n

¦ Load
i 1
Main Pump

T

Flow meter

3 Way valve

Office

Fan Coil Unit

n

¦ Demand

2

T

DHW

i 1
Cold water

T

Pump

T

T

T

2

Single office with surface area of 500 m

Chiller

Boiler

n

¦ Load
i 1

Flow meter

Pump

T

3 Way valve

House

5
Fan Coil Unit

n

¦ Demand

T

DHW

i 1
Cold water
Pump

T
2

Single house with surface area of 200 m

Boiler

T

T

T

Chiller

Fig.3. Simple Sum of Residential and Commercial Buildings System
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Fig.5. Load Sharing (Houses & Offices) Using Hybrid Micro-Generation System (GSHP-PV/T)

Tab. 1. Summary of Modelling Cases
Heating/Cooling Systems
Cases

Remarks
Cooling

Heating

DHW

Case 1

Chiller + Fan-Coil

Boiler + Fan-Coil

Boiler + DHW
Storage Tanks

Case 2

GSHP - Fan-Coil

GSHP - Fan-Coil

GSHP (DSH) +
Storage Tanks

Load Sharing

Case 3

GSHP - Fan-Coil

PV/T- GSHP- FanCoil

PV/T-GSHP (DSH)
+ Storage Tanks

Load Sharing

Simple Sum Loads
(House + Office)
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Case three is a hybrid micro-generation system integrating a photovoltaic thermal system to a GSHP system.
PVT panels can generate both electric and thermal energy. The generated energy can be used to reduce the
electrical power import from the grid to houses and offices and also used for space and water heating. There
are many possible ways to integrate the PVT’s thermal system to the GSHP system. In this study, system
configuration with solar preheat-tank as shown in Fig.5 was chosen for the present study. The collected solar
thermal energy is stored in a preheat-tank for two purposes: preheat the DHW and transfer the heat to the hot
water storage tank in condition where the preheat-tank bottom temperature is few degree Celsius higher than
the top of hot water storage tank. The remaining part of the system is same as that in case one.
Tab. 1 presents a summary of different modeling case studies and the corresponding technologies used for
space heating, space cooling and DHW heating
3. SIMULATION AND ANALYSIS METHODOLOGIES
In the present study, all hybrid system models analysis from previous chapter are done by TRaNsient
SYStems (TRNSYS-17) which is a popular software platform for advanced dynamic building energy
simulation. TRNSYS library includes a large database of component models related to buildings, thermal and
electrical energy system, input and output data management and other dependent functions. All components
models in this study were selected from TRNSYS libraries and enhanced with latest manufactures’ system
performance data. Additional models were developed for some components that are not present in the TRNSYS
libraries such as PV module, GSHP desuperheater and etc. A PVT module has 2.56m2 dimension, 295W
electrical output and 1535W thermal output.
Based on that approach, detailed simulation models were developed and applied for all three cases. In order
to evaluate the load sharing system performance, multi-building block consists of five identical houses (with
floor area 200m2 each) and two identical houses (with floor area of 500m2 each) were introduced. The building
specifications meet the building envelope requirements for climate zone 4 recommended by ASHRAE
Standard 90.1-2007.
For systems serving multiple buildings, it will typically have a lower thermal peak than the sum of thermal
peaks of each homogeneous house and office. This is mainly due to the fact that individual buildings reach
their respective thermal peaks at different times during the day. A load diversification factor is commonly used
to take this phenomenon into consideration in load estimation and equipment sizing for systems that serve a
number of mixed buildings. This factor is commonly in the range of 0.90 and tends to be lower when the
central system serves a mix of office and residential buildings with peak demand occurring at different times.
The simulation models were run with Incheon, South Korea weather data over a year to simulate and analyze
the energy systems’ performance. The energy consumption results from the TRNSYS simulations were then
used for energy and cost analyses to evaluate and compare the performance of various systems (cases)
4. ENERGY ANALYSIS RESULTS AND DISCUSSION
In this section, simulation results of the case one, case two and case three systems that serving multiple
buildings (five houses and two offices) will be presented and discussed. While the houses are identical to the
house studied in the previous section with a floor area of 200 m2 per house, the office is enlarged and each has
a floor area of 500m2. The total combined floor area with five houses and two offices is 2000 m2.
Both thermal and non-HVAC electric loads of the simulated houses and offices were analysed through
appropriate time series methodology prior to the system simulation models development. The houses and
offices were assumed to be separated from each other with no thermal interaction between them. Both type of
buildings are square shaped and are assumed with a single interior zone in the simulations. The domestic hot
water volume assumption was according to ASHRAE-124 recommendations for residential and small office
buildings. Following “Office of Energy Efficiency Statistics and Analysis”, NRCan, Non-HVAC electric loads
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were developed based on “average” consumption of a detached house and a small office in Canada which is
43.9 kWh/m2-yr. Those are presented in Tab. 2:
Tab. 2. Annual Thermal Load and Non-Electric Load Intensities
Building Blocks
Five Houses + Two Offices(5x200 m2 + 2x500 m2=2000 m2)

Load Intensity
(kWh/m2-yr)
Weather data

Incheon, South Korea (TMY2 weather data)

DHW
Space Heating
Space Cooling
Non-HVAC Electricity
Total

8.6
47.2
31.2
43.9
130.9

6.6%
36.1%
23.8%
33.5%
100%

Initial simulation study found out that if a GSHP system integrates with PVT panels only, the PVTs thermal
and electrical energy generations are restricted by the volume and temperature of the solar pre-heat tank
directly and building thermal demand indirectly. Therefore, it may be more efficient to design a GSHP-PV/T
system with combination of both PVT and PV panels rather than installing PVTs only. In this way, the
electricity generation will not be restricted or reduced by the thermal demand compare to systems with all PVT
panels. In addition, it is anticipated that the initial capital cost could be reduced as PV panels are usually cost
less than PVTs. For this reason, 5 GSHP-PVT systems (Case 3) with various combinations of PVT and PV
panels were simulated, as shown in Tab. 3:
Tab. 1. GSHP-PVT Systems for Simulation Study
Number of PV Panels
0
120
240

Number of PVT panels
0
GSHP
GSHP-PVT0-PV120
GSHP-PVT0-PV240

60
GSHP-PVT60-PV0
GSHP-PVT60-PV120
GSHP-PVT60-PV240

Tab. 2. Energy Analysis of Multiple-Building for Each Case Study
Incheon
(Multiple Buildings)
Energy Intensity
(kWh/m2-yr)

Space +
N. Gas
DHW
Electrici
Heating
ty
Space
Electrici
cooling
ty
Fans
Pumps
Non HVAC (lighting,
equip.)
Electricity Production
Total (Net) Energy Use
Energy Savings

Five Houses + Two Offices
(5x200 m2 + 2x500 m2 = 2000 m2)
Case 1
Case 2
Case 3
SIMPLE
GSHP
PVT=6
SUM
0
(REFEREN
PV=0
CE)
55.9
3.6
0.7
13.5
11.8

PVT=0
PV=12
0

16.2

8.6

4.2
0.8
43.9
0
107.6
-

3.6
13.5

PVT=6
0
PV=12
0
0.7
11.8

PVT=0
PV=24
0
3.6
13.5

PVT=6
0
PV=24
0
0.7
11.8

7.9

8.6

7.9

8.6

7.9

5.3
3.8
43.9

6.0
3.1
43.9

5.3
3.8
43.9

6.0
3.1
43.9

5.3
3.8
43.9

6.0
3.1
43.9

0.0
78.7
28.9

-3.8
69.8
37.8

-19.0
59.7
47.9

-22.8
50.8
56.8

-38.0
40.7
66.9

-41.8
31.8
75.8
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Energy Savings (%)

-

26.9%

35.1%

44.5%

52.8%

62.1%

70.4%

The result shows that the reference case (Case 1) has the highest total energy consumption at 107.6 kWh/m2yr followed by GSHP system at 78.7 kWh/m2-yr and GSHP-PVT systems are showing better energy
consumption compared to others ranged from 31.8 kWh/m2-yr until 69.8 kWh/m2-yr. The main reason why
GSHP-PVT has better energy consumption is because this system only use small amount of natural gas for
auxiliary burner inside the hot water burner and also GSHP-PVT system produced electricity so that reduced
the net amount of energy consumption. Those results are shown in Tab. 4 and Fig. 6

ٻ

Fig. 6. Energy Analysis Results for Each Study Case

Based on those Tab. and graph, the system performance is evaluated and presented in COP values for the
three studied cases. The COP is the ratio of the total energy delivered to the buildings (which includes space
heating, space cooling, and DHW energy as well as electricity production if any) to the total consumed energy
(natural gas and electricity) in the respective period as shown in Tab. 6
Tab. 3. System Performance (COP) For Multi-Building Cases In Incheon
COP
Incheon
Heating Period

Cooling Period

Overall/Annual

Reference System
GSHP

0.92
2.87

1.47
2.09

1.08
2.50

GSHP-PVT60-PV0
GSHP-PVT0-PV120

3.09
3.42

2.56
2.64

2.85
3.05

GSHP-PVT60-PV120

3.70

3.24

3.49

GSHP-PVT0-PV240
GSHP-PVT60-PV240

3.97
4.30

3.19
3.92

3.59
4.13

The result in Tab. 5 shows that Case 3 which is GSHP-PVT system has the highest COP ranged from 2.56 to
4.30 followed by GSHP system (Case 2) and simple sum of residential and commercial buildings (case 1).
This result indicates that hybrid system has a better performance compared to conventional system and GSHPPVT is the best combination. One of the reasons is the additional contribution from solar energy to produce
electricity so that electricity that consumed from the grid can be reduced as shown in Tab. 6
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Tab. 4 Annual Electricity Generation and Supply of Various GSHP-PVT system
Incheon

PV/T Electricity Generation

System Electricity Supply

Used by System

Exported to Grid

Supplied by
PV/T

Supplied by Grid

Reference System

-

-

-

100%

GSHP
GSHP-PVT60-PV0

100.0%

0.0%

5.2%

100%
94.8%

GSHP-PVT0-PV120

83.4%

16.6%

21.1%

78.9%

GSHP-PVT60-PV120
GSHP-PVT0-PV240

80.5%
62.3%

19.5%
37.7%

25.2%
31.5%

74.8%
68.5%

GSHP-PVT60-PV240

60.0%

40.0%

34.4%

65.6%

The results in Tab. 6 indicate that the PV/T panels, depending on its capacity, meets 5.2% to 34.4% of the
total electrical loads in Incheon. The remaining 65.6% to 94.8% required electricity is imported from the grid.
Increase of the PV/T capacity certainly reduces the hybrid MG system’s dependency on the electric grid, on
the other hand this will result high initial capital costs
5. CONCLUSION AND FURTHER WORK
In this study, three different renewable and hybrid micro-generation cases were analyzed for application in
combination of residential and commercial buildings. Five houses and Two Offices were selected in this study
to perform the annual energy performance for each technology. Based on the result in previous chapter, we
can conclude that:
 The total energy consumption of all the studied GSHP-PV/T systems (Case 3) is lower than that of the
GSHP system (Case 2), and also the reference case (case 1) due to the use of geothermal and solar renewable
energies. The overall system performance (COP) increases with the increase of the PV/T panels.
The simulation results show that it is more efficient to design a GSHP-PVT system with combination of
both PVT and PV panels. The PVT panels (operated with thermal-load control strategy) are primary used for
covering part of the building heating loads and the PV panels (operated when there is solar radiation available)
are mainly used for generating electricity for building usage. In this way, the electricity generation will not be
restricted or reduced by the thermal demand compared to systems with all PVT panels. Any excessive
electricity could be sold to the grid for additional income or stored in batteries for later use.
 Due to the PV/T electricity production is intermittent and not synchronized with the building demand, the
GSHP-PV/T systems not only require electricity from the grid, but also have excessive electricity to be
exported to the grid. The amount of electricity imported and exported to the grid is dependent on the number
of the PV/T panels integrated to the systems.
 The GSHP-PV/T systems are able to meet 5.2%-34.4% of the building total electric load in Incheon. The
remaining electric load is met by the grid. Increase the number of PV/T panels certainly reduces the system
dependency on the electric grid.
 For the simulated GSHP-PV/T systems, between 60% and 100% of the PV/T generated electricity is used
by the buildings themselves and the remaining 0% to 40% excessive electricity is exported to the grid. The
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percentage of exported electricity increases with the increase of the PV/T panel numbers.
For Further work, an artificial intelligence (AI) control strategy to be embedded in a gateway wireless
platform for optimal control of the hybrid system will be developed to further apply the new concept of energy
cloud. The strategy will be simulated and investigated for variety of system sizes and applications. The hybrid
systems will be optimized and the optimal component and system configurations will be simulated and
assessed for maximum utilization. Variety of simulations will be conducted using system integration
optimization technique to approach real life situations where a group of multi-type buildings will be served by
the hybrid energy system in load sharing applications. Further, and more in depth, economic analyses will be
performed to investigate the viability of the hybrid energy systems in selected scenarios and their impact on
the overall installation and operation costs.
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Abstract
The switching time and spectral transmission in fully clear and fully opaque states of polymer dispersed liquid
crystals (PDLC), suspended particle device (SPD) and electrochromic (EC) switchable windows were evaluated to
assess their suitability to control solar heat transmission though glazed façade and comfort to building occupants.
The transmission measurement on a SPD film showed a very effective absorption modulation in the visible range
but fast decrease in the near infrared region. The switching speed was demonstrated to be related strongly to
wavelengths. A SPD film with a larger absorption and faster switching speed in the infrared region was shown to be
preferable to control solar heat transfer through glazings and thermal comfort. The PDLC window did not modulate
transmission but rather modulated scattering. In the opaque state, the PDLC window was highly scattering resulting
in spectral transmission varying at short distances from the window while being constant in the far field. The
switching speed measurement demonstrated that liquid-based switchable windows can respond as fast as the eye to
have the potential to control spontaneous glare. The EC window demonstrated a lower absorbance efficiency than
the SPD in the visible range but appeared to have a much higher efficiency in the infrared region measured. EC
windows are characterized by their slow switching speed when compared to SPD and PDLC. This makes them
unsuitable for spontaneous glare control and are more suited to predictive solar heat gain control over a defined time
horizon. With the increasing integration of adaptive technologies into building facades and to predict the energetical
and ambient performance of such buildings and the impact on the occupants’ comfort, this paper emphasises on the
importance to provide spectral performance information of switchable windows.
Keywords: switchable window, spectral transmission, switching speed, adaptive façade, solar control.

1. Introduction
Switchable windows switch between a clear and an opaque transparent state by controlling light absorption, reflection
and/or scattering. EC, liquid crystal (LC) based and electrophoretic or SPD technologies are the most promising for
manufacturing large area electrically activated switchable windows for control of solar energy through building and
vehicle glazings.
The coefficient of solar energy transmittance (g-value) or solar heat gain coefficient (SHGC) and shading coefficient
are determined knowing the incident solar insolation and the spectral transmittance of glazing over the entire solar
spectrum (Geymard, 2007; Gueymard and duPont, 2009; Waide and Norton, 2003). These coefficients vary
significantly with the incident solar insolation. With adaptive windows dynamically adapting their optical
transmission these coefficients will vary furthermore. As visible light transmission and scattering is modulated,
indoor lighting conditions vary with illuminance, colour rendering index and daylight glare probability (Wienold,
2010) the affected quantities. It is therefore important to disaggregate the impact of the visible component of the
spectrum affecting indoor lighting and glare, and the infrared component of the spectrum contributing to the indoor
thermal performance via solar gain and the greenhouse effect further affecting the cooling and heating loads of the
building and occupants’ comfort.
Switchable windows do not prescribe requirements on switching times. For building application, the short time
change of glare (visible wavelength) and solar heat (infrared wavelengths) incident on a surface typically vary with
the passage of watery clouds. Considering an instant change of the solar irradiance by the passing of a cloud, the
required switching time for switchable windows would correspond to the human response to light. Presumably,
switchable windows would need to switch as fast as the eye response, i.e. 13ms to 80ms (Lewis, 2014), to have a
spontaneous control of the glare.
The human sensation of heat given by the heat index varies by 8ᵒC when moving from shade to sunlight (NWSWFO,

 
       
  !"  # $  "%  % &''
( ))*!$   )#  "(!!"    

627

P. Lemarchand / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

2004). Moreover, the human skin response time to cold is 0.1ᵒC/s (Jones, 2009) and discomfort is perceived with
only 1ᵒC difference to body temperature which is felt in the order of 10 seconds (Kenny, 1998). Consequently, the
8ᵒC difference felt from shadow to sunlight brings a sensation of discomfort in the order of 1.25 seconds which would
then be the desired response time to solar heat transfer (infrared wavelength) through the switchable glazing.
Knowing the spectral transmission and switching time performances of switchable windows as further studied below
can potentially enable to appropriately and more accurately control such adaptive technologies with the desired
building energy performance and occupant comfort.

2. Methodology: sample characteristics and optical setups
2.1. Sample characteristics
The EC EControlTM, SPD SmartGlassTM, PDLC SmartGlassTM glazings as well as SPD and PDLC films (without
glass panes) presented in Tab. 1 and Fig. 1 were characterized. The EC glazing was electrically switched by its
controller applying between -1Vdc and +2Vdc measured at the window’s electrodes. The window transmissions
provided by the manufacturer are measured according to DIN EN 410 within the 380-780nm region. The EC window
were specified to be 50% and 10% in the transparent and opaque state respectively with a tolerance of +/-2%. Both
the SPD and PDLC films and glazing were electrically switched between 0Vac and 110Vac. Consequently, the EC
and SPD films worked either in a transparent mode when turned ON or into an opaque mode when turned OFF, the
window appearing tinted with a dark blue colour. The LC films were in their transparent state when turned ON, and
exhibited a milky-white tint when turned ON and were consequently in their opaque mode. A Lambda900
spectrophotometer was used to measure the full and scattered transmission through the SPD and PDLC films, the
glazings and each individual component forming the SPD and PDLC glazings. Due to the size of the EC glazing that
could not fit in the Lambda900, a second dedicated optical setup was used. This setup was used to measure the optical
transmission of the EC glazings and the switching time of the SPD, PDLC and EC glazings.
Tab. 1: SPD, PDLC and EC tested samples.

Sample name
SPD glazing
PDLC glazing
EC glazing
SPD film
PDLC film

Shape
Flat
Flat
Flat
Flat
Flat

Size
L=28cm, H=18cm
L=28cm, H=18cm
L=32cm, H=32cm
L=5cm, H=5cm
L=5cm, H=5cm

Thickness Configuration
4mm glass/~1mm space/4mm glass
4mm glass/~2mm space/4mm glass+silver coating
4mm glass/~1mm space/4mm glass/cavity/4mm low-E coated glass
ITO/SPD film/ITO
ITO/PDLC film/ITO

Fig. 1: Schematic of the tested SPD and PDLC films and SPD, PDLC and EC windows

2.2. Lambda900 spectrophotometer for film transmission analysis
Fig. 2 and Fig. 3 represent the reference beam (1) and the sample beam (2) within the Lambda900, with same optical
path length (D≈36cm) from their respective cuvette holder to the integrating sphere (IS) aperture of diameter
)=5mm. Wavelengths from 250nm to 2500nm were scanned in 1nm steps to look at the film ultraviolet (UV), visible
(VIS), near-infrared (NIR) and short-wave infrared (SW-IR) transmission and compare them with the optical bench
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setup results. Absorbance calibration was done in air. For measurement of all transmitted light, a maximum of
scattered light was collected for the switchable film (SPD or LC film with ITO layers on both sides and no glass)
located flat at the integrating sphere aperture entrance. All forward scattered light sketched in Fig. 4 was collected
by the integrating sphere. Transmission in the far-field (~36cm from the IS) was achieved by setting the film flat at
the cuvette or further named “sample port” (SP). The cone angle Tt of collected transmission is reduced to Tt ≈0.15º
as illustrated in Fig. 5. The cone angle in that configuration being close to 0º, transmission measurements are
considered to correspond to the specular and direct (0º) transmissions.

Fig. 2: Film scattered transmission measurement at the
Lambda900 integrating sphere.

Fig. 3: Far field film transmission at the cuvette in
Lambda900.

Fig. 4: Scattered transmission sketch. The doted circle
represents the irradiance distribution of the scattered
light.

Fig. 5: Far field transmission sketch.
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(eq. 1)
(eq. 2)
(eq. 3)

The dynamic light attenuation when switching ON and OFF the samples could be obtained from the transmission
curves. The relative attenuation of the signal can be seen as the relative absorption efficiency ηabs of the film expressed
by (eq. 1. As calculated by (eq. 2, the difference between transmission measurements at the IS port (T IS) and sample
port (TSP) provided information on the percentage transmission affected by scattering. (eq. 3 describes the scattering
dimension less parameter D with Dp the diameter of a spherical particle and O the wavelength. The parameter D
enables to distinguish three types of scattering: 1) Rayleigh scattering for D <<1; 2) Mie scattering for D ≈1 and 3)
geometric scattering for D >>1. With the incident light wavelength of the same order as the particles’ sizes. The
condition where D≈ Mie scattering (D≈1) enables to have a view of the particles size distribution across the studied
film. Once the switchable film is in position, transmission measurements in clear and opaque states are separated by
several minutes (~5minutes) to ensure the films in their opaque state reach their thermodynamic equilibrium and are
optically stable.

2.3 Optical bench setup and its validation with float glass and EVA transmission
A solar simulator and integrating sphere fibre connected to a handheld spectrometer was used to i) determine the
absorption contribution of glass and EVA layers in the final glazing, ii) to ensure the optical bench setup results
coincide with the Lambda900 spectrophotometer and iii) to measure the switching time of the EC, SPD and PDLC
glazing. A first sample, named ‘FGEVAFG’ hereafter, comprised of an ethylene-vinyl acetate (EVA) layered in
between two float glass (FG) panes 6mm thick was measured in transmission using both setups. The absorption
measurement of a single 6mm FG pane further enabled the determination of the transmission of the EVA layer only.
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Both transmission measurements at the IS and SP of the Lambda900 were perfectly matching between 250nm and
2500nm, demonstrating no scattering occurred. Transmission measurements compared using the optical bench setup
validated the setup results between 385nm and 1020nm (see Fig. 6).

Fig. 6: FG-EVA-FG transmission and optical bench setup validation.

Fig. 7: Transmission of 4mm float glass (FG), FG-EVA-FG sample and EVA layer.

The absorbance (Ab) of the float glass and the FGEVAFG sample measured, the transmission of the EVA layer was
calculated using (eq. 4.
ܾܣிீாிீ ൎ ܣிீாிீ  ܴிீ ൎ ܴிீ  ܣா  ʹ ܣ כிீ discarding multiple internal reflections ܾܣிீ ൌ ܣிீ 
ܴிீ and ܾܣிீாிீ െ ʹ ܾܣ כிீ ൎ ܣா െ ܴிீ leading to:
ܶா ሺΨሻ ൌ

ͳͲͲ
ିͲͳ כோಷಸ
ͳͲ ಷಸಶೇಲಷಸ ିଶכಷಸ

(eq. 4)

(eq. 4 requires the spectral reflection at the air-FG interface RFG approximated using the Fresnel reflection in (eq. 5
for unpolarized light (Albregtsen, 2008) and considering the known refractive index of BK7 available between
300nm and 2500nm (Polyanskiy, 2016).
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(eq. 5)

In the equations above, the subscripts ‘s’ and ‘p’ respectively denote the perpendicular and parallel electric field
direction of the light electromagnetic wave. The subscripts ‘i’ and ‘t’ refer to the incident and transmitted angles T
at the air-FG interface of respective refractive index n 1 and n2.
The resulting EVA transmission curve in Fig. 7 showed relatively flat transmissions of above 95% from 430nm to
1650nm and ≈ 90% from 1850-2200nm. Strong absorption bands occurred in the 1655-1750nm and 2325-2400nm
ranges. The glazing thickness is mostly comprised of glass. The FGEVAFG sample transmission showed that the
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choice of glass highly affects the overall glazing performance– most importantly the NIR, SW-IR ranges and the
consequent solar transmission. The UV cut-off wavelengths of float glass and EVA were respectively noted around
320nm and 370nm. The EVA, absorbing UV, acts as a protective filter for particles embedded into switchable
windows but UV sensitive particles would still deteriorate under long-term UV exposure (Czanderna, 1996).

Fig. 8: Solar energy spectrum incident and transmitted through 12mm of the measured clear float glass and 0.4mm EVA layer.

Knowing the absorbance of the float glass and the EVA layers enabled the calculation of the Napieran attenuation
coefficient of the materials and simulation of the transmission through three glass panes 4mm thick and two EVA
layers 0.2mm thick (see Fig. 8). This configuration, similar to the EC window without the active EC film and the
low-E coating, enabled an understanding of the amount of solar energy available for transmission modulation by a
switchable film. The measured clear float glass showed ~69% transmission in the visible and strong absorption in
the NIR and SW-IR regions with transmission to ~45% and ~46% respectively. The transmitted solar energy was
about 371W.m-2, 145W.m-2and 47W.m-2 in the respective wavelength ranges. The EVA layer absorbing UV, ~0.4%
transmission is calculated between 300nm and 380nm, representing ~120mW.m-2. Simulation on clearer glass such
as the PlaniclearTM from Saint-Gobain demonstrated transmission of about 1.2%, 83%, 63% and 63% in the UV,
VIS, NIR and SW-IR respectively and therefore enabling a larger fraction of the solar energy to be modulated by an
active film integrated between the two EVA layers.

3. Spectral transmission analysis
3.1. SPD and PDLC films
The SPD film tested, about 0.35mm thick, is mainly made of a polymer (most likely PMMA) for which absorption
bands occurred around 1657nm, 2143nm and 2328-2450nm in Fig. 9 and again for the PDLC film in Fig. 10. The
transmission curves at both the IS and SP positions for the ON state were matching, meaning reflections from all
internal interfaces and absorption are the only occurring phenomena. In the OFF state, particles in random
orientations strongly absorb light in the visible and NIR range. The transmission curves at the IS and SP showed
differences in the transmitted blue and NIR wavelength ranges. Plotting the scattered transmission (difference
between the two curves), a Poisson distribution was obtained between 760nm and 2250nm with a maximum of the
particles having a size about 1Pm corresponding to the particles length (Saxe et al. 2003) and confirming this
difference is attributable to a Mie scattering process (D≈1 in eq. 2).

Fig. 9: SPD film transmission and absorbance efficiency
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Multiplying the transmission curve by the global solar irradiance at an air-mass of 1.5 (ASTM, 2012), the spectral
solar irradiance and solar energy transmitted through the SPD film (i.e. without glazing and interfacing EVA) in the
transparent and opaque states was obtained and summarised in Tab. 2.
Tab. 2: Global solar energy modulated by the SPD film.

Transmitted solar energy (W/m2)
Spectral
range (nm)
280 - 379.5
380 - 780
781 - 1400
1401 - 2500
280 - 2500

Global solar
energy
(W/m2)
32.1
535.5
323.8
101.9
993.3

Transparent
6.5
274.0
272.8
76.0
629.4

Opaque
1.1
8.4
166.7
74.9
251.1

Solar energy
modulated (W/m2)
5.4
256.6
106.1
1.2
378.3

Fraction of solar
energy modulated (%)
16.9%
49.6%
32.8%
1.1%
38.1%

Fig. 9 shows the SPD window highly modulated transmission in the wavelength range from 390nm to 820nm with
transmission varying from 50% to 70% above 450nm and averaging at 51.2% transmission over the visible range
(380nm-780nm). The SPD showed a strong absorption from 1000nm to 2100nm with a modulation efficiency
continuously decreasing below 30% from above 1000nm and below 10% above 1350nm. In Tab. 2, the SPD film
appeared to modulate 16.9% of the UV light (280nm-380nm) with 6.5W.m-2 of solar UV transmitted in the
transparent state. Considering the ~120mW.m-2 transmitted through the simulated glazing, between 4mW.m-2 and
24mW.m-2 is transmitted in the opaque and transparent modes. To mitigate degradation of the SPD film, exposed to
~850mW.m-2 after 4mm glass and 0.2mm EVA layer, or other materials within the occupant environment, UV
protection is initially achieved with float glass and EVA layers forming the window and would benefit from the
potential addition of a UV filter. In the transparent state, about half of the solar energy in the visible range is absorbed
which significantly limits the fraction of natural light entering the occupant environment on cloudy days. With 49.6%
of visible solar energy controllable, this is the spectral band most effectively controlled by the SPD film. In the nearinfrared (781-1400nm) the SPD still modulated 32.8% of the input solar energy but a high 166.7W.m-2 solar energy
was transmitted in the opaque state and represented more than 51.4% of the solar energy in that range. This implies
that there is significant infra-red solar heat transfer in the switched-mode that is ostensibly intended to reduce solar
gain. SPD materials with an absorption efficiency in the NIR similar to current performances within the visible range
could lead to an additional 16.8% to the current modulation capability. The latter represents an additional 51.2% of
energy modulable through a glazing integrated the active film. For the simulated glazing with 12mm glass thickness
and 0.4mm EVA layer, it represents an additional 4.3% solar (280-2500nm) energy modulation compared to 4.9%
for a clearer glass such as the PlaniclearTM. Considering the film thickness and the low dynamic absorption of SPD
material above 1400nm, only 1.1% of the solar energy in the short-wave infrared (1400-2500nm) could be modulated
with more than 73% of the solar energy transmitted through the SPD independently of the SPD optical state. The
780nm-2500nm solar range containing 42.6% of the 1kW.m-2 global solar energy and ~34% of the solar energy
transmitted through the simulated window, innovative SPD materials with an efficient dynamic control of the infrared
range would significantly contribute to the infrared solar heat transfer modulation offered by switchable windows.
Overall, in the 280-2500nm range, the SPD film could modulate 38.1% of the solar energy passing through a glazing

Fig. 10: PDLC film transmission.

Transmission results on the PDLC film shown in Fig. 10 demonstrated very similar transmission in the clear and
opaque state over the entire scanned range when measured at the integrating sphere. This result led to conclude that
light passing through the film is not further absorbed nor significantly more reflected when switching ON or OFF
the film. However, when setting the film at the sample port, transmission is highly reduced in the OFF state meaning
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that 1) almost all visible light passing through the film in the OFF state is scattered (giving the milky-white
appearance) and 2) that the transmission loss mechanism in the OFF state is uniquely related to the distance between
the detector and the film until the cone angle becomes small enough (close to 0 radian) that the transmission will not
change anymore.

3.2. EC window transmission
The EC window transmission curves for both the opaque and transparent states are shown in Fig. 11 together with
the absorbance efficiency. In the transparent state, the EC window tested, demonstrated transmission in the visible
(380-780nm), near-infrared (780-1020nm) and solar (380-1020nm) ranges of 50.1%, 50.8% and 29.2% respectively.
In the opaque state, the EC window transmission went down to 15.3%, 14.9% and 0.8% at the respective range. The
transmission tolerance in those ranges were ±1.0%, ±1.1% and ±4.9% due to the intensity of the source, the
fluctuation of the lamp, the sensitivity of the spectrometer and the signal noise in the various wavelength ranges.
While the 50.1% visible transmission in the transparent state of the window was matching the manufacturer
information, the 15.3±1.0% transmission in the opaque state was not matching the 10±2% transmission. A possible
cause of this, suggested by the manufacturer, was the lack of sunlight exposure of the glazing and switching in the
time leading up to the test. The EC glazing requires UV sunlight exposure to allow it to fully darken. This encourages
further understanding of the influence of outdoor solar conditions and temperature on the glazing transmission and
switching speed capabilities. In the visible range the window has an absorbance efficiency varying from about 70%
at 380nm down to 50% at 480nm before rising to nearly 95% at 780nm. The signal noise in the opaque mode did not
allow a clear transmission measurement above 880nm but it appeared the window absorbance efficiency tends to
100% up to 1020nm likely due to the low-E reflective coating in the fifth glass surface of the window. A measurement
of the EC film only using the Lambda900 is desirable to have a higher accuracy of results over the entire solar range.

Fig. 11 EControl EC Window – Transmission in the transparent and opaque states and absorbance efficiency

Similar to the SPD film, the global solar irradiance transmitted through the EC window in the transparent and opaque
states was obtained in Fig. 12 and the solar energy summarised in Tab. 3.

Fig. 12: Calculated solar irradiance transmitted through the EC window in the transparent and opaque states
Tab. 3: Global solar energy modulated by the EC window.

Transmitted solar energy (W/m2)
Spectral
range (nm)
380-780
780-1020
380-1020

Global solar
energy
(W/m2)
535
188
723

Transparent
258±6
50±9
308±8

Opaque
70±6
1±9
71±8

Solar energy
modulated (W/m2)
188
49
237

Fraction of solar
energy modulated (%)
35.1%
26.1%
32.8%

Similar to the SPD film in the transparent state, Tab. 3 shows that the EC window transmission in the visible range
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significantly limits the fraction of natural light entering the occupant environment on cloudy days. With 35.1% of
visible solar energy controllable, this is the spectral band most effectively controlled. In the near-infrared (7801020nm) the fraction of solar energy modulated goes down to 26.1% with about 50W.m-2 solar energy transmitted
in the transparent state and 0-10 W.m-2 in the opaque state. Such low transmission in the infrared in both states is the
result of the film light absorption and the light reflection from the low-E coating on the fifth glass surface. Such
configuration would allow the window to significantly reject infra-red solar heat transfer but still be able to modulate
a small portion of the solar energy in that region. Thus, it is convenient for climates with a high solar irradiance. In
low to moderate solar irradiance conditions, the window would benefit from modulating a larger fraction of the solar
range as more visible light and infrared solar heat passing through the window might be required. Overall, the EC
window could control 32.8% of the solar energy contained within the 380nm-1020nm range.

4. Switching time of SPD, PDLC and EC windows
In principle, the complete switching time between fully clear to fully opaque is identical at all wavelengths due to
the time it takes for the SPD particles and LC molecules to rotate or the ions to be fully absorbed by the EC layer
according to the voltage applied. However, the relative spectral switching time further on called “switching time”
varies according to the intensity of the source and the spectral transmission in the transparent and opaque states at
the wavelength considered. Using the optical bench setup, the switching time of the SPD, PDLC and EC windows
could be measured. When switching the windows, the light transmission change with time, was observed rising and
decreasing similar to the charging and discharging curves of an electronic Resistor-Capacitor (RC) circuit. As
illustrated in Fig. 13, the time W was defined as the time required for the window to reach 63% of its final state
(transparent or opaque). The defined switching time 3W is the time required to reach 95% of the transition and 5W for
99% of the transition.

Fig. 13: (left) Switching ON time (WWup) and (right) switching OFF time (Wdown) definition. Examples with the SPD glazing at 473nm.

Fig. 14: SPD window switching ON and OFF times.
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Fig. 15: EC window switching ON and OFF times.

(eq. 6)

Fig. 14 compares the up (to transparent state) and down (to opaque state) switching times of the SPD glazing with
the solar spectrum. The curves show opposite behaviours affected by a factor f defined in (eq. 6). In the 400-700nm
region the transmission switches from 48.54% to 1.27% (Lemarchand, 2014). Simultaneously the “f” factor
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decreased from x4.9 at 400nm to a minimum x1.17 at 633nm, before it started strongly picking up in the infrared
region. At 900nm, the switching “down” time was x10.7 longer than the switching “up” time. Particles are forced to
align with the electrical fields between the conductive layers when the window is switched ON. Reversely, when
turned OFF, the voltage across the SPD film drops to 0Vac, the electrical field disappears and the particles are free
to naturally disperse in random orientations within the Brownian fluid forming the SPD film. It was then expected,
as the experiment confirmed, that the switching ON time would be much shorter than the switching OFF time. The
switching ON time could not be calculated theoretically due to a lack of information on the particle composition but
this one was expected to be in the hundreds of milliseconds – this was also confirmed by the results obtained in Fig.
14. Using Hsu et al. (2005) equations, the theoretical switching OFF time was calculated to be about 1100ms or
2000ms respectively for ethanol and propanol as the organic fluid considered. In the OFF state the window appeared
with a dark blue tint as a direct consequence of the particle rotating and reaching a chaotic order. The time it took for
the particles to rotate could then be best visualised in transmission when looking at the blue wavelengths, meaning
at wavelengths the particles are efficiently absorptive but with the least absorption. The Wdown time measured at 450nm
and 473nm were 2100ms and 1800ms respectively and match with the particle rotation time order of magnitude
expected. Strongly absorbed wavelengths have their transmitted intensities reach a minimum even before the particles
finish their rotation, consequently reducing the switching OFF time. This appeared in Fig. 14 from 572nm to 700nm
with a factor below x1.5. The particles being increasingly transparent as the incident infrared wavelength is increased,
the intensity variation tends to zero and the switching OFF time tends to infinite.

Transparent

Opaque

Transparent

Fig. 16: EC window voltage and transmission variation in time at selected wavelengths.

Fig. 16 illustrates the intensity variation of the transmitted light at specific wavelengths when switched from
transparent to opaque and from opaque to transparent. The voltage measured at the window electrodes is plotted on
the secondary axis. In the initial transparent state the window was not operated for 7 days prior the experiment and
voltage was 0Vdc. When switching off the window, the voltages rises up to +2Vdc after ~ 5 minutes and remained
constant until the windows reached its opaque state with the voltage reduced down to +1.5Vdc. At this stage, it is
believed the window acting as a capacitor was fully “charged” and retained the +1.5Vdc. Small crystallite systems
such as those used in EC windows have been shown to behave more like capacitor than faradaic systems and this
may offer an explanation for this apparent discharging behaviour (Ho et al. 1997). A plot of charge versus applied
voltage could aid in better understanding this behaviour. Switching the window to the transparent state reduced the
voltage to just above +0Vdc. The voltage continued decreasing to -1Vdc when the window reached a maximum
transmission. Once the transparent state was reached, the voltage flattened just below 0Vdc. The final transmission
state was slightly lower than the initial state but it is believed that, should the transmission and voltage measurements
be monitored over a longer period, the transmission would have equalised and the voltage reached 0Vdc.
Fig. 15 shows a 3Wdown switching times of the EC window from transparent to opaque varying from 867 seconds at
450nm down to 549 seconds at 900nm. Switching from opaque to transparent resulted in curves in the opposite trend.
The Wup increased from 308 seconds at 400nm to 552 seconds at 900nm. The 3Wup switching time to the transparent
state varied from 582 seconds to 648 seconds at the respective wavelength. The 3Wup values appeared relatively
constant across the visible range. A switching speed of this order makes EC windows unsuitable for instantaneous
glare control and reactive rule based control (RBC). The ambient temperature at the time of testing was 21oC and EC
switching time is known to decrease with an increase in temperature (LBNL, 2006) such as in the warm condition of
sunny climates. Whilst this slow switching speed may be seen as a disadvantage, it is worth noting that this slow
switching speed would be imperceptible to building occupants. The rapid switching of SPD and PDLC would
however be noticeable and may have an impact on occupant comfort as they experience rapid changes of their
environment. To mitigate such issues, controllers can adjust the switching speed to control the desired indoor lighting
condition. A slow switching EC window, if properly controlled offers the possibility to modulate visible light and
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heat transmittance without any obvious change in the window appearance. A model predictive control (MPC)
strategy, with an appropriate time horizon, could offer the possibility of using the slow response time of the EC
window combined with expected building conditions over the prediction time horizon to maintain a comfortable
occupant environment, primarily by reducing heat gain in the IR range. This type of system is likely to perform better
in cooling dominated climates where a constant glare reduction is required rather than a strategic glare control.
Switchable windows need to switch in the visible range as fast as the eye response, i.e. 13ms to 80ms, for the user to
have spontaneous control of the glare. Measurements on the SPD glazing showed that 95% of the full transmission
change occurred with switching times of ~0.5s and ~1 second when respectively switching ON and OFF the window.
These switching times were consequently 6 to 77 times too long to instantly control glare to the eyes visible response.
Moreover, considering a perception of discomfort can be perceived in the order of 1.25 seconds, it would be preferred
to have a similar response time in the infrared to instantaneously control solar heat transfer through the switchable
glazing. A faster switching speed, achievable with increased absorption from the particles, would then be preferable
for wavelengths above 800nm.
Tab. 4: PDLC switching time.

Wavelength (nm) 378
Average Switching OFF time (ms) 25
Average Switching ON time (ms) 15

396
25
15

473
30
15

532
35
15

572
50
15

633
45
15

660
55
15

850
40
15

900
45
15

As shown in Tab. 4, the switching time for PDLC under applied voltage was as low as 15ms but is likely to be even
faster and wavelength dependent as the recorded values were limited by the spectrometer integration time. For the
same window size the SPD required 300-400ms which was at least 20 to 25 times longer. The relaxation time of the
LC molecules was at least 2-3 times longer than the switching ON time. Due to their light scattering properties,
PDLC windows are primarily applied as indoor privacy walls. The control of glare and thermal response from
outdoor conditions is not relevant in that particular case but LC based windows with an embedded dye absorbing the
desired wavelength range such as the LicrivisionTM product from Merck (2017) enable control of glare, solar heat
transfer and the desired window colour. The fast switching speed of the PDLC windows is noted to be as fast as the
human eye response (13ms to 80ms) and LC based technologies are consequently ideal for glare control.

5. Conclusion
The SPD window highly modulated the transmission from 390nm to 820nm with 51.2% transmission over the visible
range in the transparent state. It also showed a strong absorption and low modulation efficiency in the infrared range
reaching below 30% efficiency from above 1000nm and below 10% above 1350nm. These results led to 49.6%,
32.8% and only 1.1% of the solar power dynamically controllable respectively in the visible, near-infrared and the
short-wave infrared wavelength range. Using the simulation results of a glazing formed of three 4mm thick glass
panes and two EVA layers 0.2mm thick, improving on the SPD film dynamic absorption efficiency by 16.8% within
the near-infrared range could lead to additional modulation of up to 51.2% of the transmitted solar energy within the
780nm-1400nm range. This is equivalent to an additional modulation of the solar energy transmitted from 4% to
>5% according to the clearness of the glass used. The switching time was shown to be strongly dependent on the
wavelength. Switching to the transparent state, the 3W switching time varies from 200ms to 400ms but, most
importantly varies from 450ms to 2000ms when switching the window to the opaque state. The measured 1800ms
switching time to the opaque state at 473nm is in concordance with the theory. In the visible range, the 3W switching
time of the SPD window is in average 4 to 66 times slower than the human eye response. Increasing the switching
speed in the visible range would further help instantaneous glare control. To match the estimated 1.25 seconds
required for a human to feel some discomfort from instantaneous solar heat transfer variation due to the passing of
clouds, engineering windows with a faster and stronger modulation over a wider wavelength range starting at 800nm
is preferable. Scattering effects were low for SPD windows but were the major physical effect of PDLC windows
and indicated the need to specify the distance between the detector and the window when referencing optical
transmission. The switching time to the transparent state of the PDLC was below 15ms but also varies from 25ms to
55ms according to the wavelength when turning back the window to its opaque mode. In both case this switching
time is sufficiently fast to control glare but, due to its milky-white appearance, is most appropriate for privacy rather
than façade glazings. However, a UV filter with a wavelength cut-off at 380nm would provide additional protection
where both EVA and PMMA are highly transparent and consequently extend the service lifetime of building
integrated switchable windows and protect from the degradation (colour fading) of indoor materials. The switching
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time of the EC window appeared particularly dependant to the wavelength when switching the window to the opaque
state while it appeared relatively uniform when switching to the transparent state. It should be noted that these times
may be expected to decrease with an increase in temperatures above the 21ᵒC measured during testing and with an
increased exposure to sunlight. These switching times are slow compared to SPD and PDLC windows and for this
reason they should not be subject to the same control methodologies. Switching times of this order make them
unsuitable for instantaneous glare control and better suited to predictive control where heating/cooling or lighting
demand can be predicted in advance of the required switching operation. The EC window was able to modulate only
32.8% of the solar energy within the 380nm-1020nm range making it more suited to climates with high solar
irradiance. An increase in the transmission levels, particularly in the infra-red range, would make it more suitable in
climates that may require greater levels of visible light and solar heat gain.
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Abstract

This work describes a novel HVAC system consisting in a solar-assisted ground-coupled absorption heat pump.
The aim of this work is to analyze, using a TRNSYS simulation program, the influence of different design
parameters, such as the area of the solar collectors; the building occupancy and the using schedule, as well as an
assessment of the influence of the weather conditions in the energy performance of the installation during winter
and summer season. Finally, an annual analysis of the energy transferred by the main elements of the installation
(solar collectors, boiler, geothermal heat exchange, generator, condenser, evaporator, radiant floor) under the
actual operating conditions was carried out.
Keywords: Solar energy, solar cooling, sustainable HVAC, geothermal heat exchange, absorption heat pump,
radiant floor, TRNSYS

1. Introduction
The building sector consumes almost 120 EJ per year worldwide, representing 30% of total final energy
consumption in all sectors of the economy and half of the world's electricity demand. Despite the great efforts of
politicians to improve the energy efficiency of buildings, energy use in this sector has increased by almost 20%
since 2000. Fossil fuels (coal, oil and natural gas) used directly inside buildings and in the generation of
electricity represent a significant part of the energy used. The building sector represent almost 30% of global
CO2 emissions and 36% of the final energy consumed in buildings is used for heating (IEA 2015).
The European Union has identified the building sector as a key sector to achieve the 20/20/20 objective (Reduce
greenhouse gas emissions by 20%, achieve that renewable energies cover 20% of final energy consumption and
achieve 20% savings in energy demand by 2020), as well as to achieve a reduction of greenhouse gas emissions
from 80% to 95% by 2050. To achieve these goals, heating and cooling technologies that use renewable energy
as an energy source will play a vital role within a sustainable energy system. This has been identified by the
European Commission as a "no-return" point in its energy roadmap towards 2050, as it can provide a "local
production" of energy. Renewable energies, in addition to being a decentralized system and a highly available
energy sources, has also a significant economic impact: about half of the investment will go to the bottom of the
value chain, job creation and economic growth at the local level (Ivanic et al. 2014).
As explained above, there is an interest in integrating different renewable technologies to cover the heating and
cooling needs in the building sector, and thus help to reduce the demand of fossil source in this sector. Thus, this
work is focused on the energy assessment of an installation, which integrates solar energy and geothermal
energy with an absorption heat pump, as a way to cover the heating and cooling demand in an office building.
In this paper has done several simulation and the idea is to identify the influences of different parameters such as
area solar collector, occupancy of the building and weather conditions (different localization) in the performance
of the installation.

2. Installation description
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The facility under study is located in one of the buildings of the CARTIF technology center in Boecillo
Technology Park, Valladolid (41º north latitude and 720 m altitude), Spain. It is a building of tertiary use with
an approximate area of 1200 m2.
The main elements of the experimental installation are: The single-effect, lithium bromide - water (BrLi / H20)
absorption heat pump, THERMAX LT 1; a solar field composed by 42 vacuum tube solar collectors, Vitosol
300; a geothermal energy exchanger consisting in 12 vertical boreholes; and an energy storage system based on
water tanks. The system was described in detail by (Macia et al. 2013). The characteristics of the main elements
of the system are listed in Table 1.
Tab. 1: Main characteristics of experimental installation

Element

Characteristics

Absorption chiller (Thermax LT1)

35 kW

COP nominal

0.7

Vacuum tube solar collectors (Vitosol 300)

84 m2

Borehole heat exchanger

12 boreholes

Depth of borehole

100 m

Energy storage system (water)

8 m3

Radiant floor

1200 m2

The main novelty of the installation is that the absorption heat pump is connected simultaneously to a
geothermal field and to a solar collector field, which allows its use throughout the year with two modes of
operation (summer and winter):
Summer: The heat pump condenses with the geothermal exchange; evaporator is connected to the cooling
radiant floor system that is distributed throughout the building and the generator is connected to both the solar
storage tanks and the gas boiler.
Winter: The evaporator of heat pump is connected to the geothermal exchange, condenser is connected to
heating radiant floor which supports the conventional systems installed in the building and the generator is
connected to the solar tanks or to the boiler, when there is not enough temperature in the tanks. Figure 1 shows
the scheme of the installation.
Solar collector

Solar Storage

Storage

Boiler

Heat Pump

Storage
Geothermal
exchange

Fig. 1: Schema of experimental installation
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3. Simulation approach
In this paper an analysis of the operation of the installation is done under different scenarios, both in summer
and winter season. The scenarios that will be analyzed are: influence of solar collector’s area; building
occupancy, schedule and influence of the weather conditions in the performance of the installation. Finally, an
annual analysis of the energy transferred by the main elements of the installation under the actual operating
conditions is carried out.
In Figure 2 is possible to observe a schematic of the model developed in TRNSYS for the simulation of the
installation, and how the components of the installation are interrelated, from the weather conditions to the
building. The simulation model was validated with experimental data collected in actual working conditions of
the experimental installation in summer and winter operation modes.

Fig. 2: Diagram of TRNSYS model of experimental installation

The TRNSYS Model is a transient system simulation program with a modular structure that was designed to
solve complex energy systems problems by breaking the problem down into a series of smaller components
known as Types (Klein 2004). Figure 2 depicts the TRNSYS model scheme developed to simulate the
experimental plant. The main modules are described below.
To simulate the performance of the Thermax LT1 absorption chiller, type 107 was used. Since this type uses a
catalogue data look up approach to predict the output of the absorption chillers, and the default data file of the
type differs from real operation of the installation, several data files of absorption chillers were created,
according to the manufacturer technical data.
Type 71 was used to simulate the solar collectors of the solar field. Since standard efficiency curves are
calculated for a single solar collector in clear days, at normal sun incidence and nominal flow rate of the water, a
few correction factors are introduced in the model, in order to account for series connection, clouds, etc.; details
regarding the correction algorithms are given in the TRNSYS documentation. In addition, since evacuated-tube
collectors are optically asymmetric, the model takes into account some biaxial Incidence Angle Modifiers
(IAM) coefficients for both beam and diffuse radiation. These adjusting parameters are available for any
collector tested (ASHRAE 2003) or European Standards (EN12975 – 2:2006)
The natural gas fired boiler used as auxiliary heater is represented by Type 700 in TRNSYS library. The boiler
is activated only when its upstream water temperature is lower than a fixed set-point. A vertical ground heat
exchanger model must analyze the thermal interaction between the duct system and the ground, including the
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local thermal process around a pipe and the global thermal process through the storage and the surrounding
ground. Ground heat exchanger has been modeled using the known as ‘duct ground heat storage model’
(Claesson et al. 1981). This model assumes that the boreholes are placed uniformly within a cylindrical storage
volume of ground. There is convective heat transfer within the pipes, and conductive heat transfer to the storage
volume. Also U-tube pipe parameters correspond to the properties of polyethylene pipes DN 32 mm PE100.
Type 4 is used to simulate the thermal energy storage water tanks. Simulation is based on the assumption that
the tanks can be divided into N fully-mixed equal sub-volumes. The storage tanks are also equipped with a
pressure relief valve, in order to account for boiling effects. The model takes into account the energy released by
the fluid flowing through the valve, whereas the corresponding loss of mass is neglected. The temperatures of
the N nodes are calculated on the basis of unsteady energy and mass balances. For the radiant floor system in the
building, TRNSYS type 56 component was used. Building was simulated using TRNBUILD taking into account
internal gains by occupancy, working schedule and the radiant floor was simulated as active slab. Weather
conditions are represented by the Typical Meteorological Year (TMY) for Valladolid (Spain). Temperatures,
wind speeds and solar radiations at regular time intervals are read by a data processor to generate direct and
diffuse radiation outputs for a number of surfaces with arbitrary orientation and inclination.
The control strategy that has been developed for the summer and winter operation simulation may be separated
in four principal components, each one with its own conditions.
The solar field consists of several elements: solar collectors, primary pump, secondary pump, heat exchanger
and storage tanks. The primary pump switches on between 9:00 and 20:00 h every day. The secondary pump has
two conditions that it has to carry out before switch on: the first condition is that primary pump is switched on,
and the second condition is that the outlet temperature of the solar collectors is higher than the solar storage
tanks temperature.
The control for the switch on of the absorption heat pump has to achieve three simultaneous conditions:
Schedule: The building is occupied between Monday and Friday from 7:00 to 15:00, so the heat pump only
operates on these days. Solar conditions: In this simulation the installation only operates with solar energy,
without the boiler back up. The solar condition is that temperature of storage tank is above the set point
generator temperature. Demand condition: Summer, heat pump is only in operation when evaporator storage
tank temperature is between 8ºC and 15◦C. Winter, heat pump is switch on when condenser storage tank is
between 28º and 30ºC.
The control for the switch on of the pump of the geothermal heat exchanger has to fulfill two conditions: that
absorption heat pump is in operation and that the temperature of the condenser storage tank is above the
condenser set point temperature (summer season) or the temperature of evaporator storage tank is under
evaporator set point temperature (winter season).
The control for the switch on of the pump of the radiant floor circuit has to fulfill two conditions: the building
occupancy schedule, and the temperature of the evaporator storage tank being between10ºC and 15ºC in summer
or condenser storage tank being between 28ºC and 30ºC.

4. Results
On this section, the assessment of three scenarios during winter and summer are analyzed, solar collector area,
building occupancy and weather conditions. For the simulation, the summer season is from 1 st June to 30th
September, and winter season is from 1st October to 31th of May.
Performance of the installation will be evaluated in terms of some indicators described by (Macia, 2016) such us
solar fraction defined by equation 1, solar efficiency defined by equation 2, and COP of the heat pump, defined
by Equation. (3).
ܵ ݊݅ݐܿܽݎ݂ݎ݈ܽൌ 
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ܵ ݕ݂݂݊݁݅ܿ݅݁ݎ݈ܽൌ 

ொ

ொೞೌೝೠೞೠ
ொೞೌೝೞೠೝ

(eq. 1)

(eq. 2)
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Where Qevap, Qgen and Qcon are the energy transferred to the evaporator, generator and condenser of the heat
pump, calculated by integrating numerically the respective heat flows. Qsolaresource is the total amount of solar
energy captured by the solar field during the considered period of time. Qsolaruseful is the useful energy used for
the installation. Qevap evaluated through equation (4).

ܳ݁ ܽݒൌ σ ݉ሶ ܥ ൫ܶ௩ǡ െ ܶ௩ǡ ൯οݐ

(eq. 4)

Where ݉ሶ is the flow through the evaporator. ܥ is the fluid specific heat capacity. ܶ௩ǡ is the inlet temperature
to evaporator. ܶ௩ǡ  is the outlet temperature to evaporator and ∆t is the time interval.

4.1 Performance of the installation for different solar collector area
One of the difficulties when designing these types of installations is to know the best relation between the area
of solar collectors and the power of the heat pump. For this reason, it has been decided to make seasonal
simulations (summer and winter) of the installation for several areas of solar collector. Figure 3 shows the
relation between the solar fraction (%), solar efficiency and solar collector area for summer (a) and winter (b).

a. Summer, solar fraction ( ) solar efficiency ( )

b. Winter, solar fraction ( ) solar efficiency ( )

Fig. 3: Relation between solar fraction and solar collector area for summer and winter

In summer, when the solar collector area increases from 84 m2 to 210 m2, the solar fraction increases from 34%
to 50%, which means that 50% of the energy demand of the heat pump is covered by solar energy. In figure 3a,
it can be seen, that by increasing the area from 175 m2 to 210 m2, the solar fraction does not change, and it is in
accordance with (Eicker et al. 2014), who say that the solar fraction increases until achieve the saturation. This
demonstrates that in order to avoid overcosts in this kind of installations, the design must be done with caution,
and always trying to undersize in order to achieve higher hours of operation with a lower investment. In figure
3b is clear that, although the solar collector area increase from 84 m2 to 210 m2, the solar fraction just rises from
0.2% to 1.4% and with solar efficiency less than 1%.
These results show that it is possible to use this installation in both summer and winter seasons. The using of
absorption heat pump in winter with other auxiliary energy source is feasible, because it will have higher
performance than using the energy of the boiler in a direct way for the heating of the building by the radiant
floor. In addition, the primary energy consumption is reduced when it is compared to conventional installations.

4.2 Performance of the installation as function of building occupancy
A simulation has been carried out to know if there is any influence of the building occupation schedule on the
solar efficiency and solar fraction of the installation. . The schedules were chosen to cover the most common
work schedules in Spain, which according to (Nogareda et al. 2014) are: morning and afternoon 40.2%, morning
28.7%, 24 hours 7.2% , morning or afternoon 14.5%, just nights 1.7%, just afternoon 4.6% and 3.1%
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corresponding to other work schedules. The five schedules of occupation defined for the simulations are listed in
table 2.

Tab. 2: Schedule of building occupancy, absorption heat pump and radiant/cooling floor whole year

Schedule

Days of working

Schedule of building

Schedule of heat
pump

Schedule of
radiant/cooling floor

1

Monday to Friday

07:00 – 15:00

07:00 – 15:00

09:00 – 15:00

2

Monday to Friday

07:00 – 15:00

04:30 – 11:30

04:30 – 12:00

3

Monday to Friday

07:00 – 15:00

20:00 – 6:00

20:00 – 06:00

4

Monday to Friday

06:00 – 20:00

06:00 – 20:00

06:00 – 20:00

5

Monday to Friday

24 hours

24 hours

24 hours

The figure 4 shows the result of the simulation for both season summer and winter. The assessment was done
with two indicators: solar fraction, solar efficiency.

a. Summer simulation

b. Winter simulation

Fig. 4: Solar fraction ( ) and solar efficiency ( ) of installation as function of schedules.

In summer, when comparing the 24 hour operating hours (schedule 5) and the CARTIF schedule (schedule 1),
the efficiency of the installation is higher in the 24 hour schedule with 70% compared to CARTIF with 60%.
This result shows that is better from the solar energy use point of view keep the building open 24 hours. On the
other hand, the solar fraction changes from 35% in the CARTIF schedule to only 20% solar fraction in the 24
hour schedule. This decrease in the solar fraction is due to the increase in the energy demand of the generator to
cover the 24 hours of operation, causing that the solar installation does not have the sufficient capacity and it is
necessary a greater support of the auxiliary energy, CARTIF schedule to 24 hours schedule the generator
demand increases 2.6 times.
In winter, with 84 m2 of solar installation, the solar fraction for any of the simulated schedules is less than 0.5%,
demonstrating the need for an auxiliary energy source to cover demand.

4.3 Performance under different weather conditions.
To make an analysis of the influence of climatic conditions on the performance of the installation, simulations
for different weather conditions were carried out. For the selection of cities to be simulated, the climatic severity
index has been taken into account, according to the Technical Building Code (CTE, 2006) the climatic severity
of a locality is the quotient between the energy demand of any building in that locality and the energy demand
of same building in a reference locality. The advantage of making the geographic classification based on the
index of climatic severity, (Rodríguez, 2015) is that in contrast to the degrees day total year; this index takes
into account other variables as the radiation.
According to (Rodríguez, 2015) with the use of the climatic severity index it is possible to discriminate between
cold areas of Europe with high solar radiation in winter and other areas with low solar radiation in summer, that
having classification by degrees days would not be possible differentiate.
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According to the classification explained before, it has been decided to do the simulation for six different cities,
each one belonging to a different zone. They are: Valladolid, Seville, Stuttgart, London and Oslo and Medellin.
For the simulations in different climatic conditions, the same characteristics of the heat pump, the building and
the same characteristics of the soil have been considered for all the locations. Only the slop of the solar field has
been modified according to the latitude of each of the cities. The analysis only has been focused on the influence
of both solar radiation and climatic conditions, on the performance of the installation and the heat pump, as well
as the solar fraction. The results of simulations are depicted in figure 5.

a. Solar fraction ( ) solar efficiency( )

b. COP( ), installation efficiency ( )

Fig. 5: Solar fraction, solar efficiency, COP of installation as function of weather conditions

Solar efficiency in Valladolid and Seville is greater than 60%, which means that more than 60% of the energy of
solar field becomes useful energy for the installation. In Oslo and London the efficiency is less than 9% showing
that useful solar energy is negligible and it would be necessary to increase the collector area to increase the solar
fraction. The results of simulation during winter season for the main elements of installation are presented in
table 3.
Tab. 3: Energy of main elements of installation during winter season

City

Qboiler
(kWh)

Qsolaresource
(kWh)

Quseful
(kWh)

Qgen
(kWh)

Qcon
(kWh)

Qeva
(kWh)

Qfloor
(kWh)

Qgeo
(kWh)

Valladolid

8666

Seville

6701

16974

20

8686

11486

1800

10425

1968

21751

372,9

7122

9389

1509

6673

1203

Stuttgart

9545

11047

0

9768

12965

2010

9456

2463

London

9217

9545

0

9278

12270

1913

9456

2184

Oslo

11196

8198

0

11118

14808

2272

11892

3197

The amount of solar energy used by the heat pump during winter (solar useful energy) for three cities Stuttgart,
London and Oslo is zero and all energy demand must be covered by the boiler. On the other hand, for Valladolid
the contribution did not reach even 1% of total energy demand. A greater contribution was achieved in Seville,
with 5% of the total demand of the generator. These results indicated that for the demand conditions of the heat
pump with 84 m2 of solar collector, the solar fraction is zero or very low.
When comparing the solar energy (Qsolar) in Table 3 among the different cities, it is seen that in Seville is
where there is a greater uptake with 21750 kWh, but of this energy the contribution to the installation is only
372 kWh, which represents a total of 21378 kWh of solar energy were not used. Oslo on the other hand, it was
the city with a lower solar energy with 8198 kWh, this is due to the few hours of solar radiation in winter.
This result suggests that in winter the solar energy should be given another use, such as the preheating of the
supply water to the boiler.
In table 3, it can also be seen that the demand for radiant floor is higher in Oslo (11892 kWh) being almost
double the demand of Seville (6673 kWh), it is expected since the weather conditions in Oslo are more severe
than in Seville. The coefficient of operation of the heat pump (COP) in all cities was 1.32 and there is no
influence of external conditions on the performance of the pump, one of the reasons is that its three exchanges
(generator, condenser and evaporator) are not affected by the external conditions, since the conditions of the
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ground, the conditions of the radiant floor and the conditions of the boiler have been considered equal in all the
locations.

4.4 Annual energy balance
Finally, after all the simulations carried out in previous section such as: the influence of the building’s schedule,
the area of solar collector and the study of the influence of the weather conditions on the performance of the
installation. On this section, an analysis of the energy flows by each one of main element of the installation
during one year of operation under CARTIF conditions (schedule, location) was done.
Figure 6 display the energies exchanged in each one of the main elements of the installation both in summer and
winter season.

Figure 6. Energy season by each element of installation, summer (

) winter ( )

A holistic analysis of Figure 6 shows that there is a greater exploitation of the facility in summer than in winter,
since the energies transferred in all elements are greater in summer. The solar useful energy during the winter is
almost null even though the solar energy (Qsolar) is even greater than the energy transferred by the boiler, this
result suggests to search another use to the solar energy captured, although it is not possible to use it directly in
the installation for the temperature conditions necessary for its use, if it is possible to use all "free" energy as
preheater of the supply water entering the boiler or for the floor heating in a direct way.
Another result of Figure 6 that should be paid attention, is the energy exchanged with the geothermal field
(Qgeo). In the summer, the facility exchange 23 times more energy to the terrain than it absorbs in winter
(45008 kWh versus 1968 kWh). This result suggests a more detailed analysis of the geothermal field and its
performance over the years in order to avoid saturation of the soil, due to the decoupling between the energy
transferred in summer and winter, coefficient of heat transfer is reduced.

5. Conclusions.
In winter, increasing the solar collecting area in Valladolid does not have a significant effect on the solar
fraction, the energy captured goes from 17 MWh to 18 MWh, which can be an energy to be used for preheating
the supply water to the boiler or to domestic hot water (DHW) of the building. On the contrary, in summer, if
the solar collector area increases from 84m2 to 210 m2, the solar fraction increases from 34% to 50%, but above
175 m2 the solar fraction is practically constant. This demonstrates that to avoid over costs of this type of
installations, the design must be done with great care and always trying to undersize to achieve higher hours of
operation with a lower investment.
The simulations allow concluding that the occupation schedule of the building has an influence on the solar
fraction and yield, showing that with more hours of occupation, a higher efficiency is obtained, but the solar
fraction decreases.
The analysis of the weather conditions shows that the use of solar energy in winter for this type of facilities,

645

A. Macia / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

with demand of high temperatures is negligible in all simulated cities, this result suggest that in winter it should
be look for other uses for the solar energy in order to increase the useful energy during this season. In summer,
on the other hand, in cities such as Seville, solar fractions are achieved in excess of 50% and solar efficiency in
excess of 60%. In northern cities, both summer and winter, solar yields remain low; giving to think that perhaps
this type of facilities have a better exploitation in countries of the Mediterranean.
96% of the total annual energy transferred to the geothermal field corresponds to its operation during the
summer, when the heat pump capacitor exchanges with it. This result suggests a more detailed analysis of the
geothermal field and its performance over the years to avoid a saturation of the terrain, generating a degradation
of the terrain due to the lag between summer and winter
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Abstract
Building integrated Photovoltaic/Thermal (BIPV/T) systems provide a cost-effective way of incorporating solar
technologies on buildings for the generation of electricity and useful heat, by replacing common building materials.
Air-based systems are generally better suited for large façade or roof installations, they are however, less efficient in
extracting heat from the PV due to the thermo-physical properties of air and therefore need enhancements for their
thermal performance. This study investigates ways of enhancing air-based Building Integrated Photovoltaic/Thermal
(BIPV/T) systems, focusing on the use of multiple-inlets and presents the development and initial testing of a BIPV/T
curtain wall prototype. The testing of the prototype showed superior performance for the double-inlet versus the
single-inlet configuration, thermally (up to 18% higher thermal output), lower peak PV temperatures (reduced by up
to 3.6oC) and a marginal increase in electrical output due to enhanced cooling.
Keywords: Building Integrated PV/Thermal, thermal enhancements, experimental performance

1. Introduction
The building sector is responsible for approximately 40% of the global energy consumption (Agathokleous &
Kalogirou, 2016). Incorporation of solar technologies for electricity and useful heat production on buildings is
essential for the design of net-zero energy buildings and for reducing the energy footprint of retrofits.
Photovoltac/Thermal (PV/T) hybrid systems combine the generation of electricity and useful heat. The photovoltaic
layer of such a system also acts as the absorber and a circulating fluid removes part of the excess heat from it, which
may be then utilized by various means, depending on the fluid’s outlet temperature and delivery rate. PV/T systems
have been found more efficient than independent PV or thermal collectors covering the same surface area (Kumar &
Rosen, 2011a).
Building-Integrated Photovoltaic/Thermal systems come from the integration of PV/T with the building envelope.
This integration may have several advantages over using PV/T systems as stand-alone (Yang & Athienitis, 2016).
Apart from the architectural integration and the superior aesthetic result, the PV panels replace the outer shell
materials (roof shingles, siding, concrete or masonry panels for façade etc.), increasing the cost effectiveness of the
installation and the whole system functions as a building envelope element. A BIPV/T system must fulfill the
requirements of the building envelope in terms of heat, air, water and moisture control (Jelle & Breivik, 2012).
Integration with the façade or the roof may offer a larger installation area, which would otherwise not be available
for use, although BIPV/T systems cannot be optimally oriented and tilted as opposed to stand-alone PV/T systems.
Ventilation and cooling of building integrated PV is essential since they do not have the same wind-driven cooling
potential as racked PV (Bloem, 2008; Fossa et al, 2008). An air channel formed between the PV layer and the rest of
the wall section for the ventilation of the system may serve two purposes: the cooling of the PV to prevent a decrease
in electrical efficiency, and the collection of the preheated air for various purposes. Fan-assisted convection has been
found to be more efficient in cooling the PV and extracting heat, in comparison to natural convection, especially in
larger systems (Kaiser et al, 2014).
Depending on the coolant, BIPV/T systems are divided into water and air-based systems. Water based systems have
greater heat exchange effectiveness. They require special casing and piping and are generally limited to smaller scale
roof applications to avoid leakage and freezing issues within the wall section. Air-based systems on the other hand
are easier to install and maintain, they do not pose leakage or freezing issues and can be adapted to different kinds
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of facades and roofs. However, due to the thermo-physical properties of air they are less efficient in the extraction of
excess heat from the PV. There have been several studies on ways to enhance the thermal performance of PV/T and
BIPV/T systems, which are discussed in the next section.
BIPV/T systems currently hold a small share of the PV installations. Usually, a harmonic architectural integration
with an existing façade or roof is enough to characterise the system as integrated. However, there are few examples
of systems that entirely replace the typical wall or roof structure of a building (Athienitis et al, 2011; Chen et al,
2010). The lack of more examples like those is mainly due to the fact that there is no current BIPV/T standard related
to its integrated performance and function as a building envelope element.
This study presents the development and initial testing of a BIPV/T prototype, which was designed based on existing
curtain wall practices and intended for full building integration. The main purpose was to be able to test and compare
different thermal enhancements on the same experimental prototype, and provide design insight on fully integrated
air-based BIPV/T systems. The initial experimental test set-up focuses on the effect of different PV module
transparencies, the introduction of an additional air intake and the use of a flow director on the electrical and thermal
performance of the prototype. The use of fins and varying channel depth will also be incorporated and studied in the
future.

2. BIPV/T Thermal Enhancements
2.1 Air based systems thermal enhancements
Air-based systems are generally more suitable for envelope integration and large-scale applications, but less efficient
in heat extraction than water-based systems. Several researchers have looked into ways of enhancing the thermal
performance of air-based systems. These enhancements may only involve geometric and/or flow optimization, or the
addition of material elements such as double glazing, fins or other porous media. Most of the proposed enhancements
were applied to a reference PV/T system (Fig.1), while others refer to specific prototypes.

Fig. 1: Typical PV/T configuration

The criteria for enhancement vary among studies. For naturally ventilated systems with no heat collection the goal
is to enhance the electrical output and PV durability by reducing the PV temperatures. This is generally achieved by
optimizing the collector’s aspect ratio (length over depth) for which the velocity of the buoyancy driven flow is
maximized, but it may also involve the optimum tilt angle (Brinkworth, 2000; Brinkworth et al, 2000; Brinkworth &
Sandberg, 2006; Brinkworth, 2006; Gan, 2009). In general, studies on naturally ventilated systems agree on a 10-15
cm optimum channel gap and a 45o-55o tilt angle.
The enhancement of mechanically ventilated systems varies considerably, depending on whether the priority is given
to either the electrical output, or the thermal output, or a balance between the two and whether the consumption of
the cooling system is also considered. Several researchers have investigated the optimal aspect ratio of the collector
length to the collector depth and the optimal flow for air-based PV/T systems (Kaiser et al, 2014; Bambrook &
Sproul, 2012; Zogou & Stapountzis, 2011). In addition, some studies include the effect of pressure drop within the
collector (Bambrook & Sproul, 2012) and within the ducting that connects the PV/T to the HVAC system
(Farshchimonfared et al, 2015). The suggested optimal flows vary between 0.026-0.050 kg/m2s, and the optimal
channel depth between 0.025-0.090 m.
The practice of adding one or more glazing layers over the PV layer has been studied as a means to increase the
thermal output of the system by reducing the wind induced heat losses (Hegazy, 2000; Tiwari et al, 2006; Sopian et
al, 2000). The boosted thermal performance comes at the cost of the electrical, due to the higher PV temperature and
the reduced solar radiation transmitted through the extra glazing (occasionally due to the formation of condensation
on the outer glazing). The PV temperatures can be decreased with a double-pass configuration, by placing the PV
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layer between two air channels, independent or connected. Tripanagnostopoulos (2007) suggested that, unless the
system is optimized for thermal output, glazed PV/T systems are not recommended, due to PV overheating and poor
electrical performance.
Heat extraction from the PV layer can be further enhanced with the use of material elements inside the air channel.
These elements could either be fins in contact with the absorber that act as heat sinks (Othman et al, 2007), or fins
set on the back surface which induce turbulence and boost the convective heat transfer (Kumar & Rosen, 2011b;
Tonui & Tripanagnostopoulos, 2006). Other elements can be porous media, such as a metallic mesh (Pantic et al,
2010; Yang & Athienitis, 2014), honeycomb heat exchanger (Hussain et al, 2015), and suspended thin metal sheet
[24] which further increase the radiative and convective area. These techniques have been proven very effective in
removing heat from the PV, as opposed to the reference design (Fig. 1). However, a major limitation is that they
cannot be used for systems with long channels due to the added flow resistance in the air channel and consequent
increase of fan consumption.
Most of the aforementioned studies has been based on small scale experimental models (collector length generally
1-1.5 m), the behaviour of which could be different in larger scale applications. This is primarily due to the formation
of a thermal boundary layer and a consequent temperature rise of the PV layer along the collector, leading to nonuniform PV temperature distribution and lower performance of the collector.
One major issue that is raised is the lack of common criteria for the enhancement and optimization of the systems.
Usually the enhancement refers to the PV/T system without considering the integration with the mechanical system
(heat pump, direct heat supply, heat exchanger, desiccant cooling etc.) and the corresponding requirements in terms
of flow and fluid temperature, along with limitations for allowed PV temperatures. Furthermore, it is difficult to have
a clear comparison between the various proposed systems due to the difference in dimensions and testing conditions,
while the proposed numerical models are usually case specific and the convective correlations are not generally
applicable.

2.2 Multiple-inlet BIPV/T
A more recent method of thermal enhancement is the introduction of more than one air intakes along the collector’s
channel. This technique is based upon the breaking of the thermal boundary layer and taking advantage of the
introduced entrance effects. The convective heat exchange from the PV layer to the air stream is enhanced and more
uniform PV temperatures can be achieved by regulation of the inlet flow distribution. The concept of a multiple-inlet
BIPV/T evolved from the hybrid unglazed transpired collector (UTC) - PV/T system introduced by Athienitis et al
(2011), which is installed at the mechanical penthouse of the John Molson School of Business (JMSB) building of
Concordia University in Montreal. This system consists of custom PV modules attached onto a layer of UTC.
A double-inlet system was numerically investigated by Yang & Athienitis (2014). Convective heat transfer
correlations were developed based on the testing of an experimental single-inlet prototype in an indoors solar
simulator facility, which were used for the simulations of the performance of a two-inlet system. The addition of a
second inlet increased the thermal efficiency of the system by 5%, reduced the maximum PV temperatures and
marginally increased the electrical efficiency. Rounis et al (2016) proposed a method of modelling multiple-inlet
BIPV/T systems and simulated the performance of a single and a multiple-inlet BIPV/T system for a large-scale
office building application. Results showed that the multiple-inlet system had the lowest and most uniform PV
temperatures, as well as higher electrical and thermal efficiency. Mirzaei et al. (2014) investigated experimentally
the role of cavity flow on the performance of naturally ventilated BIPVs placed on inclined roofs. The experimental
configurations included a flat and a stepped arrangement, which was essentially a multiple-inlet formation. It was
found that the PV temperatures were significantly lower for the stepped configuration (multiple-inlet) cases, as
opposed to the flat roof.

3. BIPV/T Prototype Development
A BIPV/T prototype was designed at Concordia University and developed in collaboration with Unicel Architectural
and Canadian Solar, based on the curtain wall façade system. The prototype (Fig. 2) represents part of a full BIPV/T
curtain wall façade. The purpose of the prototype was to address issues of architectural and structural integration,
but also to investigate and compare experimentally different configurations and performance enhancement methods.
The objective of this effort would be to provide insight on the development of a BIPV/T design and performance
standard.
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Fig. 2: BIPV/T curtain wall concept

The BIPV/T curtain wall prototype consists of a metal frame, two frameless PV modules and a 2-inch rigid insulation
sandwiched between aluminum sheets. The metal frame was fabricated by Unicel Architectural using commercial
mullion extrusions. The frameless, semi-transparent PV modules were provided by Canadian Solar. Two sets of
semi-transparent PV modules were used, one with 66 cells and one with 72 cells, in order to investigate the effect of
different transparencies on the prototype’s performance.
A second inlet was introduced between the two PV modules, while the PV panels were placed horizontally to take
advantage of the entrance effects of the second inlet flow. The panels were fixed with pressure plates at the side and
top mullions and a shorter middle mullion was used to reduce counter deflection and provide extra support for the
dead load of the panels.
Figure 3 demonstrates the cross side section of the prototype and the building envelope functions of its layers.

Fig. 3: BIPV/T curtain wall cross section

The prototype was designed with a reduced height to fit the test platform, but is considered as part of a story-high,
or taller, system. Regarding the flow of the air channel, several aspects were considered. The primary factor that
dictated the overall flow design was the introduction of a second inlet between the PV panels. The opening of the
inlet was roughly estimated by previous analysis (Rounis et al, 2016) to approximately provide one third of the total
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flow when fully open. Furthermore, air flow directors were used (Fig. 3) to direct the air stream of the second inlet
closer to the surface of the top PV module. This also acted as a measure against rain penetration. Finally, a custom
manifold was built and connected to holes opened on the top mullion, at the top side of the collector. This consisted
of four take-offs from the collector connected to the main duct of the air collection unit. The number of take-offs was
a compromise between flow uniformity and reduction of the structural integrity of the top mullion.

4. Experimental Process and Preliminary Results
The experimental prototype was tested in the Concordia University indoor Solar Simulator (Fig. 4). The Solar
Simulator consists of a lamp field which emulates the sun light and a test bench upon which the test specimens are
placed. The 8 metal halide lamps that comprise the lamp field can be moved individually in the horizontal and vertical
axis and can produce irradiance intensities from 500 to 1200 W/m2 with a uniformity of up to 97% (Kapsis et al,
2016). The spectral quality of the lamps fulfills the specifications of ISO 9806. Both the lamp field and the test
platform can rotate between a horizontal and vertical orientation to accommodate testing cases varying between flat
roofs, tilted roofs and vertical facades. The experiments carried out for the experimental process presented here was
in the vertical position, corresponding to a façade integrated BIPV/T.
This paper includes the results from testing conditions similar to the Nominal Operating Cell Temperature (NOCT)
conditions, namely:
x

Average solar radiation, G=842 W/m2

x

External wind velocity, Vwind=1 m/s

x

Ambient temperature, Tamb=20oC

Two sets of PV modules were used (66 and 72 cell) and for each set, three configurations were tested: single inlet
(with the middle inlet covered), double-inlet without the flow director and double inlet with the flow director
installed. For each configuration, three total mass flow rates were investigated, namely, 400 kg/hr, 500 kg/hr and 600
kg/hr, with corresponding average channel velocities of 0.5 m/s, 0.62 m/s and 0.74 m/s. The most important results
from this first set of experiments are presented in the following sections.

Figure 4: The BIPV/T prototype during testing in a vertical position at the Concordia University Solar Simulator

4.1 Effect of transparency
As expected the set of more transparent modules (66-cell) had lower electrical output of about 10-11% versus the
72-cell set, but the higher amount of radiation transmitted to the back absorber resulted in a 5-10% higher thermal
output and slightly higher outlet temperature (up to 0.7oC). The peak PV temperatures for the 72-cell set were higher
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by 0.6oC - 3.6oC, due to the higher radiation absorbed by a larger PV cell area. These results agree with previous
investigations (Bloem, 2008; Vats et al, 2012). The choice of packing factor in a real application would depend on
the desired electrical and thermal output.

4.2 Effect of second inlet and flow director
The introduction of the second inlet may increase the thermal output by up to 18% and the outlet temperature by 1oC
(for a collector of 2 m height). The system’s performance was further enhanced with use of a flow director, which
directed the flow entering from the second inlet closer to the surface of the upper PV module, extracting more heat
and further reducing its temperature. The electrical efficiency was marginally increased and the peak PV
temperatures are lower by up to 1.6oC, depending on the flow rate. These results are in accordance with the
experimental work of Yang & Athienitis (2014)
Figure 5 presents the electrical and thermal efficiencies and the peak PV temperatures for the three configurations at
the 600 kg/hr flow air collection rate. The results were similar for the other flow rates tested, as well as for the 66cell set.

Figure 5: Electrical efficiency, thermal efficiency and peak PV temperature for the three configurations of the 72-cell set, at 600 kg/hr
total mass flow rate (0.75 m/s average channel velocity)

5. Conclusion
This study focused on thermal enhancement techniques for air-based BIPV/T systems and presented the initial testing
of a BIPV/T curtain wall prototype, with semi-transparent PV and multiple-inlets. The prototype has been developed
to both provide design guidelines for fully integrated façade and roof BIPV/T systems and investigate the
performance and applicability of various thermal enhancement techniques.
The initial testing of the prototype has shown that the introduction of a second inlet may increase the thermal output
by up to 18%, decrease the peak PV temperatures by up to 3 oC and marginally increase the electrical output, as
opposed to the case of a reference single-inlet system. The double-inlet system’s performance was further boosted
by an air flow director element, which directed the flow closer to the surface of the second PV module. The use of
higher transparency PV modules increased the thermal output, by 5-10% and the outlet air temperature but the
electrical output was decreased by 10-11%. The differences in performance for the single and double-inlet systems
are expected to be more prominent in larger scale applications.
This is part of a larger study involving the comparison of different enhancement techniques for air-based systems as
well as the development of design guidelines for BIPV/T that may lead to a BIPV/T performance standard. Future
work includes the investigation of more thermal enhancement techniques applied to the prototype, such as the use of
fins and varying channel depth. A collective comparison of the tested methods will be carried at the end of the
experimental procedure. Furthermore, models will be developed and validated according to the experimental results
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for the simulation of full scale systems and the suitability of already developed convective coefficient relations will
be evaluated.
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Abstract
Singapore has committed to reducing greenhouse gases emissions as a part of the Paris Agreement. Increasing
energy and food self-sufficiency through integration of solar and vertical farming systems into buildings’
envelope could play a significant role in achieving Singapore’s targeted reductions. This paper focuses on the
design optimization of the façade systems that are to be installed at the Tropical Technologies Laboratory at the
National University of Singapore. In particular, the paper presents the results related to five performance
indicators which include solar energy and farming potential as well as the impact of the façade design on the
indoor daylight conditions, shading and thermal performance. The multi-criteria decision analysis (MCDA)
method VIKOR was adopted in the evaluation of the created design alternatives. The results from the
computational simulations on radiation, daylight, and thermal conditions were used as inputs. Final optimal
façade design is selected for four types of facades according to BIPV and farming systems arrangements for
north and south orientations.
Keywords: BIPV, vertical farming, façade systems, solar architecture, tropical architecture

1. Introduction
Singapore has a high dependency on energy and food imports in order to cope with the growing domestic
demand. Despite the currently favourable political and market conditions in the region, there are arguments,
mainly for security reasons, for a gradual increase of locally produced food and energy in the future. Given the
high population and urban density of the city-state, a limited land area available for conventional agriculture, as
well as a lack of mineral resources, Singapore is seeking both the alternative solutions to reduce the dependency
on imports and the means by which to meet the commitments of the United Nations Framework Convention on
Climate Change Paris Agreement (United Nations, 2015) in combating the intensity of greenhouse gas (GHG)
emissions and preventing them from peaking by 2030. Therefore, the contribution of the urban environment in
increasing Singapore’s self-sufficiency through the application of Building Integrated Agriculture (BIA) and
Building Integrated Photovoltaic (BIPV) systems could play a crucial role in achieving those goals.
More than 90% of power production in Singapore is generated from fossil fuels. As for renewable energy
sources, the rooftop integration of PV panels is very limited and does little to increase the share of renewable
energy. Façade integration is therefore necessary to achieve a significant increase of solar energy production.
Land in Singapore is scarce and expensive and although solar irradiation is much lower on vertical surfaces than
on horizontal surfaces (at cca. -48.5% (for east) up to -64.3% (south)) (Khoo et al., 2014) façade integrations
may justifiably present a sustainable solution. The design of façade integrations is a complex task requiring
careful consideration and good optimization of various parameters such as: the tilt, shading effects, position,
visibility from the inside and the outside of the building, accessibility, function, and overall aesthetics. Another
factor to consider is that façade integration often relies on custom-made PV panels, hence, the attending costs,
although exhibiting a gradual downward trend, still pose an important challenge in the design of façade
integrations. Façade surfaces are visually more dominant than the rooftops of high-rise buildings and offer a
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wider range of aesthetically pleasing, high-quality solutions that can in turn serve as a positive influence on the
behavior of the people and provide motivation for furthering similar projects.
Urban farming has recently come into attention since it represents a significant step towards reconnecting food
producers and consumers. By shortening the food mile, urban farming saves time, reduces costs as well as GHG
emission related to food transportation. At the same time, urban farming provides city residents with fresh
ingredients, enabling a healthier life style and creating a more pleasant living environment. Urban farming also
creates educational and interacting opportunities for city dwellers. Additionally, farming in the city may
contribute to rainwater storage thus alleviating urban storm water flooding and run-off.
Several studies have been conducted on the integration of PV panels into building facades in Singapore (Luther
and Reindl, 2014; Saber et al., 2014). The application of farming systems on building facades from the
construction point of view was reported by Suparwoko and Taufani (2017) but there are no other references on
the façade arrangement and the potential yield. The integration of both solar and farming systems on building
facades was investigated by Tablada & Chao (2016) and Tablada et al. (2017) at the urban and façade scales
respectively.
This paper therefore focuses on the design optimization of the productive solar façade (PSF) systems to be
installed at the Tropical Technologies Laboratory (T2 Lab) located at the university campus. The research is
based on the hypothesis that the performance of building facades should exceed the traditional functions of
indoor‒outdoor boundary and climatic regulation by also providing a portion of the energy and food that
residential buildings demand. BIPV and vertical farming systems provide dual benefits: on one hand, they help
produce electricity and food, and on the other, act as a passive device for solar gains reduction and the
improvement of both visual and thermal comfort indoors.
The development of a PSF prototype involving both BIPV and BIA systems should employ a holistic iterative
process that includes conflicting quantitative and qualitative parameters. The aim of the said process is to arrive
at an optimal solution – a solution that meets and balances specific architectural and techno-economic
requirements but also allows for different constraints that elements such as safety, accessibility and others may
additionally impose. For the purposes of this study, the VIKOR method is employed (Opricović and Tzeng,
2004; Opricović and Tzeng, 2007). It is a multi-criteria compromise method that enables comparisons and
assessment of otherwise incommensurable or conflicting criteria while offering relatively easy modelling and
flexibility according to the preferences of the decision-maker (Kosorić et al., 2011; Krstić at al., 2012),
especially if the decision maker has a complex structure and/or insufficiently clear preference in the
optimisation process. MCDA VIKOR method used in this paper will therefore help provide a comprehensive
evaluation and selection of the optimal design alternatives. Grasshopper parametric simulation tool (McNeel,
2010) is used together with necessary plug-ins to calculate several environmental performance criteria for the
analysed cases on north and south façade orientations.

2. Method
2.1. Optimization method framework
Figure 1 presents the overall MCDA framework followed in this study. The first step is to define the potential
façade components for the BIPV, vertical farming and the fenestration or voids. A series of preliminary
simulations and technology selection is carried out for each system based on the available reference literature
and discussions with local experts for both BIPV and BIA. Thereafter, the design strategy and decision goals are
identified considering the potential PSF installation in residential buildings.
Quantitative and qualitative assessment criteria are also defined as well as the weights for each criterion. The
impact of the façade design on sunlight availability for the BIPV and farming systems, as well as on indoor
daylight conditions, shading and thermal performance are also taken into account by conducting computational
simulations using Grasshopper’s plug-ins.
While always accounting for the coherence with the overall building logic, mainly geometrical, functional and
aesthetical characteristics of residential buildings, the design alternatives are then generated for two types of
facades: (1) facade wall and (2) facade with balcony. Both façade systems are analyzed separately for four
orientations: north, south, east and west. This paper presents the results for north and south oriented façade
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walls. The façade design alternatives were developed according to the T2 Lab dimensions and layout. As shown
in figure 2, eight test bed cells are located inside a 60 m2 building and are also used for other investigations of
tropical technologies.
Optimal design alternatives are selected by means of the VIKOR (MCDA) method i.e the method was used to
evaluate the PV integration design variants, rank determined alternatives, and then select a compromise solution
Q from a set of m alternatives: A1, A2... Am, while those alternatives were evaluated on the basis of a set of n
criteria functions. The alternative with the lowest Q value represents the compromise solution. This means that
the said solution achieves a compromise between 2 decision making strategies: maximum group benefit defined
by the value Sj (a better alternative is considered good according to the majority of criteria), and minimum of
maximum deviation of ideal values defined by the value Rj (a better alternative must not be very bad according
to any criteria). Vikor method also verifies “acceptable advantage” and “acceptable stability” of variant
‘optimality’ (Opricović and Tzeng, 2004). The details of the VIKOR method applied in this study can be found
in Tablada et al. (2017).

Fig. 1: Overall methodology for the development and optimization of the Productive Solar Façade (PSF) systems.

2.2. Model and simulation setup
Figure 3 presents four façade arrangements for façade wall and façade with balcony types. The façade
arrangements are the following: façade with a single PV panels attached on top of the façade (I-F), façade with
two PV panels attached to the top of the façade (II-F), façade with a single PV panel attached to the planter of
the level above (I-P) and façade with two PV panels attached to the planter of the level above.
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Fig. 2: Floor plan of the Tropical Technologies Laboratory (T2 Lab). Highlighted the cells analysed in this study. Adapted from:
AWP Architects based on author’s preliminary design.

Fig. 3: Types of PV configurations and corresponding start of the protection and tilt angle.

A modular façade is used in order to obtain a high-quality sustainable solution: a cost-effective, time-efficient,
and flexible multifunctional façade. Considering the restrictions of the building site - the typical floor to floor
height of a Housing Development Board (HDB) flat of 2.8m, the module will be 2.8 m in height (2.6 m ceiling
height) and 1.8 m in width. According to the Approve Document by the Building and Construction Authority
(BCA) (BCA, 2017), the height of a barrier should not be less than 1.0m in order to protect people from falling
from height. However, in order to have more design alternatives (e.g., to provide more space for planters
installed at the lower part of the module), a window sill height of 1.1m is considered in this study which will
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allow accommodating planters at the height of 100mm, 300mm, 500mm, 700mm and 900mm, in two or three
rows, with a minimum height difference of 400mm between planters. A trapezoid cross-sectional planter will be
used in the case of multiple-row planters, making it possible to provide more sunlight for lower level plants,
while allowing more growing space for plants below. The size of the planter is set to be 190mm high and
150mm wide.
Optimizing the design of BIPV as shading devices on different façade orientations requires a careful definition
of the objectives of the façade elements. The shading BIPV elements should be able to maximise the electricity
generation and solar irradiance protection while allowing required illuminance levels in the interior, view
towards the exterior and a minimum required amount of sunlight on the planters and BIPV on the same and
lower stories respectively. The most influential geometrical parameter in achieving an optimal design alternative
is the protection angle which together with the tilt angle defines the width of the BIPV shading element. The
protection angle is defined as the angle between the vertical plane of the façade and the outside end of the BIPV
shading element. The angle is taken from the bottom of the window for single shading and also on top of the
lower shading for the cases with double BIPV shading as shown in figure 3. The protection angle should be
understood as a response to the incidence angle; the angle of the sun to a specific target at a moment in time.
This study takes into account the minimum protection angle required by the Building Code Authorities of
Singapore (BCA, 2008), through the Residential Envelope Transmittance Value (RETV) calculations.
Additionally, for extreme incidence hours a minimum threshold of direct sunlight hours was set to before 8:30
and after 16:30. Lastly the minimum for the range of the protection angles was set so that no substantial impact
on the operative temperature would be gained above a temperature of 28°C. Through this optimization the ideal
intersection of protection and tilt angle of the shading device was arrived at. For the north and south orientation,
protection angles from 28° to 37° met the specified requirements. For south the specific angle of 28° is only
sufficient to comply with RETV requirements in combination with a tilt angle of 50°.
2.3. Farming considerations
A selection of leafy vegetables and herbs was deemed suitable for cultivation on building façades since the
whole final produce is edible and usually shallow-rooted which makes it space-efficient. Additionally, leafy
vegetables and herbs are less prone and less vulnerable to the attack of pests than fruited vegetables.
There are several factors affecting the growth of vegetables, including light, temperature, water and cultural
practices. Among them, light is the key factor as it drives photosynthesis and affects plant development,
morphology and yield (Inada and Yabumoto, 1989). With regards to the building façade farming, the demand
for light is the most crucial factor to be considered due to the inconsistent light condition of building façades.
Among the most common locally grown leafy vegetables, shade-tolerant crops with a lower daylight demand
like Leaf Lettuce (Lacttuca Sativa) and Kangkong (Ipomea Aquatica), should ideally be grown on building
facades. Also, most species of herbs like sage and basil are also quite suitable for the building façade cultivation.
Daily light integral (DLI), expressed in mol/m²∙ day, is defined as the total number of photo-synthetically active
photons that plants receive in 1 sqm of growing space in one day. DLI reflects the combined result of the light
intensity and duration of the photoperiod. Compared to other measuring methods, DLI is more accurate in
determining the exact lighting condition for plants and is therefore commonly used in the agricultural industry.
Commercial farms aim to keep minimum DLI of 10-12 mol/m²∙ day for optimum growth of plant (Morgan,
2016). A DLI of 12-13 mol/m²∙ day or higher is generally required for lettuce production (Dorais, 2003). The
optimal DLI for production of sweet basil is about 28.8 mol/m²∙ day (Beaman, Gladon, & Schrader, 2009).
Although leaf lettuce normally needs 12-13 mol/m²∙ day or more to achieve maximum production, it can still be
grown with as little as 4-10 DLI. However, its quality is usually low below 8 mol/m²∙ day (Schiller,
2017)(Glenn, Cardran, & Thompson, 1984). Hence, 8 mol/m²∙ day is set as the minimum DLI requirement for
lettuce growth. Converting the DLI to illuminance levels, this is equivalent to 10 000 lux.
2.4. Simulation settings
Combining the 3d-modeling software Rhinoceros with the programming software Grasshopper supports the
parametric design generation. Utilizing these combined instruments the results of over 1.000 plausible cases can
be approximated precisely, without requiring intermittent manual interference. The plug-ins Ladybug and
Honeybee (Roudsari & Pak, 2013; Grasshopper3d.com, 2017) utilize the flexibility of Grasshopper to read local
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weather data, add detailed design information and run these through validated software such as Daysim
(Reinhart and Walkenhorst, 2001) (Lagios et al., 2010), Radiance (Ward and Shakespeare, 1998) and
Energyplus (Crawley et al., 2011) (Jakubiec & Reinhart, 2011), In return these results can be read, disseminated,
organized and visualized by Ladybug and Honeybee in Grasshopper.
Since PSF has multiple quantifiable performance indicators, a multi-objective optimization process was chosen
supported by VIKOR. This method chooses the optimal result by balancing 5 conflicting performance
indicators: daylight autonomy (DA), energy flow, electricity potential of the PV shading device(s), farming
potential and view angle. A fitness value indicating the performance of each case on each indicator is
established by comparing their results with the highest (100%) and lowest value (0%) returned by all cases.
Strict requirements were predefined for each performance indicator according to literature and local regulations.
This ensured overall quality of all cases within the VIKOR optimization process and reduced the total amount of
cases by around 90%.
DA is defined as the percentage of time during the year in which a certain pre-defined illuminance value (200
lux) is achieved from 8 AM till 5 PM. Since the size of the testbed cell is reduced in comparison to actual room
dimensions in residential buildings, an equivalent DA was used instead of the actual values obtained in the
simulations. The energy flow is defined as the interior net heat gain (heat gain minus heat loss, kWh). Electricity
potential is defined as the potential electricity generation from the PV panel taking the lowest incident radiation
on the PV multiplied with the total area of the shading device, as the PV cells are connected in series. At this
stage no definition was made regarding the type of PV and also other performance coefficients affecting
electricity generation were not considered. Farming potential is defined as the percentage of days per year where
planter area receives DLI > 8 mol/m²∙ day. View angle is defined as the average view angle from two points
inside the testbed cells towards the exterior. The two points are located at 1.5m from the façade at 1.17m and
1.56m height from the floor, which correspond to sitting and standing viewing height for an overall height of
1.68m. The obstruction effect from the planters and the PV panels are taken into account. A minimum of 20°
was set as required for all cases.

3. Results
This section summarises the results obtained for the north and south oriented Façade Wall. Figure 4 presents the
preliminary design of the optimal cases for four types of façade arrangements: I-P, I-F, II-P and II-F (see figure
3 for nomenclature). For the 4 façade types the optimal position of the planters is at 100mm and 700mm from
the floor level. This assure the best sunlight access to both planters disregarding the dimensions and positions of
the PV panels. The optimal position of the planters for the 4 façade types stands at 100mm and 700mm from the
floor level respectively. This ensures the best access of sunlight to both planters disregarding the PV panel
dimensions and position. The optimal solution for north and south orientation is the same - a single PV attached
to the planter above with a protection angle of 28° and a tilt angle of 50°. Higher position of the PV panel with
respect to the upper window allows higher value of Daylight Autonomy (DA), however, in order to achieve the
required solar protection according to the RETV, the tilt angle should be larger than the recommended 30° from
the horizontal position (Luther and Reindl, 2014) (Saber et al., 2014) for Singapore facades. The second and
third best cases for south and north oriented façades respectively are those with a single PV attached to the top
of the façade. Double PV configurations are not favourable for any of the two façade orientations, especially for
the north façade. The small dimension of the upper PV panel results of in the need to avoid overshadowing on
the panel underneath. However, such small dimension may not be feasible and cost-effective.
Figure 5 presents the results of five performance indicators for each optimal case of the four façade arrangement
types. The left-side axis displays actual values of each performance indicator while the right-side axis presents
fitness values relative to the best and worst cases per façade type. The fitness value (Fv) is defined as:
Fv = (PI – Min) * (100 / (Max – Min)

(eq. 1)

Where PI is the obtained value per performance indicator, Min and Max are the minimum (worst) and maximum
(best) values on the list of cases per façade arrangement type.
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Fig. 4: Best cases per type, with overall rank and specifications for north and south orientations.

Fig. 5: Performance indicators for four façade types on north and south orientations. Bars correspond to left-axis values and lines
represent fitness value.

Regarding DA, all cases achieve values above 85% representing the time period in a year with the average
illuminance levels above the threshold of 200 lux. The performance in two cases when PVs are attached to
planters above (I-P and II-P) is better (fitness value > 75%) than in the two cases where PVs are attached to the
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highest point of the façade. Larger separation of PVs from the upper window allows higher penetration of
diffuse daylight. South façade arrangements receive higher illuminance levels than north façade arrangements.
With regards to the energy flow indicator, the lower the value of the net heat gain from the exterior, the better its
performance and fitness value. Also, in terms of this indicator, the number of PV panels has a higher impact
than their position on the façade. A single panel will provide better protection from solar radiation than two
panels. Sunlight inter-reflection between the two panels and the reflection of the lower panel towards the interior
may be the reason for the higher heat gain. Only in cases when a single PV is attached to the façade, substantial
differences on energy flow exist in relation to the facade orientation.
As for electricity potential, once again, a single PV panel will perform better than two panels. If two PV panels
are utilized, then the top device, although small, shades the bottom one during the hours in which the incidence
angle is smaller than the protection angle. Since PV cells are connected in series, the shaded cell will define the
overall electricity production by lowering it. The differences are more evident between the cases I-P and II-P
with fitness values around 90% and 25% respectively. The electricity potential on the north façade is overall
higher, most likely due to frequently clear skies from March to September equinoxes. If we consider a
conventional 13% efficiency Si-monocrystalline PV module the estimate of electricity generation of the optimal
cases of north I-P, I-F, II-P and II-P are 150 kWh, 130 kWh, 97 kWh and 108 kWh respectively which represent
48%, 48%, 33% and 34% of the same PV module type and area located on a rooftop without obstruction.
The four façade types exhibit smaller differences regarding the farming potential. In all cases the percentage
above the required DLI is not higher than 70%. However, DLI values are substantially higher for the north than
the south façade orientation. For the latter, the fitness values are around 40% or below except in the II-P case.
The last performance indicator considered at this stage of the study is the view angle from the interior. Facades
with PV panels attached on the planters above provide higher view angles, which is well within expectations
considering the higher position of the panels with respect to the upper window.
Figures 6 presents fitness value for all façade types facing north and south respectively. The average fitness
value of the optimal case I-P is 62.0% and 59.1% for north and south orientations respectively. The average
fitness values for the second best façade type are 56.0% and 48.5% for north and south orientation respectively.
Figure 7 presents the fitness values of the two best and worst cases for north façade orientation.
At this stage, the strategy to determine the best among facade types presupposes that all criteria used are of
equal importance. Consequently, since the selection of the optimal solution strongly depends on the criteria
weight coefficients, all five criteria used were allocated the same weight of 0.2. However, different weights may
be applied for east and west façade orientations given the larger exposure of glass windows to direct solar
radiation. For these orientations, the weight of criteria functions with larger value variation –for example, those
related to the energy flow- will be proportionally higher than the weights of criteria functions with smaller
variation.

4. Conclusions
This paper describes the design optimization of SPF facades with the integration of PV and farming systems and
analyses the performance of four façade types for north and south orientations. The facades systems are to be
installed at the Tropical Technologies Laboratory at the National University of Singapore. The impact of the
façade design on five performance indicators - daylight autonomy, energy flow, PV electricity potential, farming
potential and view angle - are obtained from computational simulations and subsequently used as inputs in the
MCDA method VIKOR.
The above results reflect the values relative to facade types deemed to be the best, and are not representative of
all instances. However, a comparison with the fitness values of other cases of the same type has served as a
confirmation of trends. With these practical considerations in mind, the following conclusions can be made:

662

A. Tablada / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 6: Performance indicators of the optimal facade designs for north (top) and south (bottom) orientations

Fig. 7: The two best and worst cases for north, small (0%) to large (100%) circle represents fitness value.

x

x

The optimal position for BIPV shading device is next to the planters at the above level. This position
maximizes solar energy yield while also achieving a high fitness value for other four performance
indicators related to food production and indoor visual and thermal conditions. The result indicates that
even with no farming system installed, the best compromise between solar energy yield and indoor
conditions is achieved by using the lower portion of the façade of the level above for the installation of
larger sun-exposed PV panels.
For north and south façade orientation, systems with two rows of PV panels will produce less
electricity than the system with one row of PV panels. With two PV shading devices, the topmost
device shades the bottom one during the hours in which the incidence angle from the vertical plane is
smaller than the protection angle. It should be noted this occurs around midday when the incident solar
radiation is at its highest.
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x

Overall, north facades achieve slightly higher fitness value than south facades. Farming potential on
north facades is higher than on south facades as the planter area receives the required Daily Light
Integral for longer periods of time during the year. Similar trend is observed for the electricity yield
potential although not for all cases.

The results of the study prove the importance of using a holistic approach and a multiple objectives criteria
analysis in the design of such complex façade systems, especially for BIPV and BIA systems which compete for
receiving the maximum sunlight. The VIKOR optimization method helped obtain a solution according to a tight
set of requirements. It also created a framework that enabled iterative strategic learning based on reciprocity and
the understanding of project strengths and weaknesses. The impact of the façade systems on indoor visual and
thermal conditions in residential buildings are also crucial and are not to be ignored or underestimated.
Otherwise, the benefits of the electricity and vegetable production are minimised or reversed.
The study will continue with further analysis aimed at finding the optimal façade design alternatives for east and
west orientation. In addition, the same optimisation process will be applied for the façades with balcony that
already have solar protection to a certain degree. Different BIPV configurations and dimension are expected for
those façade types and orientations. In this first part, the design process of SPF was focused and based mainly
on quantitative parameters, resulting in optimal solutions with balanced technical performance. The subsequent
steps will include costs and qualitative criteria, which will ensure sophisticated sustainable high-quality solution
in terms of both techno-economic performance and architectural value.
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Abstract
Existing non-residential buildings represent a valuable asset in Europe. These buildings account for 25% of the
total building stock in Europe and comprise a more complex and heterogeneous sector compared to the
residential one. The public non-residential building stock represents an average 31% of the total non-residential
sector in Europe. Understanding the energy use and CO 2 emissions in the non-residential sector is complex as
end-uses such as lighting, ventilation, heating, cooling, refrigeration, IT equipment and appliances vary greatly
from one building category to another within this sector. The average specific energy consumption in the nonresidential EU27 sector is 280kWh/m2 (covering all end-uses). A retrofitting solution package for existing
public-owned non-residential buildings is needed in order to achieve a drastic reduction of the energy
consumption (beyond 50%) and GHG emissions in this sector. This retrofitting package is based on; Envelope
retrofitting solutions for demand reduction through made-to-measure façades, innovative insulation materials
and high performance windows and zero emissions energy production technologies based on a cogeneration
system fed with locally available and clean renewable sources. The retrofitting solution package is implemented
in three real demonstration multi-buildings complexes, located in different climate conditions in three different
European Countries and with different end-uses: Sanitary, Educational and Administrative.
Keywords: Energy efficiency, Renewable energies, Tri-generation, Zero energy buildings

1. Introduction
Existing non-residential buildings represent a valuable asset in Europe. These buildings account for 25% of the
total building stock in Europe and comprise a more complex and heterogeneous sector compared to the
residential one. The retail and wholesale buildings comprise the largest portion of the non-residential stock,
while office buildings are the second biggest category with a floor space corresponding to one quarter of the
total floor space. Understanding the energy use and CO2 emissions in the non-residential sector is complex as
end-uses such as lighting, ventilation, heating, cooling, refrigeration, IT equipment and appliances vary greatly
from one building category to another within this sector. The average specific energy consumption in the nonresidential EU27 sector is 280kWh/m2 (covering all end-uses).
Over the last 20 years in Europe, electricity consumption in European non-residential buildings has increased by
a remarkable 74%. This is compatible with technological advances over the decades where an increasing
penetration of IT equipment, air conditioning systems etc. means that electricity demands within this sector is on
a continuously increasing trajectory. Buildings vary remarkably in terms of size where large variations are
expected in the non-residential categories.
The ownership profile in the non-residential sector is heterogeneous. Private ownership can span from as low as
20% to 90% from country to country and also from one building type to another. The public non-residential
building stock represents an average 31% of the total non-residential sector in Europe (Based on the survey
“Europe´s buildings under the microscope” by BPIE in 2011.).
On the other hand, the heating and cooling of buildings take a large share in the energy consumption. The
average energy consumption in the non-residential sector, such as public and industrial buildings, is estimated to
be at least 40% greater than in the residential sector in Europe. Some reasons for this general increase are for
example an increase in comfort habits, currently still low energy costs, architectural trends (glazed areas in
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buildings) and slowly changing in climate conditions. This rising demand for cooling and air-conditioning in
buildings involves unfavourable fossil fuel consumptions as well as upcoming stability problems in the
electricity supply in Mediterranean countries, which in turn demands for costly upgrading of the grids to handle
electricity peak power demand situations.
Therefore, integrating technologies to make existing buildings more energy efficient is the challenge that the
EU-funded BRICKER research project is addressing. The project consists of retrofitting showcase public
buildings in Spain, Turkey and Belgium to achieve at least 50% reduction in energy consumptions compared to
the values before renovation.

2. Demonstration buildings
The demonstration buildings are in use and the goal is to demonstrate the performance of the technologies and
systems developed within the project. BRICKER combines various active and passive technologies to achieve
energy efficiency in innovative ways. (In this case a tri-generation system capable of providing power, heating
and cooling simultaneously). The system’s activation heat will be produced using parabolic solar collectors
working on a high temperature and biomass boilers adapted to the specificities of each demo site and its
surroundings.
The demonstration buildings of this project BRICKER are 3, and are located in the geographical areas trying to
cover the diversity of Europe. These buildings can be seen in Fig. 1 and are concretely located in Caceres
(Spain), Liege (Belgium) and Aydin (Turkey). The idea behind the project is to demonstrate the operation of the
technologies and systems developed and to achieve energy savings of more than 50% compared to the initial
values prior to renewal. The investment costs associated are expected to be at most 20% of the total costs of a
building compared to those due to a new one located on the same site, and return of investment around 7 years.
All this can be seen reflected for each concrete case of each demonstration building below.

Fig. 1: Location of demonstration buildings in the BRICKER project

667

F. Velez / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

2.1. Demonstration building in Caceres:
x Building: Administrative offices of the Government of
Extremadura.
x Renovation: 1 administrative building of a set of 7
buildings.
x

Useful area: 8,480 m2.

x

Occupation: 300 workers.

x

Electrical savings: 60%.

x

Return of investment: 7 years.

x

Associated investment cost: 13.4%.

x

Building: School of Engineering of the University of Liege.

Fig. 2: Administrative offices in Caceres

2.2. Demonstration building in Liege:
x Renovation: 2 blocks of an academic complex formed by 7
buildings.
x

Useful area: 23,000 m2.

x

Occupation: 1,200 students.

x

Electrical savings: 86%.

x

Gas savings: 75%.

x

Return of investment: 7.2 years.

x

Associated investment cost: 9%.

x

Building: AHU Hospital; Adnan Menderes University.

Fig. 3: School of Engineering in Liege

2.3. Demonstration building in Aydin:

x Renovation: 1 building of the university hospital complex
composed by 4 blocks.

Fig. 4: AHU Hospital in Aydin

668

x

Useful area: 19,467 m2.

x

Occupation: 600 patients y 450 workers.

x

Energy savings: 51%.

x

Return of investment: 7 years.

x

Associated investment cost: 10%.
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3. Core of BRICKER project
Tri-generation concept or CCHP (Combined Cooling, Heating and Power) is the simultaneous production of
mechanical power, heating and/or cooling from one primary fuel by coupling with thermally activated cooling
technologies that take the waste heat from CHP for producing cooling.
Thermally activated cooling utilized for CCHP systems primarily refers to sorption refrigeration; it employs
waste heat produced in the process of power generation as the driving force to power a sorption refrigeration
device. Some energy demand for refrigeration is thus shifted from electrical to thermal energy, and primary
energy consumption is also reduced. Another difference between sorption systems and conventional vapour
compression systems is the working fluid used. Most vapour compression systems commonly use
chlorofluorocarbon refrigerants (CFCs), because of their thermo-physical properties. It is through the restricted
use of CFCs, due to depletion of the ozone layer that will make sorption systems more prominent. However,
although sorption systems seem to provide many advantages, vapour compression systems still dominate all
market sectors. In order to promote the use of sorption systems, further development is required to improve their
performance and reduce cost.
Power generation system is an Organic Rankine Cycle (ORC) whose operation principle is the same as the
conventional Rankine cycle, but in this case, the working fluid is an organic compound of low boiling point
instead of water, thus decreasing the temperature needed for evaporation. A pump pressurizes the liquid fluid,
which is injected into an evaporator (heat source) to produce a vapour that is expanded in a turbine connected to
a generator. Finally, the output vapour is condensed and sucked up by the pump to start the new cycle. ORC
heat source could come from renewable sources (solar, biomass, geothermal…), the ORC unit is able to produce
electricity (DC) for self-consumption or for the grid, and another heat source at lower temperature (from the
condensation side) than can be used for heating. If the heat source from the condensation is also used for cooling
(using a sorption machine), we have a tri-generation system.
Most of the commercial installations of concentrating solar collectors are for large scale solar power generation
in steam turbines. Large collectors and systems with high operating temperatures are targeted for optimal steam
cycle efficiency. However, Parabolic Trough Collectors (PTCs) are also suitable for the medium temperature
and medium size applications and for industrial process heat, desalination, solar air conditioning and distributed
power generation with Cogeneration turbines or internal combustion engines. For state of the art, we refer to
small (roof mountable) parabolic trough collectors commercially available today, because the larger parabolic
trough can simply not be used on rooftops. These small parabolic troughs are optimized for the temperature
range 100-200°C. This temperature range has a very large potential for industrial process heat and solar cooling.
For small power plants where ORC and solar are combined, the temperature range should be increased up to the
temperature range 250 to 300°C, i.e. at least 50°C above the current optimization range. Therefore, in the
framework of the BRICKER project, the development, testing and integration of a parabolic through collector
and whole solar fields to feed the cogeneration unit that works with a heat source of 250 +/- 30ºC, is also
developed.
Several factors such as the heat sources available, the existing conventional systems and the new energy systems
to be installed in the buildings within this project, the economic restrictions and the cooling and heating needs
among others has been studied and has allowed to identify which of the solutions/configurations fitted better
within the BRICKER concept. As has been mentioned before the main objective of BRICKER is the installation
of a tri-generation system to provide energy in an optimal way to the building, so for that and following the
original concept of a tri-generation system, the unique option is limited to use the residual energies coming from
the BRICKER energy system to produce in this case cooling, and in this particular case has been concluded that
the only option available is the utilization of the residual heat coming from the ORC in form of water
condensation to feed the chiller unit as primary heat source. This limitation together with the need to produce
chilled water at certain range of temperatures to feed the terminal units already installed has reduced the
possibilities to only two, which are the installation of an adsorption chiller unit (Fig. 5) or on the other hand the
installation of a single effect absorption chiller unit (Fig. 6). These two possibilities can be seen in the pictures
below.
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Fig. 5: Integration of an adsorption chiller

Fig. 6: Integration of an absorption chiller

The difference between them is mainly the activation requirements but also the working principle as one is using
a liquid as sorption material and the other is using a solid.
Demo cases analyzed are two public buildings located in Spain (Caceres) and Turkey (Aydin). The first one is
an administrative building of around 8,150 m2 while the second one is a big hospital with a surface of more than
50,000 m2. Due to their similar weather conditions (both located in the south of Europe) with hot summer
periods, but also in the case of the hospital due to their specific conditions with cooling needs during the whole
year, it is assumed the necessity of systems which provide the buildings with cooling capacity. In both cases
original cooling systems are based on conventional heat pump systems which consume high amounts of
electricity. So the idea is with the implementation of thermally activated cooling technologies within the
BRICKER system to cover cooling needs of the buildings with the corresponding reduction of electricity
consumption due to the less use of the conventional systems.
Many options are available and have been studied in terms of thermally activated cooling technologies, each of
them with their own characteristics and limitations. After analyzing the different options and taking into account
the boundary conditions imposed by each demo case has been concluded that the most suitable option is to
install an adsorption chiller unit for both buildings. This selection has been due to the necessity to meet the
original concept of tri-generation, in which is needed to make use of the residual energies coming in this specific
project from the ORC water condensation at low temperature (70 ºC in cogeneration mode) as primary heat
source. This limitation of temperature together with the possibility to get higher electrical performances in the
ORC in comparison with the other thermally activated technologies (lower temperatures in the condensation
side, makes the ORC to work with higher electrical performances), makes this selection as the most suitable.
Other options such as the open cycle systems have been discarded due to the necessity to feed the terminal units
at a given temperature (10 - 15 ºC). In the same way, the absorption units have been discarded due the operating
limitations to work below 80 ºC in which the ORC develops their full potential in cogeneration mode. In
addition, these machines have lower performances at working temperatures in the range between 80 - 90 ºC.
Although the selected technology has been the same for both demo cases (an adsorption chiller unit), it could be
noticed that each has their own peculiarities. In the case of the Spanish demo case, the chiller unit has been
dimensioned with the idea to cover all the cooling needs of the building, accomplishing the project economical
restriction (only requiring additional support during occasional peak loads through a conventional heat pump
system). In the Turkish demo case, due to their higher demand in terms of cooling, the idea is to cover only a
little portion of it, so the selection is only based on the restrictions coming from the ORC (thermal energy
limitations) and the economical ones.
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4. Conclusions
Finally, two main conclusions can be drawn:
1. Energy use in public non-residential buildings represents a high proportion of the EU energy consumption
and CO2 emissions for the non-residential sector. In particular, hospitals, offices and educational buildings
represent the highest levels of energy intensities of public-owned buildings.
2. Concerning the energy retrofitting solutions to be proposed for this target group, aiming at achieving nearly
zero energy buildings, the scope must be related to systemic and integrated approaches involving:
a. Energy demand reduction by envelope optimization techniques (to decrease electrical and gas dependence).
b. Development and integration of Combined heat and Power (renewable based) solutions to produce both
distributed heat and electricity at building and district level, according to the locally available resources.
c. Integration and optimization of the systems and its operation in cost effective way for the life cycle.
To sum up, the heart of this project is the development of innovative Combined Heating, Cooling and Power
(CHCP) systems tailored to the specific needs of each demo building combining and adapting in the best way
different subsystems (ORC units, parabolic through collectors, biomass boilers, sorption units) and locally
available renewable sources (solar and/or biomass) as an example of high efficiency and renewable energy
alternative, suitable for those buildings and districts with relevant electricity, heating and/or cooling needs.
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Abstract

Both electrical power and useful thermal energy can be obtained from building-integrated photovoltaic/thermal
systems (BIPV/T) which have the potential to reduce the energy consumption of buildings. Double-skin
façades (DSF) have been implemented for enhancing energy efficiency as well as improving indoor thermal
comfort. This paper explored the performance of a combination of BIPV/T and DSF, which included the
thermal performance of this novel building envelope as well as the indoor comfort performance through a
simulation analysis for a test building in Sydney, Australia. To date, the work has focused on two operation
modes of the BIPV/T-DSF system comprising fan-driven ventilation mode in summer time and non-ventilation
mode in winter. A comparative simulation analysis of the two operation modes and the building without
adopting the BIPV/T-DSF system was presented in terms of the thermal response of the indoor space.
Keywords: Building-integrated Photovoltaic/Thermal System, Double-skin Façade, Commercial Building,
Energy Efficiency, Indoor Thermal Comfort

1. Introduction
The world is in the process of rapid development, with increasing heavy industrial production as well as
increasing building construction, all of which is contributing to the rapid increase of energy consumption.
Energy demand from the building sector accounts for 40% of energy consumption globally and consequently
emits approximately 1/3 of the greenhouse gas emissions (United Nations Environment Programme, 2016).
The total energy consumption of commercial buildings in Australia was 3.5% of the national gross energy
consumption in 2009 and this proportion is expected to rise by 24% over the period 2009 to 2020 (Council of
Australian Governments, 2012). Building façades are a key component linking buildings and the outdoor
environment, which significantly affects air-conditioning energy use for heating and cooling (Peng, Lu, Yang,
Song, & Ma, 2015). High heating and cooling energy consumption is due to the poor thermal insulation
properties of building façade (Papaefthimiou, Syrrakou, & Yianoulis, 2006). Thus, exploring high performance
building façades is important to improve energy efficiency of commercial buildings.
The utilization of renewable energy technologies in buildings is an effective solution to combat the increase in
energy consumption (Chwieduk, 2017). Solar energy is one of the most widely applied renewable energy
approaches for increasing energy sustainability in the building industry (Mekhilef, Saidur, & Safari, 2011).
Solar photovoltaic/thermal (PV/T) systems, integrated into building façade, can form a cohesive design,
construction and energy solution for buildings (M. D. Bazilian, Leenders, Ree, & Prasad, 2001). Both electrical
power and useful thermal energy can be obtained from the PV/T system hence contributing to the reduction of
1
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the energy consumption of a building (Yang & Athienitis, 2012). Double skin façades, have been effective for
enhancing energy efficiency as well as improving the indoor thermal comfort (Marques da Silva, Gomes, &
Rodrigues, 2015). This type of façade solution has become a globally widespread option for implementing
sustainable energy and an architecturally attractive option for the building envelope (Ghaffarianhoseini et al.,
2016). Quite a few researchers have generally reported the factors of that affecting the power efficiency of the
BIPV system (e.g. typology of the materials, PV module temperature, and packing factor of PV module) (M.
Bazilian, Kamalanathan, & Prasad, 2002; Oliver & Jackson, 2000; Vats, Tomar, & Tiwari, 2012). A few
studies have reported both the thermal and electrical efficiency of the BIPV/T system but, the outcomes in cold
climates have predominated and only a small number investigated a range of climatic conditions (Athienitis,
Bambara, O’Neill, & Faille, 2011; Chen, Athienitis, & Galal, 2010; Chow, Hand, & Strachan, 2003; Pantic,
Candanedo, & Athienitis, 2010; Yang & Athienitis, 2015). Further a few studies lately reported the
performance of PV efficiency of a BIPV/T-DSF envelope, but little research has been done on understanding
of indoor thermal comfort and energy performance of the building adopting BIPV/T-DSF system (Charron &
Athienitis, 2006; Peng, Lu, & Yang, 2013; Saadon, Gaillard, Giroux-Julien, & Ménézo, 2016). Most of field
studies were conducted under the indoor test conditions, which were not absolutely reliable (Fossa, Ménézo,
& Leonardi, 2008; Yang & Athienitis, 2015).
Neither building-integrated photovoltaic/thermal (BIPV/T) nor double-skin façade (DSF) is novel. However,
little research or real application of the hybrid mechanism of BIPV/T and DSF has been conducted in both
academic and industrial settings (Peng, Lu, Yang, & Han, 2013). Therefore, this research project aims to
investigate the overall performance of a BIPV/T system integrated with a DSF. In particular the electrical and
thermal performance of this novel building envelope as well as the impact of this envelope solution on indoor
thermal comfort performance of the commercial buildings is investigated.

2. Methodology
This paper examined both experimental field measurements and computational simulation for buildingintegrated photovoltaic/thermal double-skin façade (BIPV/T-DSF). The computational model was validated
against experimental results reported in the literature. This model was then used to simulate a commercial
building in Australia. The system parameters were adjusted to optimize the performance of the BIPV/T-DSF
and the indoor thermal condition of the building. A long-term system performance and indoor thermal comfort
then can be predicted confidently by using the validated computational model.
The building with BIPV/T-DSF system was modelled in TRNSYS (thermal modelling software). TRNSYS is
widely used visual based software for transient simulations of solar thermal energy systems and any dynamic
simulation including buildings (Kamel & Fung, 2014).
A model of the BIPV/T-DSF was developed in TRNSYS and validated by using experimental results taken
from the existing published studies by Peng et al. (Peng et al., 2016; Peng, Lu, & Yang, 2013; Peng, Lu, Yang,
& Ma, 2015). They have conducted the series field studies of a test bed with a ventilated BIPV/T-DSF under
different ventilation modes in Hong Kong. This BIPV/T-DSF system uses a double-glazed semi-transparent
a-Si PV module (Peng, Lu, & Yang, 2013). The diagram of the BIPV/T-DSF is shown in Fig. 1. As can be
seen, the DSF consisted of two cavities which were separated by a vertical insulation board; at this point, the
two air cavities were used for the comparative analysis for different modes of ventilation without affecting one
another. Two ventilation modes used for model simulation and model validation, are shown in Tab. 1.
Tab. 1: Specifications of the selected ventilation modes for model validation (Peng, Lu, & Yang, 2013).

Ventilation Modes

Specifications

Non-ventilated mode

All inlet and outlet louvers were closed and the internal windows
were opened, air-conditioner was turned off.

(mode 1)
Buoyancy-driven
ventilation mode
(mode 2)

The inlet and outlet louvers on left hand side (cavity 1) were
closed, while the inlet and outlet louvers on right hand side
(cavity 2) were opened; all internal windows were closed; indoor
air temperature was maintained at 22°C by use of the airconditioner.

673

S. Yang / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 1: Schematic diagram of the BIPV/T-DSF system for the test bed (Peng et al., 2016).

3. Modelling and Model Validation
The key dimensions of the BIPV/T-DSF system and the physical characteristics of the PV panel (semitransparent) used are given in Tab. 2 and Tab. 3 respectively.
Tab. 2: Key dimensions of the BIPV/T-DSF system (Peng et al., 2016).

Parameters

Values

Width of PV panel

1.1 m

Height of PV panel

1.3 m

Thickness of PV module

0.006 m

Width of louver

1.1 m

Height of louver

0.5 m

Depth of air flow duct (air cavity)

0.4 m

Dimension of the test bed (W x L xD)

2.4 x 2.5 x 2.3 m

Orientation

Due south

Tab. 3: Physical characteristics of the semi-transparent a-Si PV panel (Peng et al., 2016).

Parameters

Values

Maximum power under STC (Wp)

85

Open circuit voltage, Voc (V)

134.4

Short circuit current, Isc (A)

1.05

Voltage at the maximum power point, Vmp (V)

100

Current at the maximum power point, Imp (A)

0.85

Efficiency, ( ڦ%)

6.2

Power temperature coefficient, Tk (%/K)

-0.21

Dimensions (L x W x D), (mm)

1300 x 1100 x 6

Transmittance in visible lighting range (%)

7

-1
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Thermal conductivity, (Wm K )

0.486

Infrared emittance

0.85
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The test model was established in TRNSYS based on the experimental parameters provided in Tab. 2 and Tab.
3. Real-time meteorological data (on-site historical weather data for Hong Kong) of the site during the
experiment was provided by the authors (Peng et al.), which was used for the TRNSYS simulation. Fig. 2
shows the model of the BIPV/T-DSF in the TRNSYS Simulation Studio (the user interface to create the
simulation model).

Fig. 2: Schematic of the testing building model integrated with the BIPV/T-DSF system in TRNSYS.

Type 56 (the “building” icon in Fig. 2) included the details of the building model such as building geometry,
type of construction, and optical data of the window glazing. The glazed semi-transparent PV panel used in
the test bed was symbolized by Type 567-2 (the corresponding PV module in TRNSYS) which was connected
to the test bed (Type 56) in the TRNSYS model. Because the semi-transparent PV panel model is not available
in TRNSYS, a glazing model with the exact identical thermal and optical properties of the semi-transparent aSi PV panel was created and replaced the outer window on the DSF. As such, the electricity production of the
PV was calculated separately.

3.1. Validation of the Model in Non-Ventilated Mode
The PV module (back-surface) temperature is a major feature that is closely related to the output power of the
PV panel, which is mainly affected by the ambient conditions, primarily the solar radiation as well as the
ambient temperature (Chikate & Sadawarte, 2015). Therefore, the PV module temperature of the BIPV/T-DSF
system from the simulation was compared with the experimental result (Peng, Lu, & Yang, 2013). In addition,
the indoor air temperature is a crucial indicator for indoor thermal comfort which was also compared
accordingly. The available experimental results of the non-ventilated mode (mode 1) were from Jan 5 to Jan
7, 2013. The simulation in the TRNSYS model was in accordance with the same time period and the
comparative results are shown in Fig. 3 and Fig. 4 accordingly.
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Fig. 3: PV module temperature comparison in Mode 1 (non-ventilated).

Fig. 4: Indoor air temperature comparison in Mode 1 (non-ventilated).

As can be observed in Fig. 3, the simulated PV module temperature and the measured PV module temperature
(72 hours’ results) show good agreement although a certain extent of discrepancy exists. The hourly Mean
Bias Error (MBE) and Cumulative Variation of Root Mean Squared Error (CVRMSE) (ASHRAE, 2002) were
used as the criteria for assessing the acceptability of the agreement between simulated and measured data. The
MBE and CVRMSE are calculated as:
ࡺ
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Where Mi and Si are measured and simulated data at instance “i” respectively; p is the interval (e.g. monthly,
weekly, daily and hourly); Np is the number of values at interval p (e.g. Nmonth = 12, Nday = 365, Nhour = 8760)
and ܯ is the average of the measured data (Raftery, Keane, & Costa, 2011). The both hourly acceptance
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thresholds of MBE and CVRMSE are ±10% and 30% respectively. For the PV module temperature, the MBE
and CVRMSE were 4.55% and 14.48% respectively, so the simulated results of PV module temperature were
acceptable. Similarly, as shown in Fig. 4, the hourly values of indoor air temperature also show good agreement
with the experimental results and the corresponding hourly MBE and CVRMSE were -1.02% and 5.5%
respectively. Thus, the TRNSYS model for mode 1 was deemed validated.

3.2. Validation of the Model in Buoyancy-Driven Ventilation Mode
The available experimental results for the buoyancy-driven ventilation mode were from Jan 28 to Jan 31, 2013.
The right-hand side cavity (cavity 2) was selected. As the indoor condition was constantly maintained at 22°C
through air-conditioning, the indoor air temperature in this operation mode was not be analyzed. The PV
module back surface temperature on this cavity (PV module 2) and internal surface temperature of the
corresponding internal window (window 2) were selected and simulated in the TRNSYS model through the
same time period of the experiment and the comparative results are shown in Fig. 5 and Fig. 6 accordingly.

Fig. 5: PV module temperature comparison in Mode 2 (buoyancy ventilation).

Fig. 6: Comparisons for internal surface temperature of Window 2 in Mode 2 (buoyancy ventilation).

As shown in Fig. 5, the hourly values of PV module temperature show acceptable agreement with the
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experimental results and the corresponding hourly MBE and CVRMSE were -4.85% and 11.6% respectively.
Comparison of the simulated and measured hourly internal surface temperature of window 2 shows obvious
differences during the troughs, in which the simulated values are consistently exceeding the measured values
and the biggest difference reached about 3°C in Fig. 6. A likely explanation is the different thermal behaviors
between the used window glazing in TRNSYS and the experiment as the experimental information of the
window was not available (Peng, Lu, & Yang, 2013), a float glass was assigned to window 2 in the TRNSYS
model. In addition, it is difficult to model natural ventilation directly in TRNSYS. This could be done by
coupling with the external plug-in such as TRNFlow and CONTAM, but it is outside the scope of this stage of
study. As an alternative, the buoyancy-driven ventilation in the cavity was modelled in terms of the constant
mass flow rate as the window speeds during the 72 hours were basically floating at 2m/s according to the realtime weather data, so the simulated curve (internal surface temperature of window 2) was much steadier than
the curve of measured values. Moreover, the related MBE and CVRMSE were -5.51% and 7.28% respectively,
which were acceptable and hence the TRNSYS model for mode 2 was deemed validated.

4. Preliminary Numerical Simulation Model for the BIPV/T-DSF in Australia
In terms of the validated TRNSYS model, a preliminary numerical simulation model has been developed for
investigating the thermal performance of the novel BIPV/T-DSF system and its impact on indoor thermal
comfort of a commercial building in Sydney, Australia. A building model was built in TRNSYS which was
based on the experimental test bed but facing due north in Sydney. The building fabric, except for the PV
glazing of the simulation model was modified in the generic design for a better evaluation of the indoor thermal
response by use of the BIPV/T-DSF. In order to understand the performance of the BIPV/T-DSF system, the
indoor air temperature under the typical days in summer and winter were analyzed accordingly.

4.1. Fan-Driven Ventilated Operation in Summer
A fan-driven ventilating operation for the model building in Sydney was modelled in TRNSYS using a constant
mass flow rate (1.35 kg/hour from the validated model in section 3.2) for a steady state of analysis for 72
hours’ simulation. In this operation mode, there was no air-conditioning in the building model, the inlet and
outlet louvers on the both cavities were opened to allow buoyancy ventilation, which was then compared to
the building model operated without the BIPV/T-DSF system. In order to eliminate other uncertainties which
might interfere the simulation results, the internal gains from people, equipment and lightings were not
included in the models.

Fig. 7: Comparisons for indoor air temperature with/without BIPV/T-DSF system in summer.

Fig. 7 presents the indoor air temperatures with/without the application of BIPV/T-DSF system for the building
model from Jan 15 to Jan 18 in the typical summer days in Sydney. It was found that the indoor air temperature
of the building either with or without the BIPV/T-DSF system was always higher than the ambient temperature
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throughout the day. The main reason is that the accumulations of solar heat gain led to a higher indoor air
temperature than ambient temperature. However, the building model that utilized the BIPV/T-DSF system has
significantly lower indoor air temperature than the building model without a BIPV/T-DSF and reached a
maximum temperature of 6°C lower during the daytime. This indicated the BIPV/T-DSF system can reduce
the indoor air temperature and assist in reduce the thermal load on the mechanical cooling system.

4.2. Non-Ventilated Operation in Winter
Based on the results in section 4.1, all the louvers and windows of the BIPV/T-DSF system were closed for
winter to avoid the heat loss through the ventilation. The comparisons between the building adopting and not
adopting the non-ventilated BIPV/T-DSF system were compared from Aug 15 to Aug 18 for typical winter
days in Fig. 8. It can be seen that the indoor air temperature of the building model either with or without
BIPV/T-DSF system was always higher than the ambient temperature, and the indoor air temperature can be
maintained at a comfort level during the daytime. Clearly, the temperature drops at night time due to the heat
loss through the building fabric, while the BIPV/T-DSF system brought the thermal buffer benefit that played
a passive heating role in winter, but the ventilated operation of the cavity can be used for the higher solar
radiation days (i.e. Aug 15 and Aug 17) to maintain a lower and comfort indoor air temperature. The nonBIPV/T-DSF case has an overheating issue during the peak daytime and the highest indoor temperature
reached about 42°C on Aug 15.

Fig. 8: Comparisons for indoor air temperature with/without BIPV/T-DSF system in winter.

5. Conclusions
The simulation results show that BIPV/T-DSF system gives not only good thermal performance in terms of
buffering the building from summer heat gains, but reduces heat loss as well as overheat of building during
winter time in the subtropical climate areas in southern hemisphere like Sydney. These are preliminary studies
of the novel building façade technology that remains provisional since they are parts of the ongoing research.
Further studies will concentrate on developing the specific strategies for maximizing its thermal and electrical
performance, and optimizing the long term indoor thermal comfort using the strategies.
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Abstract
The impact of low-speed filtration on the performance of salt water chlorinators, pool cleaners, and the pool
water quality, based on experimental and modelled data, is investigated. Results show that a typical salt
water chlorinator and pressure pool cleaner do not work well for flow rates of less than 1 litre s-1 and 1.3 litre
s-1 respectively. With the implementation of a robotic pool cleaner, energy savings of more than 70% can be
obtained by operating the filtration system at around 1 litre s-1 with a correctly adjusted chlorinator setting.
This does not compromise the system performance and achieves a largely improved water quality.
Furthermore, it is shown that a small photovoltaic system can provide nearly all the energy required by such
energy efficient pool system. This PV powered pool filtration system achieves a discounted payback period
(DPP) of 5.4 years in comparison to the grid supplied pool filtration system (the Business as Usual (BAU)
scenario).
Keywords: low-speed pumping; pool chlorinator; pool cleaner; high-efficiency pool filtration.

1. Introduction
With the rapid growth of residential energy consumption and peak electricity demand, it is important to
investigate the energy saving potential in households and so achieve higher energy efficiency. Studies have
shown that households with a swimming pool have higher energy demand than households with no pools
(Elnakat et al., 2015; Fan et al., 2015). The savings in pump energy used for solar pool heating was
previously investigated by the authors and the results showed that operating the system at a lower flow rate
reduced the pumping energy by 60%, without materially affecting the pool thermal performance (Zhao et al.,
2018). This paper will investigate how to improve the energy efficiency of the pool filtration system by
evaluating the performance of the whole system. Such system could achieve significant savings in energy
and cost, which therefore enables its energy load to be supplied by a typical photovoltaic system.

2. Background
Presently, there are approximately 1.1 million residential pools in Australia (DEE, 2016) and the total annual
electricity demand is estimated be 2100 GWh per year (EES, 2008). This corresponds to approximately 2
million tonnes of carbon emissions per year (DEE, 2017). Operating the pool filtration system under low
flow conditions have been recognized as an energy efficiency retrofit by the industry and many swimming
pool have adopted this measure (DOE, 2018). Further, numerous studies have investigated the operation of
pool filtration under low pump speed (Springer and Rohe, 1996; Sproul, 2005; Cunio and Sproul, 2008;
Hameiri et al., 2009) with reported savings of as much as 80%. In addition, the use of a small photovoltaic
system to power the low-energy pumping system was examined by Sproul (2005) and the system achieved a
14 year payback period.
Although it is clear that significant amounts of energy could be saved by operating the pool filtration system
under low flow conditions, the impacts on other system components such as the salt water chlorinators and
the pool cleaners have not been widely reported. In addition to this, the associated effects on pool water
quality yet have not been quantitatively examined. According to a recent report prepared for the Department
of the Environment and Energy (DEE) of the Commonwealth of Australia, the most common type of
Australian pool is a salt water pool (60%) which relies on a chlorinator for sanitation (Woolcott Research
and Engagement, 2016). The electrolysis process in the salt water chlorinator has been studied by Khouzam
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(2008); this process produces two gases, hydrogen gas and chlorine gas. The hydrogen gas is not soluble in
water and therefore gets carried out of the chlorinator by the water flow, into the pool, and eventually into
the environment. On the other hand, the chlorine gas, which is highly soluble in water, reacts with water to
produce the hypochlorous acid (HOCl). The hypochlorous acid is known as free chlorine, which is an
effective disinfectant in the pool. As in most cases, the same pump is used to both filter and chlorinate the
water. One possible problem of operating the standard salt water chlorinators at low flow rate is that as the
water flow reduces, the hydrogen gas produced accumulates in the chlorinator instead of being flushed out
into the pool. Typically, chlorinators are designed to detect this dangerous situation and will switch off the
chlorinator and the pump. Hence under these conditions, the pool sanitation deteriorates.
Additionally, a pressure pool cleaner powered by the filtration pump is also susceptible to low water flow
operation, as the flow through the cleaners is shared with the pool skimmers or returns. Thus, to fulfill the
cleaning task, the pump needs to run at a high speed for a certain period of time, which limits the extent to
which the pool filtration can be completed at low flow rate using high-efficiency pumps.
Thus, it is the aim of this study to estimate the energy savings of the pool filtration system by taking the
whole system into consideration. In particular, the low flow operation of the salt water chlorinator and the
pressure pool cleaner are investigated to examine potential efficiency gains. To the authors’ knowledge, there
is no information available regarding the minimum operating flow rate of the chlorinator as well as its energy
usage. Furthermore, energy efficient operating scenarios are proposed and the feasibility of utilising a PV
system is analyzed.

3. Experimental system
Experiments were carried out on an existing domestic pool filtration system in Sydney Australia (Figure 1).
The system has an eight-star variable speed water pump (Viron eVo P280), a controller, a salt water
chlorinator (Hurlcon VX11T), an oversized cartridge filter (Viron CL400), and a pressure pool cleaner
(Polaris 360) operated by the filtration pump. During the experiment key system parameters were monitored,
which included the electrical power of the pump and chlorinator; water flow rates through the pump and the
pressure pool cleaner; the pressure drop across the pump and the filter. A manually adjustable 3-way valve is
located at the discharge of the chlorinator, which can change the proportion of water flow into the cleaner.

Figure 1: Pool filtration system layout.

The controller coupled to the pump was used to set the operating schedule as well as the pump speed so that
the system performance could be investigated under multiple operating scenarios, with different pump speeds
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and running times. The details of the operating scenarios are presented in Table 2. A robotic cleaner (Zodiac,
2017) was also retrofitted to replace the existing pressure cleaner in order to evaluate further energy saving
opportunities.
Under each operating scenario, the water quality and cleaning effectiveness were examined qualitatively and
quantitatively according to the requirements as per the Australian Standard AS3633 (1989) and NSW
Government (2013) (Table 1). Based on the measured water quality, the chlorinator setting was adjusted
manually using the controller until an acceptable water condition was obtained. Notice that as the pool water
quality is affected by pool chemical levels as well as ambient factors including solar irradiance, the location
of the pool, and its surroundings (Khouzam, 2008), the scenarios were varied out during the summer period
to minimize variations due to the ambient weather conditions. Specifically, each scenario was carried out for
5 consecutive days with similar weather conditions (sunny and warm) and the daily water quality check was
performed at 9 am.

Table 1: Recommended pool water chemical concentrations (Standards Australia, 1989; NSW Government, 2013).

Parameters
Free chlorine (ppm 1)

Recommended range
Pool temperature < 26°C

>2

Pool temperature  26°C

>3

pH

7 – 7.8 (Optimum: 7.2 – 7.6)

Total alkalinity (ppm)

60 – 200

Isocyanuric acid (ppm)

30 – 50

Calcium hardness (ppm)

0 – 500

Total dissolved solids (ppm)

1000 – 2000

Turbidity

0.5 (NTU 2)

4. Operating the whole pool filtration system at low flow
In order to assess the energy savings of running the variable speed pump at low speed, the comparison was
made to the standard single speed pump investigated by Cunio and Sproul (2008). The Hurlcon 1500 W
single speed pump was assumed to operate the same pool filtration system. The system operating point was
obtained by overlaying the pump working curve with the measured system curve of the existing filtration
system. The operating point was approximately 4.3 litre s-1 at a head of 18.5 m. For such a single speed pump
to fully turnover the pool once every day as required by the Australian Standard AS3633 (1989), the daily
pump energy is 3.6 kWh/day. This is comparable to the data reported by DEE (2016), which stated that
"Australian households with a pool use on average 1352 kWh per year (3.7 kWh/day) powering pool pumps
used for filtration.".
Figure 2 shows the daily required pump running time calculated based on one pool turnover and the
measured pump efficiency (pump efficiency was calculated as the ratio of measured hydraulic and electrical
power). Also shown is the daily pump energy savings in comparison to the single speed filtration by
operating the variable speed pump over its flow rate range. Note that the daily energy consumption of the
variable speed filtration was calculated based on the measured power usage and the required running time at
each flow rate. As can be seen, lowering the flow rate leads to a significant increase in the daily running time
while the pump efficiency decreases drastically. However, even at the minimum flow rate, one pool turnover
can still be accomplished within 24 hours.

1
2
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3.5
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Figure 2˖
˖Pump energy savings in comparison to the BAU case, daily running time and measured pump efficiency.

Notice that even if the pump efficiency reduces by half, by operating the variable speed pump at a flow rate
between 0.7 litre s-1 to 1 litre s-1, pump energy savings of over 80% can still be obtained. This amount of
pump energy savings matches the finding reported by Sproul (2005) and Cunio and Sproul (2008). However,
the 80% energy savings were only contributed by the pool filtration pump, it is essential to adopt the whole
system approach by taking other main system components into consideration, e.g. the pool chlorinator and
the cleaner as shown in Figure 1.
Figure 3 shows the pressure drop across various system components. It can be seen that more than half of the
total system pressure drop is due to the pipe and fittings. These include components that cause large pressure
drop like the pool “eyeballs” (water inlet fittings), bends and tee pieces, and the three-way valve. It is also
interesting to see that for flow rates below 1.7 litre s-1 (pump speed of less than or equal to the default low
speed), the pressure drop across the oversized cartridge filter is very small and therefore can be neglected.
This confirms that oversizing the pool filter could reduce the overall pressure loss and achieve a better
energy efficiency (NRDC, 2013). In addition, the existing pressure pool cleaner accounts for noticeable
pressure loss, which is about one-third of the total system pressure. In comparison to the filtration system
without the pressure pool cleaner, this reduces the flow rate under a specific pump speed and leads to a
longer daily filtration period to change over the same amount of water. Though the pump uses lower power,
the daily energy is more.

140

Pressure (kPa)

120
100

System curve
(measured)

80

Pipe curve
(Calculated)

60

Cleaner curve
(Calculated)

40
Filter curve
(Measured)

20
0
0.0

1.0

2.0
Flow rate (litre s-1)

3.0

4.0

Figure 3: Pressure drop across the pool filtration system components.
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By operating the pool filtration system under various scenarios, the energy savings achieved at low flow
conditions can be examined along with the associated effects on key system components. Table 2 shows the
experimental results obtained by operating the whole pool filtration system under 7 scenarios. Also shown is
the chlorinator setting for maintaining an acceptable pool water quality as per the Australian Standard
AS3633 (1989) for all scenarios. The Business as Usual (BAU) scenario is also presented, in which the
variable speed pump was running at the highest speed and the chlorinator was at the highest setting. Notice
that for scenario G, the pressure pool cleaner was disconnected and a robotic pool cleaner was used. Under
this scenario, all flow was diverted through the pool returns by adjusting the three-way valve.

Table 2: Experimental results of the whole pool filtration system operating under different scenarios.

Scenarios

A

B

C

D

E

F (BAU)

G

Pump speed
(RPM)

900

950

1150

1450

2075

2850

750

Filtration time
(hrs/day)

Robotic
cleaner

Pressure cleaner

Cleaner type

4

14
(11 for one
turnover)

10

8

6

4

(2.8 for one
turnover)

10
7am – 5pm

Schedule

Flow rate
(litre s-1)
Chlorinator
working?
Chlorinator
setting

Robotic
cleaner (11
am – 12
pm)

5am –
7pm

7am –
5pm

8am –
4pm

9am –
3pm

10am – 2pm

10am – 2pm

0.97

1.03

1.30

1.73

2.58

3.67

1.07

N

Y

N/A

3

4

5

8

8

3

Proportion of
flow through
pool returns

0%

0%

0%

24%

50%

65%

100%

Water
chemistry

Poor

Water turbidity

3.2

0.43

0.4

0.24

(out of 8)

Skimmer
effectiveness
and water
clarity
Manual clean?
Pool filtration
system load
(pump +
chlorinator)
(kW)
Daily energy
usage
(kWh/day)
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Good
0.82

Poor

0.45

0.41
Ok for
small and
lightly
polluted
pools.

Good

Perfect

Y

N

0.29

0.62

1.36

0.12
(before 11
am and
after 13
pm)
0.19 (11 am
to 13 pm)

1.8

2.6

5.5

1.5
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The pool chlorinator stopped working when the flow rate dropped below 1 litre s-1 due to insufficient flow
and hydrogen accumulation. Hence under scenario A (flow rate of 0.97 litre s-1), the pool water condition
was heavily compromised – an unbalanced water chemical level and a turbidity of 3.2 NTU that was more
than 6 times the recommended value of 0.5 shown in Table 1. This implies that 80% of savings of pump
energy is actually not practical at a flow rate between 0.7 litre s-1 to 1 litre s-1. This is due to the hydrogen
accumulation in the salt water chlorinator, which is shut down under such circumstances.
In terms of the pressure pool cleaner, the operating flow rate for achieving the proper wheel rotations (28 –
32 RPM) was approximately 1.3 litre s-1 (Polaris, 2017). As seen from Table 2, under scenario A and B (flow
rates of less than 1.3 litre s-1), even if all flow was diverted into the pressure cleaner, its motion was still
constricted and debris accumulated in the pool. By contrast, with proper adjustments of the existing threeway valve to meet the recommended flow range of the pressure cleaner, it was feasible to operate the
pressure cleaner under scenario C to F. However for scenario C, the skimmer effects were heavily
compromised since all flow was passed through the pressure cleaner. As a result, debris accumulated on the
pool surface and this affected the pool clarity. The situation may get worse for heavily polluted areas.
From the whole of system performance perspective, it is more acceptable to operate the pool under scenario
D (pump speed of 1450 RPM), where the three-way valve was adjusted to divert most of the flow (76%)
through the pressure cleaner while still allowing some (24%) to allow the normal pool returns (“eyeballs”).
This enabled the skimmer box and the pressure cleaner to be effective while running at the same time,
therefore obtaining an appropriate pool condition. Notice that under scenario D, occasional manual cleaning
was still needed to pick up the debris on the pool surface, especially during windy days.
After the robotic pool cleaner was retrofitted to replace the existing pressure cleaner, a significant
improvement of pool cleanliness was observed (Figure 4). With the 4WD system, the robotic cleaner was
able to climb on the pool steps and walls easily and perform cleaning without losing traction. In addition,
since the water flow through the main pump was no longer needed to supply the pressure cleaner, all water
flow was diverted via the normal pool returns and this allowed the skimmer box to operate more effectively.
As a result, no manual work was required under this scenario to catch debris on pool surface nor to sweep the
steps.

a)

b)

Figure 4: Conditions of pool steps when the filtration system was operating under a) BAU scenario with a pressure cleaner, b)
scenario G with a robotic cleaner (both with no manual cleaning) after a 24-hour period.
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Apart from the improved water clarity, it was also encouraging to see that the robotic cleaner was highly
energy efficient and additional energy savings were obtained. Figure 5 shows the measured daily energy
usage of the whole system operating under different scenarios. Notice that under these scenarios, all the
system components were experimentally examined to work appropriately and the water quality was checked
as acceptable.

Daily energy usage (kWh/day)

6

5.5

5
4
2.6

3
2

1.8

1.5

1
0
D

E

F (BAU)

G

Operating Senarios
Figure 5: Measured daily energy usage of the whole pool filtration system operating under various scenarios.

For all scenarios with the pressure pool cleaner in use, the whole filtration system operating under scenario D
consumed the least daily energy of 1.8 kWh/day. With a robotic cleaner in use (scenario G), the daily energy
usage of the whole system was reduced to around 1.5 kWh/day. This is less than 30% of the BAU scenario
(energy use of 5.5 kWh/day).
Assuming the pool filtration system is running year-round to maintain the pool conditions, the simple
payback period of the whole system under the proposed energy efficient scenarios was calculated.
Considering a variable speed pump (AU$1,500 including installation) as a retrofit option to the existing pool
filtration system, operating the whole system at the minimum flow as required by the pressure cleaner
(scenario D) has a simple payback period of approximately 3.4 years based on the electricity price of 0.323
AU$/kWh (Energy Australia, 2017). This is less than the average pool pump lifetime of approximately 7
years (DEE, 2016), making it an ideal energy saving option for pool owners. For the energy efficient
scenario G where a robotic cleaner is retrofitted, it takes around 6.5 years to pay back the total capital cost of
the variable speed pump and the robotic pool cleaner. This is nearly double the payback of scenario D since
the robotic pool cleaner costs about the same as the variable speed pump (AU$1,550). If low-cost robotic
pool cleaners were developed, operating a variable speed pump at the lowest flow that suits the chlorinator
(scenario G) would obtain a lower payback and therefore become a better solution considering its superior
cleaning quality as demonstrated above.

5. PV operated swimming pool filtration system
Previous results showed that operating the pool filtration system under energy efficient scenarios (D & G)
achieves significant energy savings and acceptable paybacks in comparison to the BAU scenario. It is also
interesting to investigate the feasibility of running the whole system from a PV array. The simulation was
carried out using NREL’s System Advisor Model (SAM) (NREL, 2017a) and the PV system was sized based
on the BAU high-speed operation of the pool filtration system (scenario F in Table 2) in Sydney. The
filtration system was assumed to operate year-round and the PV array was assumed to be connected to the
grid. The key assumptions and parameters are shown in Table 3.
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Table 3: Assumptions and parameters of the PV system sized based on the BAU scenario (F).

Nameplate capacity

2 kW

Array orientation

North

Array tilt

34°

PV module

Suntech Power STP250-20/Wd

Number of PV modules

8

Modules per string

8

Strings in parallel

1

Inverter

Solar Power: YS-2000TL 277V

Shading loss

0%

Soiling loss

5%

DC power loss

3%

AC loss

1%

Total module area

13 m2

Figure 6 shows the power generated by the PV system at three different dates near to the: a) Spring
(Autumn) Equinox, b) Summer Solstice, and c) Winter Solstice. Notice that two days around each date are
presented to demonstrate the system performance under i) cloudy and ii) clear weather conditions. Also
shown is the pool filtration system loads under BAU scenario, scenario D, and scenario G. The associated
daily operating schedules and the energy loads are presented in Table 2.

Spring Equinox

b)

1.8

1.8

1.6

1.6

1.4

1.4

1.2

1.2

1

1

kW

kW

a)

0.8

Summer Solstice

0.8

0.6

0.6

0.4

0.4

0.2

0.2
0

0
1 4 7 10 13 16 19 22 1 4 7 10 13 16 19 22
BAU
Scenario D
Scenario G

PV system output

1 4 7 10 13 16 19 22 1 4 7 10 13 16 19 22
BAU

Scenario D

Scenario G

PV system output
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c)

Winter Solstice

1.8
1.6
1.4

kW

1.2
1
0.8
0.6
0.4
0.2
0
1

4

7 10 13 16 19 22 1 4 7 10 13 16 19 22
BAU
Scenario D
Scenario G

PV system output

Figure 6: PV system output and pool load under scenario D, G, and BAU for different sun positions in the southern
hemisphere (left: cloudy day; right: clear day).

It is clear from Figure 6 that on cloudy days, a majority of the pool load under the BAU scenario cannot be
met by the PV system due to the significant decrease in the power generated. As seen from the SAM
simulation results shown in Table 4, 423 kWh of electricity must be supplied annually by the grid under the
BAU scenario and this leads to a PV fraction of only 45% (proportion of period where the pool filtration
system load is completely covered by the PV system). By contrast, the same PV system is more likely to
power the pool filtration system operating under energy efficient scenarios (D & G) even with bad weather.
In both of these cases, only a small amount of electricity is sourced from the grid while the pool load can be
fully supplied by the PV system for more than 90% of the total operating period (Table 4).

Table 4: SAM simulation results of the pool filtration system operating under BAU scenario (both grid and PV powered),
scenario D, and scenario G.

BAU+Grid
PV system
output (kWh/yr)
Excess PV
output (kWh/yr)
Electricity from
grid (kWh/yr)
Period with full
load covered by
PV (hrs/yr)
PV fraction

BAU+PV

Scenario D
(PV+Variable speed
pump+Pressure cleaner)

0

Scenario G
(PV+Variable speed
pump+Robotic cleaner)

3017

0

1,454

2,391

2,547

1,986

423

9

19

0

651

2,083

3,399

0

45%

95%

93%

Based on the results shown in Table 4, the net present values (NPV) and the discounted payback periods for
the PV powered pool filtration systems were calculated relative to the BAU case: single speed pump,
pressure cleaner, and grid-supplied system (BAU+Grid). The following parameters and assumptions were
made for the calculations:
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x

Cost of system components:
-

Single speed pump: AU$ 775 (DEE, 2016).

-

Pressure pool cleaner: AU$ 720 (supplier).

-

Variable speed pump: AU$ 1,500 (supplier).

-

Robotic pool cleaner: AU$ 1,550 (supplier).

-

PV system: AU$ 5,868 (NREL, 2017a).

x

The lifetime of both pool cleaners are assumed the same as that of a typical pool pump, therefore all
need to be replaced every 7 years (DEE, 2016).

x

All the PV electricity generated is assumed to be self-consumed by the household.

x

The discount rate is 5% (Drury et al., 2011).

x

The grid electricity price is 0.323 AU$/kWh (including GST) (Energy Australia, 2017)

x

The grid electricity price is assumed to increase by 3% each year (Kai, 2017).

x

The typical PV lifetime is 25 years (NREL, 2017b).

Table 5: Capital costs, net present values (NPV), and discounted payback periods (DPP) for PV powered pool filtration systems
compared to BAU grid supplied system.

Capital costs
NPV (relative
to BAU+Grid)
DPP (years)

BAU+Grid

BAU+PV

Scenario D

Scenario G

(Grid+Single speed
pump+Pressure
cleaner)

(PV+Single speed
pump+Pressure
cleaner)

(PV+Variable speed
pump+Pressure
cleaner)

(PV+Variable speed
pump+Robotic
cleaner)

AU$ 1,495

AU$ 7,363

AU$ 8,088

AU$ 8,918

AU$ 0

AU$ 13,288

AU$ 19,465

AU$ 17,649

6.5

5.0

5.4

From Table 5, it can be seen that although the more efficient options have high upfront costs, the discounted
payback periods for the two PV powered energy efficient systems (scenario D & G) are very attractive. In
terms of scenario D, it has the highest NPV difference relative to the BAU grid supplied system and thus it is
the most cost-effective solution. The whole system cost can be paid back in just 5 years, which is the shortest
amongst three PV powered system considered. As for scenario G, due to the additional costs of the robotic
pool cleaner and more electricity is purchased from the grid (Table 4), it needs around 5 months more for the
whole system to pay back in comparison to scenario D. Nevertheless, it starts generating profits 1 year earlier
than the BAU PV powered system (BAU+PV) and the discounted payback period is less than a quarter of the
standard lifetime of a PV system. Considering that better pool quality and simpler pool maintenance can be
achieved under scenario G, it is also an appropriate energy efficiency design of a residential pool filtration
system.

6. Conclusion
The study presents for the first time the results of a typical residential pool filtration system operating under
various scenarios. The water flow rate was varied under different scenarios and the pool chlorinator was
adjusted accordingly to deliver different chlorine production rates. For lower flow rates and longer running
times, the rate of chorine production was reduced in comparison to the high flow rate operation. The pool
water was also tested to ensure that the key water chemistry such as free chlorine and pH levels met the
Australian Standard AS3633 (1989) for all flow rates considered in this paper.
Experimental results revealed that over 80% of the pump energy could be saved by operating a variable
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speed pump at flow rates of less than 1 litre s-1. However, at such flow rates, the salt water chlorinator and
the pressure pool cleaner were identified not working properly and this led to unsatisfactory pool water
conditions. For the pool filtration system considered in this study (with the pressure pool cleaner in use), it is
more appropriate and energy efficient to operate the whole system at a flow rate of 1.7 litre s-1 with a
properly adjusted chlorinator setting (scenario D). The associated energy use is 1.8 kWh/day, which is
approximately 33% of the energy use of the BAU scenario. In addition, the energy use reduces to 1.5
kWh/day with a robotic cleaner and the pool cleanliness is also substantially improved. For these energy
efficient pool filtration systems, its load can be supplied by a small PV system. With no export of the PV
electricity, it takes around 5 years and 5.4 years respectively for scenario D (pressure pool cleaner in use) and
scenario G (robotic cleaner in use) to payback the initial investment (both refer to the discounted payback
period with the replacement of pool system components taken into consideration). These discounted payback
periods are less than 25% of the PV system lifetime.
Approximately 70% of the swimming pools in Australia are operated by single speed pumps (DEE, 2016). If
all of these pools were retrofitted to the energy efficient scenarios considered in this study, total energy
savings of more than 1000 GWh and carbon reductions of nearly 1 million tonnes could be obtained annually
(DEE, 2017). Further, if all the low energy pool filtration systems were powered by PV systems where
possible, total peak demand reductions of approximately 1 GW could be realized in Australia.
Except during periods of experimentation, the pool under study was operated under low flow conditions for
approximately two swimming seasons. During this time water quality tests were undertaken, and readings
were always in the acceptable range to maintain healthy swimming conditions as per the Australian Standard
AS3633 (1989). In all circumstances, the filtration flow rates and pump run times were set so that the full
volume of pool water was filtered once per day, as required by the Australian Standard AS3633 (1989). We
would propose that provided this methodology was adhered to and that pool chemistry levels were
maintained, the findings of this study should be generally applicable to different pool sizes, climates, and
pool usage. However further studies of different pools would be useful to further verify the approach used in
this paper.
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Abstract
During the five-year research project EnErChem, a new solar heating system has been developed, aiming to supply
the demand for space heating of energy efficient buildings completely based on solar thermal energy. Within the
research project engineers and material scientists from universities and industry cooperated interdisciplinary. The
aim was the further development of a concept of efficient long term heat storage based on improved storage materials.
Composite storage materials based on the combination of hygroscopic salts and zeolite granulates have been
developed. To fully use the properties of the developed storage materials a robust reactor design has been developed.
Based on this design a prototype store has been built and experimentally investigated in a “hardware in the loop”
(HIL) test environment. The developed design of the thermal energy store and the experimental results of the thermal
energy store operation are presented in this paper.
Keywords: thermo-chemical heat storage, thermal energy store, adsorption, solar heating, high solar fraction,
testing, hardware in the loop

1. Introduction
Solar assisted space heating systems are already well established on the market. These systems are usually able to
cover between 30 % and 50 % of the building’s total heat demand using solar radiation. To increase the solar fraction
of space heating systems towards covering the complete heat demand using solar radiation as the only energy source,
efficient heat storage is a crucial aspect. The main part of already well established systems is a sensible heat store
based on hot water. Due to continuous heat losses during the storage period high efficient long term heat storage
based on sensible heat is not possible.
For the purpose of highly effective long-term heat storage the technology of thermo-chemical heat storage has the
advantage of high energy storage densities and minimal heat losses during energy storage over long time periods.
Hence, adsorption heat storage, a sub category of thermo-chemical heat storage, has been under intensive research
in recent years (Engel et al. 2017, Mette et al. 2014a, Kerskes et al. 2012, Cuypers et al. 2012, Zondag et al. 2012,
Jähnig et al. 2006). Within the research project EnErChem, funded by the German Federal Ministry for Economic
Affairs and Energy (BMWi), the development of this technology was conducted. In this project material scientists
from ITC (Institute of Chemical Technology, University of Leipzig) partners from industry (Vaillant GmbH,
Chemiewerk Bad Köstritz) and process engineers from TZS/ITW (Research and Testing Centre for Thermal Solar
Systems, Institute of Thermodynamics and Thermal Engineering, University of Stuttgart) were working
collaboratively on the development of enhanced sorption storage materials and on the development of the thermochemical heat store itself. Both scientific fields are crucial for the implementation of a thermo-chemical heat store
with a high energy density.
Previous work on development of thermo-chemical heat stores stated the need for improvement regarding the
robustness and efficiency of the charging and discharging process. Additionally enhanced sorption storage materials
show a significant change of their thermal characteristics, influencing the charging and discharging process of the
thermo-chemical heat store. This paper shows the improvement of the charge and discharge operation of the
developed thermo-chemical heat store due to the newly developed reactor design and discusses the impact of the
changed thermal characteristics of the storage material on the thermo-chemical heat store operation.
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2. Enhanced sorption storage materials
With a commercial zeolite material as a basis, the sorption properties have been improved systematically by ion
exchange and the impregnation with salts (Nonnen et. al. 2016). Figure 1 shows the energy storage density related
to the material volume of the commercially available zeolite 13X (Na-X, KÖSTROLITH 13XBFK, Chemiewerk
Bad Köstritz), the corresponding Ca2+-ion-exchanged zeolite Ca-X, as well as the salt-impregnated zeolite composite
15 CaCl2/Ca-X on the basis of the ion-exchanged zeolite Ca-X.
Due to the ion-exchange, the storage density QV of the zeolite can be increased by approximately 15 % to about 145180 kWh m-3 (desorption at temperature of T = 110 °C and partial pressure of water vapor of pw: <0.2 mbar;
adsorption at T = 30 °C/pw: 5-25 mbar). Furthermore a profound understanding on the interaction between zeolite
and salt could be obtained from investigations on the composite material (Nonnen 2016). Experiments at partial
pressure of water vapor below the deliquescence of CaCl2 show, that adsorption centers of the zeolite were covered
by salt. Consequently, the storage density is decreased compared to the pure zeolite material. For water vapor
pressures exceeding the deliquescence humidity of CaCl2, the storage density of the composite material increases.
Due to the formation of a salt solution, the energy storage takes place by simultaneous water adsorption by the zeolite
and water absorption by the salt solution.

Fig. 1: Energy storage density Qv of selected storage materials as a function of water vapor pressure p w. Experimental conditions:
desorption at 110 °C, < 0.2 mbar water vapor pressure, adsorption at 30 °C, 5-35 mbar water vapor pressure (Nonnen et al. 2016)

While the adsorption kinetic remained unchanged after the ion-exchange in the zeolite, the salt-impregnated zeolite
changed its adsorption kinetic vastly. Figure 2 demonstrates this change, showing the results of an adsorption
experiment in a packed bed reactor at a water vapor partial pressure of 24 mbar, an air mass flow rate of 0.3 kg h-1
resulting in a mass flow rate per cross section area storage material of 330 kg m-2 h-1.

Fig.2: Comparison of a temperature T and water vapor pressure p w at the outlet of a fixed bed reactor during adsorption for the
storage materials Na-X, Ca-X and 15 CaCl2/Ca-X (Nonnen et. al. 2016)

All three materials are showing a maximum temperature lift of about 50 K. While the water vapor breakthrough for
the Na-X and Ca-X zeolites is begins after 9 min, it starts already after 2 min for the composite 15 CaCl2/Ca-X and
extends over a time period more than 5 times as long as for the salt free zeolites. This characteristic is a challenge
for the application of the material in a thermo-chemical heat store.
In addition to the steps of material development and laboratory characterization, the process for large-scale
manufacturing of the composite has been developed by the industrial partner Chemiewerk Bad Köstritz. Material
batches of 150 liters up to 200 liters have been produced. The produced material was inserted in the newly developed
store and experimentally investigated in a “hardware in the loop“ (HIL) test facility under representative operation
conditions described in section 5.
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3. Development of improved storage design
The implementation of continuous charging and discharging process of the thermo-chemical energy store has been
realized as an open adsorption process with material transport. The thermo-chemical energy store consists of three
main parts: The storage vessel, a material conveyor system and an external reactor unit (cf. Figure 3). Charged and
discharged material is stored separately in a thermally uninsulated, water vapor proof vessel. For charging and
discharging the material is transported via the material conveyor system (e.g. vacuum exhauster transport system) to
the external reactor unit. In the reactor unit the storage material flows gravity driven through the reactor and leaves
the reactor unit at the bottom where it is collected and transported back to the appropriate part of the storage vessel.

Fig. 3: Schematic view of the thermo-chemical store components

This concept has been applied by Kerskes et al. (2012) and Mette et al. (2014a). It shows a great potential for the
realization of a high thermal performance thermo-chemical heat storage. The earlier work also addresses challenges
regarding the robust operation and efficiency during charging and discharging of the storage material in the external
reactor. A semi batch operation mode has been suggested by Kerskes et al. (2012) to implement an interruption-free
operation. The experimental work on the semi batch operation has been limited to operation modes with a constant
storage material mass flow rate. An introduction of a process controlled storage material mass flow rate based on the
temperature measured in the reactor has been identified as the most promising improvement for a stable reactor
operation. The implications resulting from a temperature based storage material mass flow control in a single stage
reactor as used in previous work and further challenges regarding the efficiency of the charging and discharging
process led to the development of an improved reactor design based on a two stage reactor.

Improvement of the reaction behaviour through reactor splitting
During charging and discharging the reactor is operated in a semi batch operation mode (see figure 3 left). Small
portions of storage material are extracted discontinuously at the bottom of the reactor. Fresh storage material falls
from a buffer vessel at the top of the reactor into the reactor bed. The air streams through the reactor bed in cross
flow.
To ensure that the storage material always leaves the reactor completely charged/discharged it has to stay in the
reactor bed until the adsorption process is completed everywhere in the material batch. In practice this state is hardly
achievable. Due to grain size deviations, zones with unevenly distributed air flow are present. The increased friction
between the storage material and the reactor walls creates zones with lower material flow. These influences lead to
different timings of water vapor breakthrough in different parts of the reactor. Therefore a buffer zone at the bottom
of the reactor is necessary where the charging/discharging of all parts of the material is completed. Furthermore the
buffer zone provides the possibility to transfer the sensible heat of the storage material to the air stream during
discharging.
The impact of introducing a buffer zone in a single stage reactor shall be explained with an adsorption example. The
example sequence is based on a dynamic simulation of the adsorption process. The used storage material is the zeolite
Na-X. The storage material enters the reactor with a temperature Ts-in = 20 °C and a water loading of Xs = 84 g/kg.
The reactor is crossed with a humid air stream with a mass flow rate of ݉ሶ = 300 kg/h. The humid air enters the
reactor with a temperature of Tf-in = 30 °C and the specific humidity of xf-in = 6 g/kg corresponding to water vapor
pressure of approximately 9.4 mbar. At the beginning of the adsorption sequence the reactor is completely filled with
fresh storage material. The reactor control initiates an exchange of one storage material portion (1.0 liter) if the trigger
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temperature TME is lower than Tf-in + 1.8 K. Figure 3 shows a scheme of the single stage reactor as well as the time
series for specific humidity, temperatures and the binary signal for storage material exchange (ME) in the reactor.

Fig. 3: Simulation results of an adsorption sequence in a single stage reactor

The process illustrated in figure 3 shows that in a single stage reactor the introduced buffer zone has multiple
disadvantages. Since the reactor depletes as a whole, all storage material portions above the buffer zone are
exchanged after each other. This leads to a short drop of the outlet temperature Tf,out. Since the buffer zone is not
filled with fresh material the specific humidity of the air stream is not adsorbed in the buffer zone. Therefore after
the initial period the specific humidity in the mixed air stream behind the reactor has a value of at least 1.0 g/kg.
Since there is no temperature lift in the buffer zone the temperature in the mixed air stream behind the reactor
(Tf,out | 48 °C) is also lower compared to the temperature during the initial period of 51 °C.
To overcome the disadvantages of the single stage reactor the reactor has been split up into two stages: a main reactor
and a pre-reactor (see figure 4 left). In this two stage reactor the air first flows through the pre-reactor, is redirected
at the outlet of the pre-reactor and then enters the main reactor. The storage material enters the main reactor first and
is moved to the pre-reactor after leaving the main reactor. The introduced buffer zone is now placed in the bottom
part of the pre-reactor. Analog to the single stage reactor the storage material portions will be exchanged based on
the trigger temperature at the top of the buffer zone.
For the comparison of the single stage reactor with the double stage reactor the same adsorption sequence has been
applied. The sum of the reactor bed thickness of the double stage reactor equals the reactor bed thickness of the single
stage reactor. The cross area of each, the main reactor and pre-reactor is equal to the cross area of the single stage
reactor. Therefore the pressure drop over the whole reactor remains similar. Figure 4 shows the calculation results.
In the double stage reactor the specific humidity and the temperature at the outlet of the pre-reactor are specified in
addition to the quantities at the inlet and outlet of the whole reactor.

Fig. 4: Simulation results of an adsorption sequence in a double stage reactor

Due to the lower reactor bed thickness of the pre-reactor the specific humidity at the outlet of the pre-reactor rises
and the temperature falls already after a period of about 0.5 h. The adsorption in the pre-reactor is completed and the
first storage material portion is exchanged. Since the main reactor is still filled with fresh material this has no impact
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on the specific humidity at the outlet of the reactor. The exchange of the storage material portion causes a short
reduction of the outlet temperature. The entering storage material in the upper part of the reactor has a temperature
of 20 °C and has to be heated up to the process temperature. During the whole sequence the water vapor is completely
adsorbed in the two stage reactor and the mixed air stream temperature at the reactor outlet remains nearly at the
maximum of 51 °C. In this way the introduced buffer zone does not have a negative impact on the reactor
performance.

4. Experimental investigation of the improved storage design
For demonstration and performance testing of thermo-chemical energy storage device with the newly developed
reactor unit with a two stage reactor, a “hardware-in-the-loop” (HIL) test facility has been built. The HIL test facility
consists of an air loop, a heat load emulation loop and an electrical power source. With the air loop a humid air
stream with a defined specific humidity in the range from 3 to 16 g/kg, a temperature in the range of 15 to 30 °C and
a mass flow rate up to 200 kg/h can be provided to the reactor of thermo-chemical energy store. In the heat load
emulation loop thermal oil is circulated with a mass flow rate between 100 and 250 kg/h. For tempering of the oil an
electrically heated thermostat is used for heating with a power up to 4 kW and for cooling with a power up to 2.5 kW
in a temperature range from 20 to 200 °C.

In the HIL test facility the thermo-chemical storage has been operated under real application conditions. Adsorption
and desorption experiments have been carried out in application scale. All ingoing and outgoing energy fluxes were
measured based on the measurement of temperatures, mass flow rates and humidities, which allowed an energetic
balancing under dynamic operating conditions.

Developed reactor unit with a two stage reactor
The newly developed reactor unit consists of four key components: the two stage reactor (consisting of main and pre
reactor), air heat exchanger, charge heat exchanger (or electrical heating rod) and discharge heat exchanger. All key
components are placed in a common thermal insulation (cf. Figure 5). During operation ambient air enters the reactor
unit through the air heat exchanger and is preheated by the exiting air stream. Thus the air heat exchanger decouples
the reactor operation temperature level from the ambient temperature. Afterwards the air flows through the charge
heat exchanger, which is only active during charging, and enters the reactor through the pre-reactor. The air steam is
deflected in a duct behind the pre-reactor and led through the main reactor. Finally it flows through the discharge
heat exchanger, only active during the discharge operation, which is placed directly after the main reactor.

ambient air

Fig. 5: Sketch of the reactor unit with a two stage reactor (left) and the reactor unit during construction integrated in the
“hard ware in the loop” (HIL) test environment (right)

The reactor accommodates approximately 24 liters of storage material. The pre-reactor has a cross area of 0.245 m2
and a bed depth of 0.02 m. The main reactor has a cross area of 0.49 m2 and a bed depth of 0.05 m. A buffer vessel
at the top of the reactor unit contains additionally 90 liters of storage material. The storage material enters the reactor
unit from the buffer vessel and is conveyed through the reactor driven by gravity. The dosing of the storage material
is handled by a customized rotary air lock valve. The rotary air lock valve is operated discontinuously triggered
depending on the temperature behind the pre-reactor. The volume of each rotary air lock valve chamber is 0.7 liters,
which corresponds to the storage material portions which are extracted at once.
In the experimental setup a vacuum exhaust transport system has been added at the outlet of the rotary air lock valve.
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This system transports the charged/discharged storage material into a storage vessel, where it is stored water vapor
tight until the next test sequence. As storage vessels for the charged and discharged storage material two metal bins
have been used. The transport from the storage vessel to the buffer vessel is done manually before the beginning of
a test sequence.
The newly developed reactor unit has been operated in a fully automated mode under realistic conditions in
approximately 50 adsorption and desorption experiments, each with a duration between 4 and 20 hours. During
discharging the set value for the reactor unit is the flow temperature of the heat load emulation loop. The reactor
control adapts the air mass flow rate through the reactor to match the reactor adsorption output to the heat demand
of the discharge heat exchanger. The mass flow rate and the return temperature of the heat load emulation loop were
applied as boundary conditions. During charging the temperature at the inlet of the pre-reactor is the set value. To
attain the required pre-reactor inlet temperature in this operation mode the air mass flow rate is adapted to the
available charging power and the outlet temperature of the main reactor.

5. Results of HIL experiments
The following questions have been experimentally investigated in the HIL test facility:
x Is the reactor unit able to provide the expected thermal power?
x Is the reactor unit operating robust when dynamic heating demand is applied during discharging?
x Can the theoretically available energy storage density of the storage material be fully used in the reactor unit?
x Is efficient operation with the commercially available Na-X zeolite and the newly developed composite
material 15CaCl2/Ca-X in the reactor unit possible?

Reactor unit operation with different storage materials
A series of adsorption and desorption experiments have been successfully conducted with the commercially available
zeolite Na-X and with the newly developed composite material 15 CaCl2/Ca-X.
In the results of the desorption experiments shown in figure 6 the storage material is desorbed at a temperature of
180 °C. The air mass flow rate through the reactor unit is controlled to provide a defined fluid temperature measured
at the reactor inlet of Tf-in = 192 °C. A portion of the storage material is released, when the fluid temperature measured
at the outlet of the pre-reactor bed Tf-pr reaches 180 °C. Figure 6 shows the temperatures and the specific humidity
during desorption of the zeolite Na-X and during desorption of the composite material 15 CaCl2/Ca-X.

Fig. 6: Mean temperatures in the reactor unit as well as specific humidity and temperatures at the inlet and outlet of the reactor unit
during a stationary desorption of Na-X zeolite (left) and the composite 15CaCl2/Ca-X (right)

As shown in figure 6 a stable desorption process continues over a period of about 5 hours for both storage materials.
In both sequences similar fluid output conditions are reached over the major part of the shown period. The fluid
temperatures at the reactor outlet (Tf-out) are in both cases in the range from 110 °C to 140 °C. The reactor outlet
specific humidity is in both experiments in a similar range from 22 g/kg to 30 g/kg. After a starting period of
approximately 1 hour (not included in the shown desorption of 15 CaCl2/Ca-X) a stationary operation of the reactor
is reached and continues until the buffer vessel at the top of the reactor runs out of storage material.
In the adsorption experiments shown in figure 7 the storage material has been discharged during an adsorption
process with an air mass flow rate through the reactor unit of approximately 110 kg/h. The mean thermal output
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power of the reactor unit during the adsorption process was 680 W. Due to control errors the specific humidity
deviates slightly in the two shown experiments resulting.

Fig. 7: Mean temperatures in the reactor unit as well as specific humidity and temperatures at the inlet and outlet of the reactor unit
during a stationary adsorption of Na-X zeolite (left) and the composite 15CaCl2/Ca-X (right)

As shown in figure 7 in both experiments a stationary outlet temperature of approximately 54 °C has been reached
after 3 hours of operation. After a period of approximately 20 to 30 minutes the material exchange starts in both
cases. The process is stationary after approximately 1 hour. The temperature Tf-pr at the outlet of the pre-reactor is
slightly lower during the adsorption of the 15 CaCl2/Ca-X compared to the adsorption of Na-X. This behavior is
consistent with the results measured in a fixed bed reactor, which have been shown in figure 2. Although the zeolitesalt composite 15 CaCl2/Ca-X has a slower reaction kinetic, the double stage reactor design compensates this
limitation and allows a stationary charging and discharging process.

Measured reactor unit output power
To determine if the reactor unit is able to provide the expected heat flow rate, multiple adsorption experiments have
been conducted. In this series of experiments the specific humidity has been varied in the range from 5.5 g/kg to
13.5 g/kg. The heat load demand has been varied in the range from 500 W to 1800 W. As reference the theoretical
heat flow rate is used which is calculated based on the measured water uptake from the air stream and the standard
adsorption enthalpy of the Na-X zeolite of hads = 3456 kJ/kg determined by Mette et al. (2014b). The reactor unit
output power is determined based on measured inlet and outlet temperatures and mass flow rate of the heat load
emulation loop. Figure 8 shows the comparison between the theoretical heat flow rate and the measured reactor unit
output power.

Fig. 8: Comparison of the measured reactor unit output power to the theoretical heat flow rate or power respectively obtainable for
Na-X zeolite and the composite 15CaCl2/Ca-X at given boundary conditions

As shown in figure 8 in the most experiments the measured reactor unit output for the zeolite Na-X has reached
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approximately 90 % of the theoretical heat flow rate. Operation conditions with lower humidity and operation with
the zeolite salt composite 15 CaCl2/Ca-X leads to a slight degradation of the efficiency. In this cases the measured
reactor unit output is about 80 % of the theoretical heat flow rate.

Robustness of reactor unit operation
To ensure a robust operation of the reactor unit adsorption experiments with varying heat demand have been
conducted. The heat demand variation has been applied through variation of the mass flow rate in the heat load
emulation loop. Small deviations of the specific humidity in the air stream entering the reactor constitute an additional
disturbance representing a dynamic environment. Figure 9 shows the results of an adsorption experiment.
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Fig. 9: Temperatures and the mass flow rate in the heating loop of the reactor unit and specific humidity at the inlet of the reactor
unit during adsorption of Na-X zeolite with variations of the heat demand

The results show that the reactor unit managed to provide the required flow temperature of TH-set = 35 °C with only
small deviations. The reactor unit control adapted the mass flow rate of the air through the reactor adequately and
with it the required thermal power of the reactor. Thus both deviations due to the variation of the humidity and the
variation of the heat demand were compensated.

Degree of storage material capacity utilization
The introduction of a pre-reactor with a buffer zone at the bottom theoretically allows to utilize the full storage
material capacity. Therefore experiments have been conducted to investigate the degree of storage capacity
utilization.
During adsorption and desorption operation of the reactor unit in the HIL test facility material samples of
approximately 10 g have been extracted for analyses from the storage vessel. The samples have been taken from the
storage vessel after finishing the experiment from volume portions of 10 l each. The water loading of the samples
has been determined using a halogen moisture analyzer from the manufacturer Mettler Toledo. All samples were
desorbed in the moisture analyzer to reference conditions (Tref = 180 °C, xf-ref = 7.2 g/kg), where the change of the
water loading between the state after the experiment and the reference conditions has been measured. From the
change in the water loading the water loading at the end of the experiment has been calculated.
The theoretical storage capacity of the storage material is being utilized when the material reaches the equilibrium
water loading at the given conditions. The equilibrium water loading has been calculated from the isotherms (Mette
et al. 2014b) of the zeolite Na-X for each sample. The equilibrium was calculated according to the conditions (Tf-pr,
xf-in) in the lower part of the pre-reactor during the residence time of the material sample in the pre reactor. Figure 8
shows the results of the comparison of water loading Xs measured in samples and the calculated equilibrium water
loading during an exemplary adsorption and desorption sequence. The samples are displayed over the normalized
volume fraction. The normalized volume fraction is the total storage material volume used in the sequence divided
by the reactor volume.
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Fig. 1: Measured water loading of Na-X after an adsorption and desorption sequence in the reactor unit compared with the water
loading of Na-X reached in equilibrium

The results for the adsorption experiment show that the measured and calculated equilibrium water loading matches
well within the error margin of the experiment. In the shown desorption sequence the measured water loading is
approximately 10 g/kg higher than the calculated equilibrium water loading. The measured water loading lift between
the shown desorption and adsorption is 228 g/kg. Compared to the maximum water loading lift of 238 g/kg this
shows a 96 % degree of storage capacity utilization. This experiment shows further that the charging and discharging
of the storage material is robust over multiple filling volumes of the reactor. Only the first probe shows lowered
water loading compared to the average values.
The shown experiment has been conducted for a combination of more than 10 adsorption and desorption sequences.
The degree of storage capacity utilization in all experiments is in the range from 92 to 98 %.

6. Conclusions
Zeolites and zeolite salt composites are promising energy storage materials applicable for seasonal heat storage. Both
storage materials have a high energy storage density but show different characteristics regarding the adsorption
kinetic. Therefore a new reactor unit design has been developed. In this design the reactor is split into two stages:
the main reactor and the pre-reactor. This two stage reactor allows an efficient and robust charging and discharging
of the storage material under dynamic operation conditions.
For experimental investigation of the newly developed reactor unit a HIL test facility has been built up. The
experiments carried out in the HIL test facility are an important step from laboratory to demonstration scale. The
developed thermo-chemical store has been operated in the HIL test facility in a fully automated mode under realistic
conditions. In stationary adsorption and desorption experiments using the pure zeolite Na-X and the zeolite salt
composite 15 CaCl2/Ca-X the expected operation behavior of the reactor unit has been confirmed. During
discharging the rector unit shows an efficient operation: More than 80 % of the theoretical rector unit output power
has been obtained for all investigated settings of humidity. Furthermore it has been shown, that approximately 95 %
of the theoretical value of energy storage density provided by the storage material could be utilized with the newly
developed two stage reactor design.
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Abstract
A seasonal heat storage with phase change material (PCM) for a solar space heating and domestic hot water
combisystem was tested in automated operation during charge with solar collectors. A water tank was
operating as buffer heat storage. Based on measurements during a representative day with sunshine, the
storage system performance was evaluated regarding charge with solar heat. It shows the system behavior
during typical operation resulting from the control strategy. Heat transfer rates from the solar collector array
(22.4 m2 aperture area) to the heat stores reached a peak of 19 kW, when PCM was melted. 30 kWh of heat
was transferred to the 750 l water volume as it heated up. Afterwards 46 kWh of heat was transferred to the
segmented PCM storage. In total 56 % of the total irradiation on the tilted collector plane was utilized to heat
the storage units. During PCM charge heat transfer fluid temperatures were increasing with the state of
charge. This is in contrast to maximization of solar yield. However, the energy conversion efficiency (65 %)
of the collector array was satisfying. By considering pump electricity consumption, an overall performance
ratio of 30.8 was obtained.
Keywords: Solar combisystem; Seasonal heat storage; Demonstrator; Performance evaluation;
Measurement.

1. Introduction
Sodium acetate trihydrate (SAT) can be utilized for heat storage in a solar combisystem for space heating
and domestic hot water supply. It can be melted in sunny periods with solar heat, the PCM can cool down to
the ambient temperature without solidifying and remain stable in supercooled state. The solidification can be
initiated and the heat of fusion released later when heat is in demand. This concept was successfully applied
to flat prototype heat storage units (Dannemand et al., 2016). SAT has a melting point of 58°C and a latent
heat of fusion of 264 kJ/kg (Meisingset & Grønvold, 1984). The heat content of SAT composites was
experimentally investigated by Kong et al. (2016).
A seasonal PCM heat storage demonstration system (Fig. 1) was designed based on calculations with a
TRNSYS model (Dannemand et al., 2015). Four 150 l heat storage units have been assembled to a latent heat
storage stack. They were tested for their ability to supercool in a stable way after being charged with a
fluctuating heat source (Englmair et al., 2016). The system was built at the solar heating test facility of the
Technical University of Denmark. Heat from a solar collector array, 7 panels of evacuated tubular collectors
with an aperture area of 22.4 m2, was used to charge a 750 l water tank (buffer storage). The excess yield of
the collector array was utilized to heat up the latent heat storage. This additional storage volume aims to
preserve heat for periods with shortage of solar energy supply.

Fig. 1: Overall system design: Schematic drawing (left); Photography of water tank and PCM heat storage (right).

 
       
  !"  # $  "%  % &''
( ))*!$  + #  "(!!"    

705

G. Englmair / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Using evacuated tubular collectors as a heat source for seasonal PCM heat storage is a novel approach. The
heat transfer to the buffer storage and the PCM units are of special interest, since the solar source is
fluctuating and therefore an optimized control strategy has to be found. Therefore data from a sunny day (9th
of September 2015) where the system was operating with the designed control strategy was analyzed. The
performance evaluation was based on measured heat transfer rates and monitoring of pump electricity
consumption.
Nomenclature:
Symbol
G
H
P
PR

Quantity
global irradiance
global irradiation
electrical power
performance ratio (daily)

Unit
[W/m2]
[Wh/m2]
[W]
[-]


Q

heat transfer rate

[W]

Q
T
W
Ș

heat
temperature
electrical work
efficiency

[Wh]
[°C]
[Wh]
[-]

Subscript
aperture
charge
charge buffer
charge PCM
coll
coll loop
P
total

Quantity
aperture area (collector field)
buffer charge and PCM charge loops
buffer charge loop
PCM charge loop
solar collector
solar collector loop
pump
tilted surface (collector field)

2. Method
2.1 Hydraulic configuration
The solar collector array was formed with 7 panels of Thermomax HP 450 (heat pipe evacuated tubular solar
collectors) from Kingspan Renewables. Each panel consisted of 30 tubes. The 7 panels were connected in 2
parallel circuits. One circuit with 4 panels in series and one with 3 panels in series as illustrated in Fig 2.
Equal fluid flow rate in each collector panel was realized by means of regulation valves. A CM3
pyranometer from Klipp & Zonen was used for Gtotal measurements in between the two parallel collector
circuits (location marked with the green star). A copper-constantan thermocouple (TT-type) was used for
measurement of the collector outlet temperature (location marked with the red star). Because of its location
in Denmark (latitude: 55.89), an inclination angle of 45° was chosen. The azimuth angle of the collector
array was 12° towards east.

Fig. 2: Collector setup (schematic drawing).

Inside the building heat was transferred from the collector loop via a plate heat exchanger, operated in
counter flow. At the secondary side, 2-way control valves were set in order to realize either buffer storage or
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PCM charge. TYFOCOR LS (propylene-glycol and water mixture) was used as solar collector fluid and
water was filled in the secondary side. In Fig. 3 operation schemes for the operation modes are drawn. Active
pumps and open valves are marked in green; inactive pumps and closed valves in red.

Fig. 3: Operation scheme with marked active components: PCM charge (left);
buffer storage charge (right).

The forward pipe from the heat exchanger to the collector array was 21.5 m, the return pipe was 14 m. 8
meters of the forward and of the return pipe was inside of the building of the demonstration system and the
rest was outside the building. Forward and return pipe in between the heat exchanger and the water tank were
both 4.5 m long. From the heat exchanger to the PCM heat storage units the forward pipe reached 7-9 m and
the return pipe reached 10-12 m, depending on the number of PCM units in charge. 20 mm (outer diameter)
copper pipes in the collector loop and ¾" carbon steel pipes in the secondary loops were installed. Pipework,
valves and the heat exchanger were insulated with 19 mm of elastomeric foam.
All hydraulic loops were equipped with magnetic induction flow meters (class 2) in the return flow, copperconstantan thermocouples (TT-type) for temperature measurements, thermopiles (TT-type) for temperature
difference measurements and motor valves. Regarding to the norm (EN 1434), the maximum measurement
error of class 2 flow sensors was 2.5 % in the operation range. This accuracy was proved by tests for all flow
meters installed. Electricity consumption was detected by an installed wattmeter for each pump.

2.2 Operation sequence
The collector loop pump was activated when the temperature difference between the collector outlet
temperature and the temperature at the bottom of the water storage exceeded 10 K (lower threshold value).
The water tank was charged until a temperature of 55°C was reached in the middle of the water tank. This
value was chosen as the upper threshold value for the control. Buffer storage charge stopped 5 minutes after
either the lower or upper threshold value was met.
When the upper threshold for the buffer storage was met, collector loop circulation stopped until a collector
outlet temperature of 70°C was measured. Then the PCM charge mode was activated. Melting of SAT
composites required higher temperature, therefore previous buffer storage charge was beneficial. In order to
achieve the full melting of the PCM, which is required for stable supercooling, inlet temperatures to the PCM
units of up to 93 °C and high water flow rates were applied.
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Fig. 4: Development of irradiance on the collector array and water flow rates applied.

Fig. 4 shows the flow rates applied on the secondary side of the plate heat exchanger. At 7:30 h the operation
mode was switched from manual to automated control. The buffer storage was charged with a flow rate of
6.3 l/min (blue curve). Although at 10:15 h the buffer storage was already heated up, some periods of
additional demand around noon and in the evening were detected by the control system. The collector array
was shaded from 16:20 h on. As a consequence, the operation stopped with a short delay. A water flow rate
of about 16.5 l/min (red curve) was applied when the PCM storage was charged. Due to the limited heat
exchange capacity rates of a single PCM unit (Englmair et al., 2016) the units were charged in parallel.

2.3 Performance evaluation
The evaluation was based on heat transfer rates in the charging loops. In Fig. 5 the thermopiles (TP) mark the
location where the heat transfer rates were evaluated. Also inlet-and outlet temperature measurements were
located there. Beside temperature difference, measured flow rates, temperature dependent densities and
specific heat capacities (resulting from temperature measurements) of the heat transfer fluids (solar collector
fluid and water) were used for calculation.

Fig. 5: Schematic evaluation model.

Pipe heat losses between the solar collector and the heat exchanger and between the heat exchanger and the
buffer storage are included in the analyses. The heat loss in the solar collector loop was determined by
calculations based on length, diameter and insulation thickness for the pipes and on measured temperatures.
The heat loss in the PCM charge loop was resulting from the difference of heat transfer rates between TP3
and TP5. Thermal collector power was resulting from adding pipe heat losses to the calculated heat transfer
rates at the plate heat exchanger.
Transferred heat was resulting from integration of heat transfer rates over time, considering the duration of
each charging period.
As reference for evaluation, the solar potential was defined by the daily solar irradiation (Haperture total) on the
aperture area of the tilted collector surface. The course of the solar irradiance (Gtotal) is drawn in Fig. 4 (grey
curve). The overall energy conversion efficiency was defined by the ratio of heat transferred to the sink
(Qcharge) and the solar potential (formula no. 3).
ߟ௧ ൌ
ߟ௦௬௦௧ ൌ
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ߟ௩ ൌ

ொೌೝ
ுೌೝೠೝೌ

(3)

Energy conversion efficiency at the collector (formula no. 1) and heat transfer efficiency in the system
(formula no. 2) were based on the system border to the collector array, defined in Fig. 5. This approach
enabled a closer look on the dependency of heat losses to the water temperatures during the two charging
modes.
In terms of electrical power, control plays a minor role in solar heating systems. Therefore the consumption
of pumps (marked in Fig. 5) was evaluated with the following performance ratios:
ܴܲ௨ ൌ
ܴܲெ ൌ

ொೌೝ್ೠೝ
ௐುభೌೝ್ೠೝ ାௐುమ 
ொೌೝುಾ

ௐುభೌೝುಾ ାௐುయ

ܴܲ௩ ൌ

ொೌೝ್ೠೝ ାொೌೝುಾ
ௐುభ ାௐುమ ାௐುయ

(4)
(5)
(6)

As reference, their electrical work was logged during charging periods (indicated by the flow rates in Fig. 4).
The collector loop pump (P1) was in operation during all periods, while P2 operated during buffer storage
charge and P3 during PCM storage charge.

3. Results and discussion
On the selected day, the system was only in charging operation. Heat transfer rates, the daily energy balance
as well as efficiency values were evaluated.

3.1 Heat transfer rates
In Fig. 6 the development of heat transfer rates of the collector loop (black marks), of the buffer storage
charge loop (blue marks) as well as of the PCM charge loop (red marks) are drawn over time. The collector
loop power followed Gtotal (grey curve in Fig. 4). During PCM charge peak values of up to 19 kW were
reached when the mode has been activated (10:15 h), as well as during cascading of the number of PCM
units (13:30 h – 14:00 h) in the charging loop.

Fig. 6: Heat transfer rates during the course of the day.

Because the buffer storage is situated close to the plate heat exchanger, the collector loop power almost
equaled to the heat transferred to the water tank. Buffer storage charge was interrupted two times before
noon. Significant heat losses occurred in the PCM charge loop. The total duration of heat transfer was 10
hours.
The data were noisy through to the setting of the control system. Cascading of PCM units during PCM
storage charge is necessary to match the fluctuating collector power with the limited heat transfer capacity of
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PCM units. In contrast, intermediate buffer storage charge during periods of PCM storage charge only
happened due to small internal temperature changes in the water tank. This cooled down the collector array
and system components (collector loop, plate heat exchanger, pipework). Therefore a temperature hysteresis
for full buffer charge (end criterion: 60°C, start criterion: 50°C) was implemented in the control after the
present initial tests.

3.2 Daily energy balance
The energy balance was analyzed by integration of the heat transfer rates over time. Fig. 7 shows the solar
potential (black curve) compared to the transferred heat during the course of the day. The difference between
the collector loop energy (red curve) and the calculated collector output (red dotted curve) was a result of the
pipe heat losses in the collector loop. During the total period of operation, the solar potential was 135 kWh.
From this potential 79 kWh of energy was supplied by the collector loop to the heat storage system. 76 kWh
(53 % of the solar potential) of heat was stored. Most heat was transferred to the PCM modules (46 kWh) in
the period from 10:30 h to 16:00 h. This means an average net heat transfer rate of 9 kW. To the buffer tank
(green curve) the highest share of energy (25 kWh) was transferred until 10:00 h, while the rest was
transferred later, in four short periods.

Fig. 7: Development of heat transfer during the course of the day.

During buffer storage charge only minor heat losses occurred in the system (collector loop and charging
loop), while significant heat losses (8 kWh) occurred during the charge of the PCM units with high solar
collector fluid and water temperatures.
The buffer storage charge means an average temperature increase of 35K in the water tank (750 l), which
was considered to be sufficiently high to cover the heat demand of an energy efficient single family house
throughout the following day. Full charge of a single PCM unit (from solid state at ambient temperature)
required 27.4 kWh (Englmair et al., 2016). However, since up to 3 PCM units were charged in parallel, 2
consecutive sunny days are assumed to be necessary to ensure full PCM unit heat up to a uniform
temperature of 80°C. Only in this way the supercooling ability of charged PCM units can be enabled.

3.3 Energy efficiency
Based on the daily energy balance, average energy efficiency factors are obtained:
ߟ௧ = 0.65;

ߟ௦௬௦௧ = 0.86;

ߟ௩ = 0.56

As a result of energy conversion of the collector, 65 % of the solar potential was transferred in form of heat
to the system. The system efficiency was 86 % on the reference day. 10 % of heat in the collector loop and 4
% of heat in the secondary loop were dissipated via heat losses to the ambience. So, in total 56 % of the solar
potential was transferred to the heat sink.
Further information can be seen from the course of energy efficiencies in context to the collector outlet
temperature in Fig. 8. The energy conversion efficiency at the collector (grey scattered curve) was low until
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9:00 h. During this period and all components of the collector loop as well as the heat transfer fluids were
heating up. Peak values occurred due to changes of operation modes. After 9:00 h ߟ௧ reached a level
of above 65 %. Because of rising heat transfer fluid temperatures (indicated by the collector outlet
temperature – red curve) ߟ௧ fell throughout the day. Shifts between buffer and PCM charge modes
(Fig. 4) caused collector outlet temperature jumps. During PCM charge the heat transfer fluid temperatures
were coupled to the state of PCM unit charge.
After 15:00 Gtotal and the efficiency values fell down dramatically and the heat transfer fluid temperatures
remained high. When the operation stopped, heat remained in the hot heat transfer loops and in the solar
collector.

Fig. 8: Development of system efficiency, energy conversion efficiency at the collector and collector outlet temperature during
the course of the day.

The system efficiency (black scattered curve) showed similar behavior. After the pipework was heated up
(until 7:30 h), ߟ௦௬௦௧ remained above 90 % during buffer storage charge. During PCM charge, when heat
transfer fluid temperatures raised and a longer pipework was used, ߟ௦௬௦௧ was in the range of 80-90 % for
long time. Lower values were observed around noon, when Gtotal was fluctuating at lower level than before
noon. Decreasing system efficiency after 15:00 h was a result of lower heat transfer rates at high fluid
temperatures. This means that during that period a high share of heat was dissipated to the ambience.
Longer periods of buffer storage charge (lower heat transfer fluid temperatures) at the end of the day (when
Gtotal is decreasing) would maximize the daily energy yield. Increased ߟ௦௬௦௧ and ߟ௧ values would be
resulting. However, PCM unit charge is beneficial after the buffer heat storage is sufficiently heated for
domestic heating applications.

3.4 Pump efficiency
The secondary loop pump (P2) was powered with 8 W to achieve the set water flow rate during buffer
charge. To match the heat transfer capacity rate of the solar collector fluid at the heat exchanger to the water,
a collector loop pump power of 70 W was required. During PCM charge the pumps were set at 90% of their
maximum operation speed to enable high fluid flow rates. The collector loop pump power reached 390 W
and the secondary loop pump (P3) was operating at 120 W. The resulting electricity consumptions are given
in Tab. 1:

Buffercharge
PCMcharge
Overallcharge

WP1
(Wh)
167
1716
1883

WP2
(Wh)
22
none
22

WP3
(Wh)
none
548
548

Tab. 1: Pump electricity consumption during charging periods.
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The electrical power consumption of pumps during PCM charge (about 5 hours of operation) was 2.5 kWh,
while for buffer storage charge only 0.2 kWh were consumed. Based on the previous definitions, the
following performance ratios were resulting:
ܴܲ௨ = 154;

ܴܲெ = 19.1;

ܴܲ௩ = 30.8

The highest performance ratio was occurring during buffer storage charge (154), while the performance ratio
during PCM module charge was about 8 times lower. The overall charge performance ratio was 30.8. It was
found that the electricity consumption for PCM charge can be lowered by application of different pump
types. Also, a reduction of flow rates during PCM charge could lower the electricity consumption. However,
this would lower the heat transfer in the PCM units.

4. Conclusions
A demonstration system on seasonal heat storage, utilizing the principle of stable supercooling of SAT, was
tested for its functionality during charge on a representative sunny day. System control enabled interplay
between solar collectors, buffer heat storage and PCM heat storage:
x

The applied collector array enabled sufficiently high heat transfer for both, buffer storage and PCM
charge. The heat transfer reached peak values of more then 12 kW in both operation modes. When
modes were changed or interrupted, heat transfer rates of up to 19 kW occurred.

x

During PCM charge the HTF temperatures were increasing with the state of PCM charge. This is in
contrast to maximisation of solar yield. Since the number of PCM units in operation was variable,
no restrictions for heat transfer from the collector array were observed.

x

Regarding to the required high collector outlet temperatures (up to 95°C) during PCM charge, the
energy conversion efficiency of the collector array was satisfying. 65 % of the solar potential was
converted into heat and transferred to the system.

x

76 kWh (86 %) of available heat was stored. During buffer storage charge only minor pipe heat
losses occurred. 46 kWh of heat were charged to the PCM storage when 8 kWh (10% of available
heat) were dissipated via hydraulic components to the ambience.

x

The PCM charge performance ratio (19.1) and therefore also the overall performance ratio (30.8)
were quite low, although standby consumptions of pumps and of the control system were not
considered in their calculation.

The resulting operation sequence proved functional system behavior. Significant heat losses due to a long
pipework, frequent mode-switches and rather high pump electricity consumption during PCM charge were
identified as areas for potential improvements.
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WKHRUHWLFDOO\.LHOVJDDUG+DQVHQHWDO  LQYHVWLJDWHGILUVWDVPDOOPSLORWZDWHUSLWKHDWVWRUDJHDWWKH
FDPSXVRIWKH7HFKQLFDO8QLYHUVLW\RI'HQPDUN/DWHU.EOHUHWDO  SUHVHQWHGLQYHVWLJDWLRQVRQDSLORWKHDW
VWRUDJH ZLWK DERXW  P YROXPH EXLOW LQ 5RWWZHLO 7KH SLORW KHDW VWRUDJH ZDV DSSOLHG DV VKRUW WHUP VWRUDJH LQ
FRQQHFWLRQZLWKDFRPELQHGKHDWDQGSRZHU &+3 SODQW7KHVWRUDJHFRQWDLQHUZDVPDGHRIFRQFUHWHZLWKDVWDLQOHVV
VWHHOOLQHUDQGPLQHUDOZRRODVLQVXODWLRQ7KHDLPRIWKHSDSHUZDVWRGHPRQVWUDWHWKHIHDVLELOLW\RIWKHWHFKQRORJ\
DQGWRJDLQSUDFWLFDOH[SHULHQFHIRUWKHFRQVWUXFWLRQRIODUJHUVWRUHV$JUDYHOZDWHUVWRUDJHSLWZDVEXLOWLQ6WHLQIXUW
*HUPDQ\ 3IHLO0 7KHHFRORJLFDOFRPSDWLELOLW\RIWKHXVHGPDWHULDOVLQWKHVWRUDJHZDVSURYHG$QRWKHU
IRFXVRIWKHSDSHUZDVDQDO\VLVRIWKHFRVWUHGXFWLRQSRWHQWLDORIWKH37(6 3IHLO0 7KHUPDOEHKDYLRURID
PRGHO37(6ZDVH[SHULPHQWDOO\LQYHVWLJDWHGLQDWHVWULJDQGQXPHULFDOO\LQYHVWLJDWHGE\PHDQVRI&)'VLPXODWLRQV
&KDQJHDQG:X 7KHLQYHVWLJDWHG37(6ZDVDVFDOHGGRZQPRGHOWKDWIDFLOLWDWHVPHDVXUHPHQWVLQDWHVWULJ
7KHUPDOEHKDYLRUVRI37(6LQUHDORSHUDWLRQZLWKDYROXPHDVODUJHDVPZDVQRWIRXQG
0DUVWDO¶V37(6ZDVGHYHORSHGEDVHGRQWKHH[SHULHQFHIURPWKHVPDOOGHPRQVWUDWLRQZDWHUSLWVDQGIXQGHGXQGHU
WKH6816725(SURMHFWDVSDUWRIWKH´(8ÀDJSURMHFWV´ .DWH ,WVDLPLVWRLQFUHDVHWKHVRODUIUDFWLRQRI
WKHSODQWXSWRRIWKHWKHUPDOHQHUJ\SURGXFWLRQIRFXVLQJRQVXVWDLQDELOLW\LQFUHDVHGH൶FLHQF\DQGORZFRVWV
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0DUVWDO¶VP 37(6ZDVFRPPLVVLRQHGLQDQGLWKDVDFDSDFLW\RI*:KDFFRUGLQJWR3ODQ(QUJL
-HQVHQ 7KHRSHUDWLQJWHPSHUDWXUHVYDU\GHSHQGLQJRQWKHVHDVRQDQGWKHGHSWKRIWKHZDWHUOD\HUKRZHYHU
WKHSRQGLVGHVLJQHGWRRSHUDWHLQDUDQJHRI&
7KHDLPRIWKHSDSHULVWRLQYHVWLJDWHWKHUPDOEHKDYLRURIWKHODUJHZDWHUSLWKHDWVWRUDJHLQ0DUVWDOVRODUKHDWLQJ
SODQW7HPSHUDWXUHVDWGLIIHUHQWOHYHOVRIWKHZDWHUSLWVWRUDJHDQGWHPSHUDWXUHVDWGLIIHUHQWGHSWKVRIWKHJURXQG
DURXQGRIWKHVWRUDJHZHUHPRQLWRUHGDQGDQDO\]HG$VLPXODWLRQPRGHORIWKHZDWHUSLWVWRUDJHLVEXLOWWRLQYHVWLJDWH
GHYHORSPHQWRIWHPSHUDWXUHVLQDQGDURXQGWKHVWRUDJH7KHFDOFXODWHGWHPSHUDWXUHVDUHFRPSDUHGWRWKHPRQLWRUHG
WHPSHUDWXUHVZLWKDQDLPWRYDOLGDWHWKHVLPXODWLRQPRGHO7KHUPDOEHKDYLRURIWKHZDWHUSLWKHDWVWRUDJHDQGLWV
LQWHUDFWLRQZLWKWKHJURXQGDUHHOXFLGDWHG

0HDVXUHPHQWVRIWKH37(6LQ0DUVWDO
/RFDWHGLQDVPDOOLVODQGU¡LQWKHVRXWKHUQSDUWRI'HQPDUNWKHPZDWHUSLWKHDWVWRUDJHKDVDQRXWHU
GLPHQVLRQRIPîPH[FOXGLQJWKHGDPDURXQGWKHVWRUDJHVHH)LJ7KHGHSWKRIZDWHULQWKHVWRUDJHLV
P$QLOOXVWUDWLRQRIWKHGHVLJQRIWKHZDWHUSLWWKHUPDOHQHUJ\VWRUDJHLVJLYHQLQ)LJ$IWHUFRPPLVVLRQLQJRIWKH
37(6 LQ  GHWDLOHG PHDVXUHPHQW KDYH EHHQ FDUULHG RXW LQ LQ WKH SHULRG  WR HYDOXDWH WKHUPDO
SHUIRUPDQFHVRIWKHVWRUDJH7KHIROORZLQJPRQLWRULQJHTXLSPHQWLVLQVWDOOHGRQWKHZDWHUSLWKHDWVWRUDJH
Э7HPSHUDWXUHDQGYROXPHÀRZVHQVRUVLQLQOHWRXWOHWSLSHV
Э7HPSHUDWXUHVHQVRUVLQVLGHWKHZDWHUVWRUDJHDWGL൵HUHQWOHYHOV
½7HPSHUDWXUHVHQVRUVLQWKHJURXQGDWGLIIHUHQWGHSWKV
Э$KHDWÀX[VHQVRULQWKHIORDWLQJWRSFRYHU


)LJ%LUGYLHZRIWKHZDWHUSLWKHDWVWRUDJHLQ0DUVWDO6RODUKHDWLQJSODQW

7KHVHQVRUVLQWKHLQOHWRXWOHWSLSHVDUHORFDWHGDWWKHHQGRIWKHWUDQVPLVVLRQSLSHVPDZD\IURPWKHSLWVWRUDJH
7KHYROXPHÀRZUDWHLVPHDVXUHGZLWKÀRZPHWHUVLQPKZLWKDQDFFXUDF\RI 6FKPLGW 7KHWHPSHUDWXUH
VHQVRUVDUH37UHVLVWDQFHWKHUPRPHWHUVZLWKDQDFFXUDF\RI. 6FKPLGW 


)LJ,OOXVWUDWLRQRIWKHGHVLJQRIDZDWHUSLWWKHUPDOHQHUJ\VWRUDJH

7KHSODFHPHQWRIWKHVHQVRUVLQWKHZDWHUSLWKHDWVWRUDJHDUHLQGLFDWHGDVFLUFOHVLQ)LJZKHUHVHQVRUV$DQG$
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PHDVXUHZDWHUWHPSHUDWXUHVRIWKHVWRUHDWGLIIHUHQWGHSWKVZKLOHWKHVHQVRUV%&DQG*PHDVXUHWHPSHUDWXUHVRI
WKHJURXQGDWGLIIHUHQWOHYHOV0RUHRYHUDW$DKHDWÀX[VHQVRULVLQVWDOOHGLQWKHOLGLQFOXGLQJRQHWHPSHUDWXUH
VHQVRURQWKHWRSDQGRQHWHPSHUDWXUHVHQVRURQWKHERWWRPVXUIDFHRIWKHLQVXODWLRQOD\HU


$
)LJ6FKHPDWLFLOOXVWUDWLRQRIWKHPHDVXUHPHQWVHQVRUV

1XPHULFPHWKRG
$VLPSOLILHG&)'PRGHORIWKHZDWHUSLWKHDWVWRUDJHLQ0DUVWDOLVEXLOWXVLQJDFRPPHUFLDO&)'VRIWZDUH$QV\V
)OXHQW $QV\V 7KHPRGHOLQFOXGHVWKHZDWHUYROXPHLQWKHVWRUHDQGWKHLQOHWRXWOHWRSHQLQJV$QLQOHWRXWOHW
SLSHZLWKWKUHHLQOHWRXWOHWRSHQLQJVLVSODFHGLQWKHPLGGOHRIWKH37(6)LJVKRZVPHVKRIWKHVLPSOLILHG&)'
PRGHORIWKH37(6*ULGOLQHVRQWKHVLGHDQGWKHERWWRPVXUIDFHVRIWKH37(6DQGJULGOLQHVRQWZRYHUWLFDOFXW
SODQHVDFURVVWKHPLGGOHRIWKHLQOHWRXWOHWSLSHDUHSUHVHQWHG,QWKHDUHDDURXQGWKHLQOHWRXWOHWSLSHDGHQVHUPHVK
LVDVVLJQHGLQRUGHUWREHWWHUUHVROYHIOXLGIORZDQGKHDWWUDQVIHUFDXVHGE\LQOHWDQGRXWOHWIORZV,QWRWDOPLOOLRQ
KH[DKHGURQHOHPHQWVZHUHXVHGWRPHVKWKHPRGHO


)LJ0HVKRIWKHVLPSOLILHG&)'PRGHORIWKH37(6LQ0DUVWDO
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+HDWORVVFRHIILFLHQWVIRUWKHWRSFRYHULVGHWHUPLQHGEDVHGRQJLYHQGHVLJQRIWKHIORDWLQJOLGDQGRQPHDVXUHPHQWV
E\DKHDWIOX[VHQVRUDW$ZKLOHKHDWORVVFRHIILFLHQWVDQGERXQGDU\FRQGLWLRQVIRUWKHVLGHDQGWKHERWWRPVXUIDFHV
RIWKHVWRUHDUHHYDOXDWHGE\WUDQVLHQWVLPXODWLRQVXVLQJDVLPSOLILHG'&)'PRGHORIWKHJURXQGDURXQGWKHVWRUH
)LJ  VKRZV WKH ' PRGHO RI WKH ZDWHU SRQG DQG WKH JURXQG DURXQG WKH SRQG ,W LV DVVXPHG WKDW WKH SRQG LV
V\PPHWULFDOWKHUHIRUHRQO\KDOIRIWKHZDWHUSRQGLVPRGHOOHG7KHZKROHPRGHOKDVDGLPHQVLRQP PZLWK
DQDLPWRPLQLPL]HWKHWKHUPDOLQIOXHQFHRIWKHSRQGRQWKHERWWRPDQGWKHVLGHERXQGDU\VXUIDFHV6LQFHWHPSHUDWXUH
DWWKHERWWRPDQGWKHVLGHERXQGDU\VXUIDFHRIWKH'PRGHOLVQRWLQIOXHQFHGE\WKHSRQGGXULQJWKHLQYHVWLJDWHG
PRQWKVSHULRGWKHVHERXQGDU\VXUIDFHVDUHGHILQHGDVDGLDEDWLFZDOOV
7KH'PRGHOFDOFXODWHVWKHKHDWWUDQVIHUEHWZHHQWKHZDWHUSRQGVXUIDFHDQGWKHJURXQGDURXQGWKHVWRUHZKLFKLV
XVHG WR GHWHUPLQH KHDW ORVV FRHIILFLHQWV RI WKH ERWWRP DQG WKH VLGH VXUIDFH RI WKH 37(6 7KH REWDLQHG KHDW ORVV
FRHIILFLHQWVDUHXVHGDVLQSXWLQFDOFXODWLRQVXVLQJWKH'&)'PRGHORIWKH37(6


)LJ$'JURXQGPRGHOLQFOXGLQJWKHZDWHUSRQGDQGWKHJURXQGDURXQGWKHSRQG

:DWHULVXVHGDVWKHKHDWVWRUDJHPHGLD3URSHUWLHVRIZDWHUDQGWKHLUGHSHQGHQFHVRQWHPSHUDWXUHDUHVKRZQDV
IROORZV
'HQVLW\>NJP@

U    7   7    

'\QDPLFYLVFRVLW\>NJ PV @

P 

7KHUPDOFRQGXFWLYLW\>: P. @

O

6SHFLILFKHDW>- NJ. @

CS

T




  

   u   T

  

   7   T    

ZKHUH7LVIOXLGWHPSHUDWXUH>.@

&DOFXODWLRQRI5D\OHLJKQXPEHUVKRZVWKDWWKHIORZLQWKH37(6LVODPLQDULQPRVWSDUWVRIWKHVWRUHWKHUHIRUHWKH
ODPLQDUPRGHOLVXVHGLQWKHFDOFXODWLRQ7UDQVLHQW&)'FDOFXODWLRQVDUHSHUIRUPHGZLWK%RXVVLQHVTDSSUR[LPDWLRQ
7KH 35(672 DQG VHFRQG RUGHU XSZLQG PHWKRG DUH XVHG IRU WKH GLVFUHWL]DWLRQ RI WKH SUHVVXUH DQG WKH
PRPHQWXPHQHUJ\HTXDWLRQVUHVSHFWLYHO\7KH6,03/(DOJRULWKPLVXVHGWRWUHDWWKHSUHVVXUHYHORFLW\FRXSOLQJ
7KHWUDQVLHQWVLPXODWLRQVVWDUWZLWKDWHPSHUDWXUHGLVWULEXWLRQLQWKH37(6GHWHUPLQHGE\PHDVXUHPHQWV$]HUR
YHORFLW\ILHOGLVDVVXPHGDWWKHVWDUWRIDOOVLPXODWLRQV7KHFDOFXODWLRQLVFRQVLGHUHGFRQYHUJHQWLIWKHVFDOHGUHVLGXDO
IRU WKH FRQWLQXLW\ HTXDWLRQ WKH PRPHQWXP HTXDWLRQV DQG WKH HQHUJ\ HTXDWLRQ DUH OHVV WKDQ   DQG 
UHVSHFWLYHO\7KHVLPXODWLRQUXQVZLWKDWLPHVWHSRIVDQGDGXUDWLRQRIK


+HDWORVVHVIURPWKHVWRUH
2QHLPSRUWDQWERXQGDU\RIWKHPRGHOLVWKHUPDOORVVHVRIWKHVWRUHZKLFKFRQVLVWVRIWZRKHDWORVVHVORVVHVIURP
WKHWRSIORDWLQJFRYHUWRWKHDPELHQWDLUDQGORVVHVIURPZDWHULQWKHSRQGWRWKHJURXQG+HDWORVVIURPWKHWRSFRYHU
RIWKHVWRUHLVGHWHUPLQHGEDVHGRQPHDVXUHPHQWE\DKHDWIOX[VHQVRUSODFHGRQWKHFRYHUDQGSURSHUWLHVRIWKH
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LQVXODWLRQPDWHULDOVHHORFDWLRQ$LQ)LJ6LQFHLWLVRQO\DVLQJOHSRLQWPHDVXUHPHQWDWDIL[HGORFDWLRQSUHFLVH
PHDVXUHPHQWRIKHDWORVVHVIRUWKHZKROHFRYHULVGLIILFXOW)RULQVWDQFHWKHPHDVXUHPHQWLVQRWDEOHWRPHDVXUH
H[WUDKHDWORVVHVFDXVHGE\SHULRGLFYHQWLODWLRQRIWKHWRSFRYHUWKHUPDOEULGJHVWKURXJKWKHPDQKROHMRLQWVDQG
H[WUDKHDWORVVHVFDXVHGE\GHFUHDVHGLQVXODWLRQSURSHUW\RIGHIRUPHGLQVXODWLRQPDWHULDOREVHUYHGLQVRPHSODFHV
RIWKHFRYHU7KHPHDVXUHGKHDWORVVIURPWKHFRYHULVWKHUHIRUHPRGLILHGZLWKDQDLPWRDFKLHYHDQHQHUJ\EDODQFH
RIWKHZDWHUSRQGLQDPHDVXUHPHQWSHULRGRIRQH\HDU7KHKHDWIOX[HVRIWKHIORDWLQJFRYHUXVHGLQWKHSDSHUDUHLQ
WKHUDQJHRI:P
7DE+HDWIOX[HVIURPWKHWRSIORDWLQJFRYHU

'D\VFDOFXODWHGE\WKH'&)'PRGHO

+HDWIOX[IURPWKHWRSFRYHU>:P@

2FWREHU



$XJXVW



)HEUXDU\



$SULO



)URP7DEOHLWFDQEHVHHQWKDWDPRQJWKHIRXUGD\VLQYHVWLJDWHGWKHKHDWIOX[LVWKHODUJHVWRQ2FWREHUDQGWKH
VPDOOHVWRQ)HEUXDU\,WFDQEHH[SODLQHGE\WKHWHPSHUDWXUHGLIIHUHQFHEHWZHHQWKHZDWHUDWWKHWRSOD\HURIWKH
SRQGDQGWKHDPELHQWDLU2Q2FWREHUWKHZDWHUSRQGKDGDUHODWLYHO\KLJKHUWHPSHUDWXUHGXHWRFKDUJLQJGXULQJ
WKHVXPPHUZKLOHWKHDPELHQWDLUWHPSHUDWXUHLVDURXQG&,Q)HEUXDU\WKHDPELHQWDLUWHPSHUDWXUHLV
PXFKORZHUDQGWKHWHPSHUDWXUHDWWKHWRSOD\HURIWKHSRQGZDVVLJQLILFDQWO\GHFUHDVHGGXHWRGLVFKDUJHRIWKH37(6
WKURXJKRXWWKHZLQWHU
+HDW ORVVHV IURP WKH 37(6WR WKHJURXQGDUH PRUH GLIILFXOW WR PHDVXUH VLQFH LW LV LQIOXHQFHG QRWRQO\ E\ \HDUO\
IOXFWXDWLRQRIWKHDPELHQWDLUWHPSHUDWXUHEXWDOVRE\KHDWWUDQVIHULQWKHVRLO,QRUGHUWRORFDWHDJURXQGERXQGDU\
RIWKHZDWHUSRQGWKDWLVQRWLQIOXHQFHGE\WHPSHUDWXUHVRIWKHZDWHUSRQGDODUJHDPRXQWRIVRLOYROXPHKDVWREH
LQFOXGHGLQWKH&)'PRGHO$VDUHVXOWWKH&)'PRGHOPLJKWEHH[WUHPHO\ODUJHPDNLQJLWWRRWLPHFRQVXPLQJWR
FDUU\RXW&)'VLPXODWLRQV,QWKLVSDSHUKHDWWUDQVIHUEHWZHHQWKHZDWHUSRQGDQGWKHJURXQGLVFDOFXODWHGLQD
VHSDUDWH'PRGHOVHH)LJ,QWKH'PRGHOPHDVXUHGWHPSHUDWXUHVDWGLIIHUHQWOD\HUVRIWKHZDWHUSRQGZHUH
XVHGDVLQLWLDOFRQGLWLRQVRIWKHVWRUH)LJVKRZVWHPSHUDWXUHGLVWULEXWLRQLQDYHUWLFDOFXWSODQHRIWKHJURXQG
DURXQGWKH37(69LHZRIWKHZKROHZDWHUSRQGLVVKRZQLQWKHILJXUHWRWKHOHIWZKLOHDPDJQLILHGYLHZRIWKH
XSSHUFRUQHURIWKH37(6LVVKRZQWRWKHULJKW
7KH'JURXQGPRGHOFDOFXODWHVWKHKHDWWUDQVIHUEHWZHHQWKHZDWHUSRQGVXUIDFHVDQGWKHJURXQGDURXQGWKHVWRUH
ZKLFKLVXVHGWRGHWHUPLQHKHDWORVVFRHIILFLHQWVRIWKHZDWHUSRQGVXUIDFHV7KHKHDWORVVFRHIILFLHQWVDUHXVHGDV
LQSXWLQWKH'&)'PRGHORIWKH37(6



)LJ7HPSHUDWXUHGLVWULEXWLRQLQDYHUWLFDOFXWSODQHRIWKHJURXQGDURXQGWKH37(6 OHIWVLGHDQGERWWRPVXUIDFHULJKWD
PDJQLILHGYLHZRIWKHXSSHUFRUQHURIWKH37(6 

)LJVKRZVWKHFDOFXODWHGKHDWWUDQVIHUFRHIILFLHQWVEHWZHHQWKHVLGHVRIWKHZDWHUSRQGDQGWKHJURXQGVRLO7KH
EOXHFXUYHDQGWKHRUDQJHFXUYHVKRZUHVSHFWLYHO\WKHKHDWWUDQVIHUFRHIILFLHQWVREWDLQHGE\WKHVLPSOLILHG'PRGHO
DQGWKHFRHIILFLHQWVXVHGLQWKH'&)'PRGHOE\PHDQVRIDXVHUGHILQHGIXQFWLRQ$VVKRZQLQ)LJWKHKHDW
ORVVFRHIILFLHQWRIWKHVLGHVRIWKH37(6LVDURXQG:P.DWDGHSWKRIPHWHUV7KHKHDWORVVFRHIILFLHQW
LQFUHDVHVVOLJKWO\ZLWKDGHFUHDVHRIWKHGHSWK$WDGHSWKRIPHWHUVWKHKHDWORVVFRHIILFLHQWLVDURXQG:P.
)RUVXUIDFHDUHDZLWKLQPHWHUVGHHSWKHKHDWORVVFRHIILFLHQWLQFUHDVHVVLJQLILFDQWO\GXHWRWKHLQIOXHQFHRIDPELHQW
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FRQGLWLRQV$WWKHERWWRPVXUIDFHRIWKH37(6WKHKHDWORVVFRHIILFLHQWLVIRXQGWREH:P.


)LJ+HDWWUDQVIHUFRHIILFLHQWVEHWZHHQWKHVLGHVRIWKHZDWHUSRQGDQGWKHJURXQGVRLO

7KH'JURXQGPRGHOZDVDOVRXVHGWRGHWHUPLQHVRLOWHPSHUDWXUHDURXQGWKHZDWHUSRQG6LQFHWHPSHUDWXUHRIWKH
JURXQGDURXQGWKHVWRUHGHSHQGVRQERWKWKHGHSWKRIWKHVRLODQGWKHWLPHRIWKH\HDUWKHGLVWULEXWLRQSDWWHUQRIWKH
WHPSHUDWXUHVZDVGHWHUPLQHGE\FDOFXODWLRQXVLQJWKH'JURXQGPRGHOZKLOHWKHDEVROXWHOHYHORIWKHWHPSHUDWXUH
ZDVGHWHUPLQHGE\PHDVXUHPHQWVDWWKHORFDWLRQ%
)LJVKRZVJURXQGWHPSHUDWXUHVRQWKHVLGHRIWKHZDWHUSRQGLQGLIIHUHQWWLPHVRIWKH\HDU$PRQJWKHLQYHVWLJDWHG
IRXUSHULRGVWKHJURXQGVRLOWHPSHUDWXUHLVWKHKLJKHVWLQ2FWREHUDQGWKHORZHVWLQ)HEUXDU\ZKLFKLQGLFDWHVD
VWURQJLQIOXHQFHGE\WKHWHPSHUDWXUHVRIWKHSRQGDQGWKHDPELHQWDLU$FOHDUSDWWHUQFDQEHVHHQIURPWKHFXUYHV
UHODWLYHO\ORZHUWHPSHUDWXUHDWERWKWKHWRSDQGWKHERWWRPRIWKHSRQGDQGKLJKHUWHPSHUDWXUHDURXQGPEHORZ
WKHJURXQGVXUIDFH$ORZHUWHPSHUDWXUHDWWKHERWWRPRIWKHSRQGFRXOGEHH[SODLQHGE\VWURQJWKHUPDOVWUDWLILFDWLRQ
LQWKHSRQG'XHWRWKHUPDOVWUDWLILFDWLRQWHPSHUDWXUHRIZDWHUOD\HUDWWKHERWWRPRIWKHSRQGLVUHODWLYHO\ORZHU
WKHUHIRUHDORZHUWHPSHUDWXUHLVREVHUYHGDWPEHORZWKHJURXQGVXUIDFH:KLOHDORZHUWHPSHUDWXUHFORVHWRWKH
JURXQGVXUIDFHFRXOGEHH[SODLQHGE\FRROLQJRIVRLOE\WKHDPELHQWDLUZLWKDORZHUWHPSHUDWXUH


)LJ*URXQGWHPSHUDWXUHRQWKHVLGHRIWKHZDWHUSRQG


7KHUPDOVWUDWLILFDWLRQLQ37(6
9DOLGLW\RIWKH&)'PRGHOLVLQYHVWLJDWHGE\FRPSDULQJWKH&)'FDOFXODWHGWKHUPDOEHKDYLRUVRIWKH37(6ZLWKWKH
PHDVXUHPHQWV7KHLQYHVWLJDWLRQZDVFDUULHGRXWIRUVFHQDULRVLQFOXGLQJWZRGLVFKDUJHVDQGWZRFKDUJHVRIWKH
37(6VHH7DEOH,QWKH&)'VLPXODWLRQVPHDVXUHGWHPSHUDWXUHVRIWKHZDWHUSRQGDQGWKHJURXQGZHUHXVHGDV
LQLWLDOFRQGLWLRQVRIWKH37(67KHWUDQVLHQWIORZUDWHDQGWHPSHUDWXUHRIWKHLQOHWIORZWRWKH37(6ZHUHPHDVXUHG
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DQGXVHGDVERXQGDU\FRQGLWLRQVIRUWKHLQOHWVE\PHDQVRIXVHUGHILQHGIXQFWLRQV'XULQJFKDUJHRIWKH37(6WKH
DYHUDJHWHPSHUDWXUHVRIWKHLQOHWIORZDUH&DQG&RQ$XJXVWDQG$SULOUHVSHFWLYHO\7KHDYHUDJH
GLVFKDUJH WHPSHUDWXUH DUH & DQG & UHVSHFWLYHO\ RQ 2FWREHU  DQG )HEUXDU\  7KH &)' FDOFXODWHG
WHPSHUDWXUHVDWWKHRXWOHWDQGDWGLIIHUHQWOHYHOVRIWKHSRQGZHUHFRPSDUHGWRWKHPHDVXUHGRQHV
7KH &)' PRGHO LV DEOH WR FDOFXODWH KHDW WUDQVIHU DQG WKH FRQYHFWLYH EXR\DQFH GULYHQ IORZ LQ WKH 37(6 7KH
GHYHORSPHQWRIZDWHUWHPSHUDWXUHLVHOXFLGDWHGE\PHDQVRIWKHWUDQVLHQW&)'VLPXODWLRQV7KHUPDOVWUDWLILFDWLRQLQ
WKHVWRUHGXULQJFKDUJHDQGGLVFKDUJHRIWKHVWRUHLVHYDOXDWHG
7DE+HDWIOX[HVIURPWKHWRSIORDWLQJFRYHU

'D\VFDOFXODWHG
E\WKH'&)'
PRGHO

,QLWLDOSRQG7DW
WKHERWWRP&

,QLWLDOSRQG7DW
WKHWRS&

$YHUDJHJURXQG
7PIURP
SRQGVXUIDFH&

$YHUDJHLQOHW7
&

0HDVXUHG
HQHUJ\0:K

2FWREHU







'LVFKDUJH



$XJXVW







&KDUJH



)HEUXDU\







'LVFKDUJH



$SULO







&KDUJH





5.1. Charge of the PTES
)LJVKRZVWKHPHDVXUHGDQGWKH&)'SUHGLFWHGFKDUJHSRZHURIWKH37(6IRUWKHFKDUJHFDVHRQ$XJXVW7KHUH
LVDVDWLVIDFWRU\DJUHHPHQWEHWZHHQWKH&)'PRGHODQGWKHPHDVXUHPHQWV7KHGLIIHUHQFHEHWZHHQWKHPHDVXUHG
HQHUJ\IORZDQGWKHFDOFXODWHGHQHUJ\IORZLVZLWKLQ


)LJ0HDVXUHGDQG&)'SUHGLFWHGFKDUJHSRZHURIWKH37(6IRUWKHFDVHRQ$XJXVW

)LJVKRZVWKHPHDVXUHGDQGWKH&)'SUHGLFWHGWHPSHUDWXUHGLVWULEXWLRQVLQWKH37(6IRUWKHFDVHRQ$XJXVW
%RWKWKHLQLWLDOWHPSHUDWXUHVDQGWKHWHPSHUDWXUHGLVWULEXWLRQRIWKHSRQGDWWKHHQGRIWKHFDOFXODWLRQDUHSUHVHQWHG
7KHPHDVXUHGWHPSHUDWXUHVDUHVKRZQDVVFDWWHGGRWVZKLOHWKH&)'FDOFXODWHGWHPSHUDWXUHVDUHVKRZQDVFXUYHV
$ FRPSDULVRQEHWZHHQ WKH PHDVXUHG DQG WKH &)' FDOFXODWHG WHPSHUDWXUHV LV VKRZQIRU WKH ORFDWLRQ$ DQG$
UHVSHFWLYHO\LQWKHILJXUHWRWKHOHIWDQGWKHILJXUHWRWKHULJKW6LQFHWKHGHSWKVRIWKHZDWHUDUHPHWHUDWWKH
ORFDWLRQ$DQGPHWHUVDWWKHORFDWLRQ$WKHVFDOHVRIWKHWZRILJXUHVDUHGLIIHUHQW,WLVVKRZQWKDWZDWHUDWWKH
VDPHOHYHORIWKHSRQGKDVDOPRVWLGHQWLFDOWHPSHUDWXUHV%DVHGRQWKHPHDVXUHGLQLWLDOWHPSHUDWXUHVDWGLIIHUHQW
OHYHOVRIWKHZDWHUSRQGLQWKHVWDUWRIWKHFKDUJHSHULRGDUHJUHVVLRQLVPDGHWRILQGDIXQFWLRQEHWZHHQWKHZDWHU
WHPSHUDWXUHDQGOHYHOVRIWKHSRQG7KHIXQFWLRQLVXVHGDVLQLWLDOFRQGLWLRQVLQWKH&)'PRGHOE\PHDQVRIXVHU
GHILQHGIXQFWLRQV
7KHUHLVJHQHUDOO\DJRRGDJUHHPHQWEHWZHHQWKHPHDVXUHGDQGWKH&)'FDOFXODWHGWHPSHUDWXUHVDWWKHHQGRIWKH
FKDUJHSHULRG  DWGLIIHUHQWORFDWLRQVRIWKHSRQG$QH[FHSWLRQLVIRXQGDWWKHOHYHORIPEHORZWKHJURXQG
VXUIDFHRQWKHORFDWLRQ$ZKHUHWKHZDWHUWHPSHUDWXUHZDVPHDVXUHGWREHDSSUR[&LQFRPSDULVRQWRD&)'
FDOFXODWHGWHPSHUDWXUHRIDURXQG&$OLNHO\FDXVHRIWKHELJGLIIHUHQFHFRXOGEHIDOVHPHDVXUHPHQWRIWKHVHQVRU
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$VZDWHUWHPSHUDWXUHVDWWKHWRSRIWKHSRQGDUHDSSUR[&LWLVYHU\XQOLNHO\WKDWWHPSHUDWXUHRIWKHZDWHU
PHWHUEHORZWKHVXUIDFHKDVDWHPSHUDWXUHKLJKHUWKDQWHPSHUDWXUHRIWKHZDWHURQWKHWRSRIWKHSRQG7KHUHIRUH
PHDVXUHPHQWGDWDRIWKHIDOVHVHQVRUZDVQRWLQFOXGHGLQWKHLQYHVWLJDWLRQV
,QWKHULJKWILJXUHRI)LJLWLVVKRZQWKDWPHDVXUHGWHPSHUDWXUHRIZDWHUDWWKHWRSVXUIDFHRIWKHSRQGKDVD
ORZHUWHPSHUDWXUHWKDQZDWHUPHWHUEHORZWKHZDWHUVXUIDFHLQGLFDWLQJDKLJKHUKHDWORVVIURPWKHWRSFRYHUDW
WKHORFDWLRQ$WKDQWKHDYHUDJHKHDWORVVXVHGLQWKH&)'PRGHO
,WVKRXOGEHQRWHGWKDWWHPSHUDWXUHRIWKHZDWHUSRQGLQFUHDVHVVOLJKWO\GXULQJFKDUJLQJLQWKHLQYHVWLJDWHGSHULRG
6XFKDFKDQJHRIWHPSHUDWXUHGXULQJFKDUJHLQRQHGD\LVWRRVPDOOWRIXOO\YDOLGDWHWKH&)'PRGHO&)'FDOFXODWLRQ
RIFKDUJLQJLQPRUHWKDQRQHGD\ZRXOGEHWWHUHOXFLGDWHYDOLGLW\RIWKH&)'PRGHOEXWWKHFRUUHVSRQGLQJVLPXODWLRQ
WLPH ZRXOG LQFUHDVH VLJQLILFDQWO\ WKHUHIRUH ZDV QRW DSSOLFDEOH IRU WKH SUHVHQW VWXG\ +RZHYHU VXFK ORQJ WHUP
FDOFXODWLRQVDUHUHFRPPHQGHGIRUWKHIXWXUHE\PHDQVRISDUDOOHOFRPSXWLQJRQVXSHUFRPSXWHUV





)LJ0HDVXUHGDQG&)'SUHGLFWHGWHPSHUDWXUHGLVWULEXWLRQLQWKH37(6IRUWKHFKDUJHFDVHRQ$XJXVW

)LJVKRZVWHPSHUDWXUHSORWVLQWKHZDWHUSRQGDWGLIIHUHQWWLPHVRIWKHGD\7HPSHUDWXUHGLVWULEXWLRQVDWWKHVWDUW
RIWKHFKDUJHSHULRG  DQGLQWKHPLGGOHRIWKHGD\  DUHVKRZQUHVSHFWLYHO\LQ)LJ$DQG%$V
VKRZQLQ)LJ%WKHUHDUHLQOHWIORZVZLWKDWHPSHUDWXUHRI&LQWKHWRSLQOHWDQGLQWKHPLGGOHLQOHW$IWHU
HQWHULQJWKHWRSLQOHWRSHQLQJWKHKRWIOXLGULVHVXSDQGWHQGVWRIORZDORQJWKHWRSVXUIDFHRIWKHSRQG$URXQGWKH
PLGGOHLQOHWRSHQLQJWKHLQOHWKRWIOXLGPL[HVZLWKUHODWLYHO\FROGHUZDWHULQWKH37(6UHVXOWLQJLQDPL[LQJUHJLRQ
DERYH WKH LQOHW RSHQLQJ 7KH PL[LQJ UHJLRQ LV OLPLWHG WR D VPDOO DUHD DURXQG WKH LQOHW GLVF LQGLFDWLQJ D JRRG
FRQVHUYDWLRQRIWKHUPDOVWUDWLILFDWLRQLQWKHSRQG
)LJVKRZVUHJLRQVLQWKHSRQGZKHUHWKHUHLVDODUJHUIOXLGPRYHPHQW1RWVXUSULVLQJO\ODUJHUIOXLGPRYHPHQW
LVREVHUYHGLQWKHWKUHHUHJLRQVDURXQGWKHWRSLQOHWRSHQLQJWKHPLGGOHLQOHWRSHQLQJDQGWKHH[LW7KHIOXLGYHORFLW\
FORVH WR WKH LQOHWV DUH LQ WKH UDQJH RI  FPV ZKLFK DUH FRQVLGHUHG WR EH KLJKHU HQRXJK WR GHVWUR\ WKHUPDO
VWUDWLILFDWLRQ6LQFHWKHUHJLRQZLWKDGLVWXUELQJIOXLGYHORFLW\LVUDWKHUOLPLWHGWKHUPDOVWUDWLILFDWLRQLQWKHSRQGLV
NHSWGXULQJFKDUJHRIWKHSRQG,WLVLQWHUHVWLQJWRQRWHWKDWDURXQGWKHWRSLQOHWRSHQLQJWKHUHJLRQZLWKDKLJKHUIOXLG
PRYHPHQWORRNVOLNHDGLVFLQGLFDWLQJVSUHDGLQJRIWKHKRWIOXLGDORQJWKHWRSVXUIDFHRIWKH37(67KDWIOXLGSDWWHUQ
PHDQVZHOOIXQFWLRQRIWKHLQOHWRSHQLQJVLQFHWKHKRWIOXLGKDVDKLJKHUWHPSHUDWXUHWKDQWKHZDWHUWHPSHUDWXUHDW
WKHWRSRIWKHSRQGDQGWKHUHIRUHVKRXOGEHGLUHFWHGE\WKHLQOHWWRWKHYHU\WRSRIWKHSRQG
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$ 7KHUPDOVWUDWLILFDWLRQDW



% 7KHUPDOVWUDWLILFDWLRQDW
)LJ7HPSHUDWXUHSORWVRIWKHZDWHUSRQGGXULQJFKDUJHRQ$XJXVW




)LJ,OOXVWUDWLRQRIUHJLRQVZLWKDODUJHUIOXLGPRYHPHQWIRUWKHFKDUJHFDVHRQ$XJXVW


5.2. Discharge of the PTES
)LJVKRZVWKHPHDVXUHGDQGWKH&)'SUHGLFWHGGLVFKDUJHSRZHURIWKH37(6IRUWKHGLVFKDUJHFDVHRQ2FWREHU
7KHUHLVDVDWLVIDFWRU\DJUHHPHQWEHWZHHQWKH&)'PRGHODQGWKHPHDVXUHPHQWV7KHGLIIHUHQFHEHWZHHQWKH
PHDVXUHGHQHUJ\IORZDQGWKHFDOFXODWHGHQHUJ\IORZLVZLWKLQH[FHSWDWWKHYHU\VWDUWRIWKHVLPXODWLRQ7KHUH
LVDODUJHGLIIHUHQFHRIDSSUR[0:EHWZHHQWKHPHDVXUHGDQGWKHFDOFXODWHGGLVFKDUJHSRZHU$ODUJHGHYLDWLRQ
DWWKHVWDUWRIWKHVLPXODWLRQFRXOGEHGXHWRRYHUVLPSOLILHGLQLWLDOFRQGLWLRQVRIWKH37(6LQWKH&)'PRGHO
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)LJ0HDVXUHGDQG&)'SUHGLFWHGGLVFKDUJHSRZHURIWKH37(6IRUWKHGLVFKDUJHFDVHRQ2FWREHU

)LJVKRZVWHPSHUDWXUHGLVWULEXWLRQLQWKHZDWHUSRQGDW2FWREHU$FOHDUWKHUPDOVWUDWLILFDWLRQLQWKH
SRQGFDQEHREVHUYHG$WWKHVWDUWRIWKH2FWREHUWKHSRQGZDVDOUHDG\TXLWHIXOO\FKDUJHG:DWHUWHPSHUDWXUHVDUH
&LQWKHWRSRIWKHSRQG&LQWKHPLGGOHDQG&DWWKHERWWRPRIWKHSRQG'XULQJGLVFKDUJHKRW
ZDWHULVWDNHQIURPWKHWRSRIWKHSRQGFRROHGGRZQE\WKHGLVWULFWKHDWLQJQHWZRUNDQGUHWXUQVWKURXJKWKHERWWRP
LQOHWRIWKHSRQG6LQFHWKHLQOHWZDWHULVDURXQG&FORVHWRWKHZDWHUWHPSHUDWXUHDWWKHERWWRPRIWKHSRQGWKHUH
LVDOPRVWQRPL[LQJLQGXFHGE\WKHLQOHWIORZ,WLVDOVRFRQILUPHGE\)LJZKHUHUHJLRQVZLWKDIOXLGYHORFLW\
ODUJHUWKDQFPVFDQEHVHHQ$URXQGWKHLQOHWRSHQLQJDWWKHERWWRPWKHPL[LQJUHJLRQLVYHU\PXFKOLPLWHG,W
FDQFRQFOXGHGWKDWWKHFXUUHQWLQOHWRXWOHWGHVLJQLVDEOHWRPLQLPL]HPL[LQJGXULQJGLVFKDUJHIURPWKHWRSDQGWKH
ERWWRPRSHQLQJVZKHQWKH37(6LVIXOO\FKDUJHG


)LJ7HPSHUDWXUHSORWRIWKHZDWHUSRQGDWIRUWKHGLVFKDUJHFDVHRQ2FWREHU


)LJ,OOXVWUDWLRQRIUHJLRQVZLWKDODUJHUIOXLGPRYHPHQWIRUWKHGLVFKDUJHFDVHRQ2FWREHU

)LJ  VKRZV WHPSHUDWXUH GLVWULEXWLRQ LQ WKH ZDWHU SRQG DW  )HEUXDU\  GXULQJ GLVFKDUJH $IWHU GLVFKDUJH
WKURXJKRXWWKHZLQWHUWHPSHUDWXUHRIWKHSRQGZDVVLJQLILFDQWO\GHFUHDVHG:DWHUWHPSHUDWXUHDWWKHWRSRIWKHSRQG
ZDVGHFUHDVHGWR&ZKLOHWKHZDWHUWHPSHUDWXUHZDVLQWKHUDQJH&EHORZWKHPLGGOHRSHQLQJ'XULQJ
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WKHGLVFKDUJHKHDWLVWDNHQIURPWKHWRSRIWKHSRQGDVIRULQVWDQFHKHDWVRXUFHRIDKHDWSXPS2QWKHKRWVLGHRI
WKHKHDWSXPSWKHGLVWULFWKHDWZDWHULVKHDWHGIURP&WR&2QWKHFROGVLGHWKHKHDWSXPSZDWHULVFRROHG
GRZQIURP&WRDURXQG&EHIRUHIORZLQJEDFNWRWKHSRQGWKURXJKWKHERWWRPLQOHWRSHQLQJ6LQFHWKHLQOHW
ZDWHUWHPSHUDWXUHLVKLJKHUWKDQWKHZDWHUWHPSHUDWXUHDWWKHERWWRPRIWKHSRQGDVLJQLILFDQWPL[LQJDWWKHORZHU
SDUWRIWKHSRQGLVREVHUYHGVHH)LJ'XHWREXR\DQF\IRUFHVWKHLQFRPLQJZDWHUZLWKDKLJKHUWHPSHUDWXUHULVHV
DORQJWKHLQOHWRXWOHWSLSHZKLOHZDWHURQWKHHGJHRIWKHSRQGZLWKDUHODWLYHO\ORZHUWHPSHUDWXUHIORZVGRZQWRWKH
ERWWRPRIWKHSRQGFUHDWLQJDELJFLUFXODWLRQDQGDTXLWHXQLIRUPWHPSHUDWXUHDWWKHORZHUSDUWRIWKHSRQG7KH
FLUFXODWLRQLVVKRZQE\WKHVWUHDPOLQHVLQ)LJ
9HORFLW\YHFWRUVLQWKHZDWHUSRQGGXULQJGLVFKDUJHRQ)HEUXDU\DUHVKRZQLQ)LJ$FOHDUXSULVLQJIORZLV
VHHQ DORQJ WKH LQOHWRXWOHW RSHQLQJ $IWHU UHDFKLQJ WKH PLGGOH RSHQLQJ ZKHUH WKHUH LV D ZDWHU OD\HU ZLWK KLJKHU
WHPSHUDWXUHWKHIORZWXUQVWRIORZKRUL]RQWDOO\


)LJ7HPSHUDWXUHSORWLQWKHZDWHUSRQGDWIRUWKHGLVFKDUJHFDVHRQ)HEUXDU\


)LJ,OOXVWUDWLRQRIUHJLRQVZLWKDODUJHUIOXLGPRYHPHQWIRUWKHGLVFKDUJHFDVHRQ)HEUXDU\





$  9HORFLW\YHFWRUVVKRZLQJWKHXSULVLQJIORZ % 6WUHDPOLQHVVKRZQDELJFLUFXODWLRQ
)LJ9HORFLW\YHFWRUVDQGVWUHDPOLQHVLQWKHZDWHUSRQGGXULQJGLVFKDUJHRQ)HEUXDU\

)RUWKHLQYHVWLJDWHGVFHQDULRWKHLQOHWWHPSHUDWXUHLVPXFKKLJKHUWKDQWKHWHPSHUDWXUHDWWKHERWWRPRIWKHSRQG
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WKXVFUHDWLQJVWURQJPL[LQJDQGGHVWUR\LQJVWUDWLILFDWLRQDWWKHORZHUSDUWRIWKHSRQG,IWKHPLGGOHLQOHWRSHQLQJ
ZDVXVHGDVLQOHWDEHWWHUWKHUPDOVWUDWLILFDWLRQLQWKHSRQGFRXOGEHDFKLHYHG+RZHYHULWVKRXOGEHPHQWLRQHGWKDW
WHPSHUDWXUHRIZDWHUIURPWKHKHDWSXPSYDULHVGHSHQGLQJRQRSHUDWLRQFRQGLWLRQVRIWKHKHDWSXPS7KHUHWXUQ
WHPSHUDWXUHFRXOGEHPXFKORZHUXQGHUVRPHFRQGLWLRQVIRULQVWDQFHDUHWXUQWHPSHUDWXUHIURPWKHKHDWSXPSLQ
WKHUDQJHRI&LVOLNHO\WRKDSSHQ&RQVHTXHQWO\LWZLOOEHDGYDQWDJHRXVWRKDYHWKHLQOHWDWWKHERWWRPLQOHW
RSHQLQJ,WLVWKHUHIRUHLQWHUHVWLQJWRLQYHVWLJDWHWKHVHVFHQDULRVLQGHWDLOLQWKHIXWXUH

&RQFOXVLRQV
7KHUPDO EHKDYLRUV RI WKH  P ZDWHU SLW KHDW VWRUDJH LQ 0DUVWDO VRODU KHDWLQJ SODQW ZHUH LQYHVWLJDWHG
H[SHULPHQWDOO\DQGQXPHULFDOO\7HPSHUDWXUHVDWGLIIHUHQWOHYHOVRIWKHZDWHUSLWVWRUDJHDQGWHPSHUDWXUHVDWGLIIHUHQW
GHSWKVRIWKHJURXQGDURXQGWKHVWRUDJHZHUHPRQLWRUHGDQGDQDO\]HG$VLPXODWLRQPRGHORIWKHZDWHUSLWVWRUDJH
LV EXLOW WR LQYHVWLJDWH GHYHORSPHQW RI WHPSHUDWXUH LQ DQG DURXQG WKH VWRUDJH 7KH FDOFXODWHG WHPSHUDWXUHV DUH
FRPSDUHGWRWKHPRQLWRUHGWHPSHUDWXUHVZLWKDQDLPWRYDOLGDWHWKHVLPXODWLRQPRGHO7KHUHVXOWVVKRZWKDWWKH&)'
PRGHOV SUHGLFW VDWLVIDFWRULO\ WHPSHUDWXUHV LQ WKH 37(6 IRU ERWK FKDUJH DQG GLVFKDUJH RSHUDWLRQV +RZHYHU LW LV
UHFRPPHQGHGIRUWKHIXWXUHWRFDUU\RXWDORQJWHUPVLPXODWLRQLQRUGHUWRDFKLHYHDPRUHGHWDLOYDOLGDWLRQRIWKH
&)'PRGHOV
&DOFXODWLRQVRIIOXLGIORZDQGKHDWWUDQVIHULQWKH37(6E\WKH&)'PRGHOVKRZWKDWWKHLQOHWRXWOHWRSHQLQJVZRUN
SURSHUO\GXULQJFKDUJHZLWKPLQLPDOPL[LQJUHJLRQFUHDWHGLQWKH37(6DURXQGWKHLQOHWRXWOHWRSHQLQJV:KLOHIRU
GLVFKDUJH RI 37(6 WKH DELOLW\ RI WKH LQOHWRXWOHW DUUDQJHPHQW WR NHHS WKHUPDO VWUDWLILFDWLRQ VWURQJO\ GHSHQGV RQ
WHPSHUDWXUHRIZDWHUUHWXUQHGWRWKH37(6,IWHPSHUDWXUHRIWKHIORZEDFNWRWKH37(6LVPXFKKLJKHUWKDQWKH
WHPSHUDWXUHDWWKHERWWRPRIWKHSRQGVWURQJPL[LQJZLOOEHFUHDWHGWKXVGHVWUR\LQJVWUDWLILFDWLRQDWWKHORZHUSDUW
RIWKHSRQG,IWKHUHWXUQWHPSHUDWXUHLVORZHUWKDQWHPSHUDWXUHDWWKHERWWRPSDUWRIWKH37(6LWZLOOEHDGYDQWDJHRXV
WRKDYHWKHLQOHWDWWKHERWWRPLQOHWRSHQLQJ,WLVWKHUHIRUHUHFRPPHQGHGWRLQYHVWLJDWHWKHVHVFHQDULRVLQIXWXUH
VWXGLHV

5HIHUHQFHV
$QV\V,QF$QV\V)OXHQWUHOHDVH6RXWKSRLQWH$QV\V'ULYH&DQRQVEXUJ3$86$
+HOOHU$<HDUVRI5 'LQFHQWUDOVRODUKHDWLQJLQ'HQPDUN6RODUHQHUJ\
&KDQJ&:X=1DYDUUR+&RPSDUDWLYHVWXG\RIWKHWUDQVLHQWQDWXUDOFRQYHFWLRQLQDQXQGHUJURXQGZDWHU
SLWWKHUPDOVWRUDJH$SSOLHG(QHUJ\LQSUHVV
-HQVHQ096816725('HVLJQRIWKH:DWHU6WRUDJH7KH6816725(3ODQWLQ0DUVWDO,Q6XQVWRUH
'HVLJQRIWKH:DWHU6WRUDJH
.DWH'6XQVWRUHKWWSVXQVWRUHHX>2QOLQHDFFHVVHG@
.LHOVJDDUG+DQVHQ.1RUGJDDUG+DQVHQ38VVLQJ96HDVRQDOKHDWVWRUDJHLQXQGHUJURXQGZDUPZDWHU
VWRUHV5HSRUW7KHUPDO,QVXODWLRQ/DERUDWRU\7HFKQLFDO8QLYHUVLW\RI'HQPDUN
.EOHU5)LVFK1+DKQH(+LJKWHPSHUDWXUHZDWHUSLWVWRUDJHSURMHFWVIRUWKHVHDVRQDOVWRUDJHRIVRODU
HQHUJ\-RXUQDO6RODU(QHUJ\
3DYORY *. 2OHVHQ %:  7KHUPDO HQHUJ\ VWRUDJH $ UHYLHZ RI FRQFHSWV DQG V\VWHPV IRU KHDWLQJ DQG
FRROLQJDSSOLFDWLRQVLQEXLOGLQJV3DUW6HDVRQDOVWRUDJHLQWKHJURXQG+9$& 55HVHDUFK
3IHLO0.RFK++LJKSHUIRUPDQFHORZFRVWVHDVRQDOJUDYHOZDWHUVWRUDJHSLW6RODU(QHUJ\
6FKPLGW76XQVWRUH7HFKQLFDO5HSRUWV'HVLJQRIWKHPHDVXUHPHQWDQGHYDOXDWLRQSURJUDP6KDUPD$
7\DJL 9 9 &KHQ & 5 %XGGKL '  5HYLHZ RQ WKHUPDO HQHUJ\ VWRUDJH ZLWK SKDVH FKDQJH PDWHULDOV DQG
DSSOLFDWLRQV5HQHZDEOHDQG6XVWDLQDEOH(QHUJ\5HYLHZV±
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&KHPQLW]8QLYHUVLW\RI7HFKQRORJ\'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ,QVWLWXWHRI0HFKDQLFVDQG7KHUPRG\QDPLFV
3URIHVVRUVKLS7HFKQLFDO7KHUPRG\QDPLFV&KHPQLW]*HUPDQ\

$EVWUDFW
7KLVDEVWUDFWGHDOVZLWKWKHUPDOHQHUJ\VWRUHVIRUVRODUDQGGLVWULFWKHDWVXSSO\V\VWHPVDQGSUHVHQWVQXPHULFDO
UHVXOWVIRUWKHSHUIRUPDQFHRIUDGLDOGLIIXVHUVLQDQHZW\SHRIRYHUJURXQGVWRUDJHWDQNZKLFKKDVDIORDWLQJ
FHLOLQJ 7KH LQIOXHQFH RI WKH SRVLWLRQ RI WKH UDGLDO GLIIXVHU LQ WKH WKHUPDO VWRUH ZDV LQYHVWLJDWHG UHYHDOLQJ
VLJQLILFDQWSRWHQWLDOVUHJDUGLQJWKHUPDOVWUDWLILFDWLRQDQGVWRUDJHHIILFLHQF\7KHRSWLPL]DWLRQRIWKHGLIIXVHU
JHRPHWU\OHGWRDQHZIUHHIRUPUDGLDOGLIIXVHUZKLFKDOORZVFKDUJLQJWHPSHUDWXUHVXSWR&$/DUJH
(GG\6LPXODWLRQ /(6 LOOXVWUDWHGWKHGHYHORSPHQWRIWKHVWUDWLILFDWLRQ
.H\ZRUGV &)' GLVWULFW KHDWLQJ IORDWLQJ FHLOLQJ JHRPHWU\ RSWLPL]DWLRQ KHDW VXSSO\ KRW ZDWHU /(6
FKDUJLQJGHYLFHUDGLDOGLIIXVHUVRODUKHDWLQJWKHUPDOHQHUJ\VWRUDJHWKHUPDOVWUDWLILFDWLRQ

 ,QWURGXFWLRQ
6HQVLEOH WKHUPDO HQHUJ\ VWRUHV FDQ PDNH KHDW VXUSOXVHV DYDLODEOH WR WKH FRQVXPHU LI QHFHVVDU\ $ WKHUPDO
VWUDWLILFDWLRQ LQVLGH WKH VWRUDJH WDQN LV DFKLHYHG E\ VHSDUDWLQJ ZDWHU ZLWK GLIIHUHQW WHPSHUDWXUHV WKURXJK
EXR\DQF\,QDVWRUHRSHUDWLQJDFFRUGLQJWRWKHGLVSODFHPHQWSULQFLSOHDZDWHUH[FKDQJHWDNHVSODFHE\GLUHFW
FKDUJLQJDQGGLVFKDUJLQJ5DGLDOGLIIXVHUVFDQVHUYHDVFKDUJLQJGHYLFHV7KH\FRQVLVWRIUDGLDOSODWHVJXLGLQJ
WKHIORZWKURXJKDQDUURZJDSKRUL]RQWDOO\LQWRWKHF\OLQGULFDOVWRUDJHWDQN)RUXVHLQVRODUWKHUPDOV\VWHPV
DQRSHUDWLRQYLDPDWFKHGIORZLVUHFRPPHQGHGWRUHDOL]HFRQVWDQWORDGLQJWHPSHUDWXUHV
1XPHULFDO UHVXOWV ZLOO EH SUHVHQWHG IRU D QHZ VWRUDJH GHVLJQ SURSRVHG E\ 8UEDQHFN HW DO   RIIHULQJ
QXPHURXVEHQHILWVFRPSDUHGWRRWKHUVWRUDJHW\SHV+HUHHVSHFLDOO\WKHHIIHFWRQWKHWHPSHUDWXUHGLVWULEXWLRQ
LQVLGHWKLVVWRUDJHWDQNZLOOEHGLVFXVVHGXVLQJ&RPSXWDWLRQDO)OXLG'\QDPLFV &)' 7KHPDLQQRYHOW\RI
WKHFRQVWUXFWLRQLVDQLQGRRUSURWHFWHGIORDWLQJFHLOLQJZLWKWKHXSSHUFKDUJLQJGHYLFHGLUHFWO\DWWDFKHGWRLW
$IOH[LEOHFRQQHFWLRQDOORZVWKHIUHHPRYHPHQWRIWKHIORDWLQJFHLOLQJEHWZHHQDWRSDQGERWWRPGHDGFHQWHU
'XULQJFKDUJLQJRIWKHWDQNDJUDYLW\FXUUHQWRFFXUVGLUHFWO\DWWKHFHLOLQJZKLFKLVDQHVVHQWLDOSUHUHTXLVLWH
IRUDJRRGWKHUPDOVWUDWLILFDWLRQDVZLOOEHVKRZQODWHULQWKLVSDSHU7KHGHVLJQLVLOOXVWUDWHGLQILJF,Q
FRPSDULVRQILJDDQGEVKRZH[DPSOHVRIFRQYHQWLRQDOVWRUDJHW\SHVZKHUHWKHUDGLDOGLIIXVHULVPRXQWHG
LQDIL[HGSRVLWLRQUHVSIORDWLQJ HJ+HGElFN 
$GHPRQVWUDWRURIWKHQHZVWRUDJHGHVLJQZDVDOUHDG\EXLOWLQFRRSHUDWLRQZLWKLQGXVWULDOSDUWQHUV%\QRZ
H[SHULPHQWV DUH LQ SURJUHVV WR SURYH WKH KLJK VWUDWLILFDWLRQ TXDOLW\ DQG WKH YHU\ ORZ KHDW ORVVHV 7KH
LQYHVWLJDWLRQVDUHSDUWRIWKH2%6(5:SURMHFW 8UEDQHFNHWDO 


)LJ7KHUPDOHQHUJ\VWRUDJHZLWKGLIIHUHQWSRVVLELOLWLHVRIPRXQWLQJWKHFKDUJLQJGHYLFHLQWKHVWRUH
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 &)'PRGHODQGERXQGDU\FRQGLWLRQV
$ WZRGLPHQVLRQDO D[LV\PPHWULF PRGHO ZDV XVHG WR SHUIRUP WKH VLPXODWLRQV ZLWK $QV\V &); 7KH &)'
PRGHOWDNHVEXR\DQF\LQWRDFFRXQW7KHɘ667PRGHOVHUYHVDVDWXUEXOHQFHPRGHO$GGLWLRQDOSURGXFWLRQ
DQG GLVVLSDWLRQ WHUPV FDSWXUH WKH HIIHFWV RI GHQVLW\ JUDGLHQWV RQ WKH WXUEXOHQW IORZ )LJ  SUHVHQWV WKH
VLPXODWLRQPRGHO)LQGHLVHQHWDO  GHVFULEHVWKHPRGHOLQJLQGHWDLO7KHERXQGDU\FRQGLWLRQVDWWKHLQOHW
DVZHOODVWKHLQLWLDOFRQGLWLRQLQWKHWDQNDUHGHWHUPLQHGE\WKHRSHUDWLQJFRQGLWLRQVLQWDE DVVXPSWLRQ
FRQVWDQWYROXPHIORZDQGFRQVWDQWFKDUJLQJWHPSHUDWXUH 


)LJ6FKHPDWLFYLHZRIWKHVLPXODWLRQPRGHO
7DE2SHUDWLRQFRQGLWLRQVDQGJHRPHWULFDOSDUDPHWHUVRIWKHGHPRQVWUDWRU

9լLQ>PñK@



7LQ>&@



KGLIIXVHU>PP@



GVWRUH>P@



9VWRUH>Pñ@



7VWRUH>&@



GKRVH>PP@



GGLIIXVHU>P@



 ,QIOXHQFHRIWKHSRVLWLRQRIWKHFKDUJLQJGHYLFH
5DGLDOGLIIXVHUVLQIODWERWWRPWDQNVDUHXVXDOO\IORDWLQJRUPRXQWHGIL[LQWKHVWRUHZLWKRXWDQ\PRYLQJSDUWV
ILJDE 7KXVWKHGLIIXVRULVORFDWHGEHORZWKHZDWHUVXUIDFHUHVSWKHVWRUDJHFHLOLQJ7RLQYHVWLJDWHWKH
LQIOXHQFH RI UHGXFLQJ WKLV GLVWDQFH HVSHFLDOO\ E\ PRXQWLQJ WKH FKDUJLQJ GHYLFH GLUHFWO\ WR WKH FHLOLQJ D
VLPSOLILHGVLPXODWLRQPRGHOZDVXVHGZKLFKGRHVQRWFRQVLGHUDIUHHZDWHUVXUIDFH,WDVVXPHVDFRQVWDQW
YHORFLW\SURILOHDWWKHHQWU\RIWKHWDQN FRUUHVSRQGVWRWKHRXWOHWRIWKHFKDUJLQJGHYLFH +HQFHWKHUDGLDO
GLIIXVHULVQRW\HWVLPXODWHG
)LJLOOXVWUDWHVWKHFDOFXODWHGWHPSHUDWXUHILHOGVIRUWKUHHGLIIHUHQWFDVHV$VWKHGLVWDQFHWRZDUGVWKHFHLOLQJ
LQFUHDVHVWKHWKHUPRFOLQHJURZVDQGWKHDYHUDJHWHPSHUDWXUHLQWKHKRW]RQHGHFUHDVHVZKLOHDQXQIDYRUDEOH
QRQLVRWKHUPDOIUHHVWUHDPGXHWRFRQYHFWLRQGHYHORSV7KLVIUHHVWUHDPFDXVHVVWURQJPL[LQJRIKRWFKDUJLQJ
IOXLGDQGFRROHUVWRUDJHIOXLGVLJQLILFDQWO\UHGXFLQJWKHOD\HULQJTXDOLW\
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)LJ(YROXWLRQRIWKHFDOFXODWHGWHPSHUDWXUHILHOGLQVLGHWKHVWRUDJHWDQNIRUGLIIHUHQWGLVWDQFHVEHWZHHQWKHFKDUJLQJGHYLFH
DQGWKHFHLOLQJ



7RGHWHUPLQHWKHTXDOLW\RIWKHVWUDWLILFDWLRQWKHYROXPHDYHUDJHGWHPSHUDWXUHLQWKHKRW]RQHDVZHOODVWKH
DYHUDJHKHLJKWRIWKHWKHUPRFOLQHDUHXVHGIRUHYDOXDWLRQ7KHKHLJKWFRUUHVSRQGVWRDYROXPHDYHUDJHGKHLJKW
RYHUWKHHQWLUHUDGLXVRIWKHVLPXODWLRQPRGHODFFRUGLQJWRWKHSULQFLSOH )LQGHLVHQHWDO 7DE
FRPSDUHVWKHUHVXOWVREWDLQHG7KHWKHUPRFOLQHGRXEOHVLWVKHLJKWLIWKHGLVWDQFHEHWZHHQGLIIXVHUDQGFHLOLQJ
LQFUHDVHVWRFPDQGLVPRUHWKDQWHQIROGLWVKHLJKWLIWKHGLVWDQFHLVFP$WWKHVDPHWLPHWKHDYHUDJH
WHPSHUDWXUHLQWKHKRW]RQHGURSVWR&UHVS&7KXVWKHVWUDWLILFDWLRQTXDOLW\VWURQJO\GHSHQGV
RQWKHSRVLWLRQRIWKHFKDUJLQJGHYLFH
7DE5HVXOWVIRUGLIIHUHQWGLVWDQFHVEHWZHHQWKHUDGLDOGLIIXVHUDQGWKHFHLOLQJDIWHUVRIFKDUJLQJ

'LVWDQFHEHWZHHQUDGLDOGLIIXVHUDQGVWRUDJHFHLOLQJ>P@







$YHUDJHWKHUPRFOLQHKHLJKW 0HWKRG >P@







$YHUDJHWHPSHUDWXUHLQWKHKRW]RQH>&@








)XUWKHUPRUHVLQFHWKHKRWIOXLGFDQQRWEHUHPRYHGIURPDERYHWKHFKDUJLQJGHYLFHWKHFRUUHVSRQGLQJVWRUDJH
YROXPHDVZHOODVWKHKHDWVWRUHGWKHUHLVXQXVDEOH,QDGGLWLRQDVVRRQDVWKHKRWIOXLGFRROVGRZQWKHUPDO
LQYHUVLRQFDQSHUPDQHQWO\GHVWUR\WKHVWUDWLILFDWLRQLQWKHWDQN&KDUJLQJGLUHFWO\DORQJWKHVWRUDJHFHLOLQJ
FRPSOHWHO\ HOLPLQDWHV WKHVH GUDZEDFNV DQG WKHUHIRUH SURPLVHV VXEVWDQWLDO LPSURYHPHQWV DOVR EHFDXVH WKH
IORDWLQJFHLOLQJLVZHOOLQVXODWHG
 ,QYHVWLJDWLRQRIWKHGLVFKDUJLQJDQGFKDUJLQJEHKDYLRXU
:LWKDPLQLPDOGLVWDQFHEHWZHHQWKHFKDUJLQJGHYLFHDQGWKHIORDWLQJFHLOLQJKRWZDWHULVVXFNHGLQGLUHFWO\
DORQJWKHFHLOLQJLQFDVHRIGLVFKDUJLQJZKLFKDOORZVWKHIXOOXVHRIWKHKRW]RQH%XWPRXQWLQJWKHFKDUJLQJ
GHYLFHWRWKHFHLOLQJJRHVDORQJZLWKDQHOLPLQDWLRQRIDK\GURVWDWLFSUHVVXUHUHOLHIDERYHWKHFKDUJLQJGHYLFH
6LQFHWKHVWRUHRSHUDWHVZLWKDPD[LPXPWHPSHUDWXUHXSWR&WKLVPHDQVWKDWWKHUHLVDULVNRIIDOOLQJ
EHORZWKHVWHDPSUHVVXUHOLPLW7KHSXPSLVLQIHHGPRGHWKHFKDUJLQJGHYLFHVXFNVLQDQGWKXVGLVFKDUJHV
WKHVWRUDJHWDQN+HUHE\WKHIORZFDQEHGLVUXSWHGE\ORFDOVWHDPIRUPDWLRQV HJFDYLWDWLRQ RURWKHUWUDQVLHQW
HIIHFWVZKLFKFDQOHDGWRRSHUDWLRQDOIDLOXUHVRUHYHQDEUHDNGRZQRIWKHHQWLUHGLVFKDUJLQJV\VWHP,QRUGHU
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WRHQVXUHRSHUDWLRQDOVDIHW\GXULQJGLVFKDUJLQJLWLVWKHUHIRUHQHFHVVDU\WRRSWLPL]HWKHGLIIXVHUJHRPHWU\LQ
RUGHUWRPLQLPL]HWKHORFDOSUHVVXUHGURS7KHUHLVXVXDOO\QRULVNIRUWKHFKDUJLQJEHKDYLRU,QVWHDGIRUWKLV
RSHUDWLRQDOFDVHWKHLQIOXHQFHRIGLIIHUHQWGLIIXVHUJHRPHWULHVRQWKHTXDOLW\RIWKHWKHUPDOVWUDWLILFDWLRQZLOO
EHLQYHVWLJDWHG
7KH YDULRXV JHRPHWULHV RI FKDUJLQJ DQG GLVFKDUJLQJ V\VWHPV &'6  DUH VKRZQ LQ ILJ  6WDUWLQJ IURP D
UHIHUHQFHFDVHZLWKDVKDUSHGJHIURPWKHFRQQHFWLRQKRVHWRWKHGLIIXVHUDQGVWUDLJKWGLIIXVHUZDOOV &'6B 
WKH WUDQVLWLRQ DUHD EHWZHHQ WKH KRVH DQG WKH UDGLDO GLIIXVHU ZLOO EH PRGLILHG +HQFH &'6B KDV D URXQG
WUDQVLWLRQZLWKDFRQVWDQWUDGLXVDQG&'6BWR&'6BKDYHDIUHHIURPWUDQVLWLRQDUHD)XUWKHUPRUHGLIIHUHQW
GLIIXVHUVW\OHV &'6BDE DVZHOODVEXLOGLQSDUWV &'6B DQGJXLGLQJSODWHVDWWKHRXWOHWDUHSDUWRIWKH
VWXG\%HVLGHVRIWKHGHPRQVWUDWRU WDE WKHLQYHVWLJDWLRQDOVRFRQVLGHUVWKUHHUHSUHVHQWDWLYHVWRUDJHVL]HV
WDE 
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'LVFKDUJLQJEHKDYLRXU
$LPRIWKHVWXG\LVWRLPSURYHWKHIORZLQVLGHWKHFKDUJLQJGHYLFHVLQFHWKHSUHVVXUHLQWKHUDGLDOGLIIXVHUPXVW
QRWIDOOEHORZWKHVWHDPSUHVVXUHOLPLW7KXVLWLVLPSRUWDQWWRPLQLPL]HWKHORFDOSUHVVXUHGURS%HVLGHVRI
GLIIHUHQWVWRUDJHVL]HVWKHLQYHVWLJDWLRQDOVRWDNHVLQWRDFFRXQWGLIIHUHQWDWPRVSKHULFSUHVVXUHOHYHOV
7KHPLQLPXPDEVROXWHSUHVVXUHLQVLGHWKHFKDUJLQJGHYLFHIRUWKUHHGLIIHUHQWDWPRVSKHULFSUHVVXUHOHYHOVDQG
WKH VWHDP SUHVVXUH OLPLW IRU & UHVS & LV LOOXVWUDWHG LQ ILJ  IRU VHOHFWHG JHRPHWULHV :KHWKHU WKH
SUHVVXUHIDOOVEHORZWKHVWHDPSUHVVXUHRI&VWURQJO\GHSHQGVRQWKHDWPRVSKHULFSUHVVXUH:KHUHDVIRU
PDERYHVHDOHYHO DVO WKHUHLVRQO\DULVNIRUWKHUHIHUHQFHGLIIXVRUZLWKDVKDUSHGJH &'6B LQFDVHRI
PDVOQHDUO\HYHU\VLPXODWHGJHRPHWU\FDVHH[FHSWRIWKHRSWLPL]HGIUHHIRUP&'6BIDOOVEHORZWKH
OLPLW )RU DQ DWPRVSKHULF SUHVVXUH OHYHO DFFRUGLQJ WR PDVO WKH SUHVVXUH LQ &'6BUHVS &'6B LV
DERYHWKHVWHDPSUHVVXUHRQO\LIWKHOLTXLGWHPSHUDWXUHLVUHGXFHGWR&


)LJ0LQLPXPVWDWLFSUHVVXUHLQVLGHWKHUDGLDOGLIIXVHUIRUGLIIHUHQWDWPRVSKHULFSUHVVXUHOHYHOV

)LJ D VKRZV WKH SUHVVXUH ILHOG IRU WKH UHIHUHQFH UDGLDO GLIIXVHU &'6B ZLWK D VKDUS HGJH EHWZHHQ WKH
FRQQHFWLRQRIWKHKRVHDQGWKHUDGLDOGLIIXVHUZKHUHWKHSUHVVXUHGURSVORFDOO\IRUDERXWN3D$VDUHVXOW
RIWKHJHRPHWU\RSWLPL]DWLRQWKHIUHHIRUPGLIIXVHU&'6B ILJE UHGXFHVWKHORFDOSUHVVXUHGURSWR
N3D7KLVYDOXHFRUUHVSRQGVH[FOXVLYHO\WRWKHG\QDPLFDOSUHVVXUHFRQYHUVLRQGXHWRWKHDFFHOHUDWLRQRIWKH
IOXLG7KXVE\XVLQJDIUHHIRUPGLIIXVHUWKHORFDOSUHVVXUHGURSLQVLGHWKHFKDUJLQJGHYLFHFDQEHPLQLPL]HG


)LJ/RFDOSUHVVXUHGURSLQDUDGLDOGLIIXVHUGXULQJGLVFKDUJLQJZLWK&KRWZDWHU&'6B D DQG&'6B E 

&KDUJLQJEHKDYLRXUDQGGHYHORSPHQWRIWKHWKHUPDOVWUDWLILFDWLRQ
7KHGLIIXVHUVKDSHV ZHUHDOVRLQYHVWLJDWHGUHJDUGLQJWKHLU SHUIRUPDQFHGXULQJFKDUJLQJ RIWKHWDQN)LJ
GLVSOD\VWKHWHPSRUDOHYROXWLRQRIWKHDYHUDJHGKHLJKWRIWKHWKHUPDOVWUDWLILFDWLRQXVLQJWKHH[DPSOHRIWKH
GHPRQVWUDWRU ,W LV LPSRUWDQW WR QRWLFH WKDW WKH FULWHULD LV QRW YDOLG XQWLO WKH WKHUPDO VWUDWLILFDWLRQ LV IXOO\
GHYHORSHG7KLVLVWKHFDVHGXULQJWKHILUVWV,QWKHIXUWKHUGHYHORSPHQWQRVLJQLILFDQWGLIIHUHQFHVFDQEH
REVHUYHG EHWZHHQ WKH LQYHVWLJDWHG GLIIXVHU VKDSHV 7KH VDPH \LHOGV IRU WKH RWKHU VLPXODWHG VWRUHV ILJ  
7KHUHLVQRUHPDUNDEOHGLIIHUHQFHEHWZHHQWKHJHRPHWULHV6LQFHWKHVWUDWLILFDWLRQTXDOLW\LVDOUHDG\YHU\KLJK
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GXHWRWKHGLUHFWPRXQWLQJRIWKHGLIIXVHUDWWKHFHLOLQJQRIXUWKHULPSURYHPHQWVFDQEHREVHUYHG7KXVDYHU\
KLJKVWUDWLILFDWLRQTXDOLW\LVSRVVLEOHDQGLQGHSHQGHQWRIWKHGLIIXVHUJHRPHWU\%XWDVWHVWVLPXODWLRQVZLWK
GLIIHUHQWGLIIXVHUKHLJKWVVXJJHVWVWKLVFRXQWVRQO\DVORQJDVWKHUHDUHQRQHJDWLYHYHORFLWLHVDWWKHGLIIXVHU
RXWOHWEHFDXVHRIVXFWLRQHIIHFWV7KHGLPHQVLRQLQJRIWKHUDGLDOGLIIXVHULVWKHUHIRUHVWLOOLPSRUWDQW


)LJ7HPSRUDOHYROXWLRQRIWKHDYHUDJHKHLJKWRIWKHWKHUPRFOLQHIRUGLIIHUHQWGLIIXVHUJHRPHWULHVLQWKHGHPRQVWUDWRU


)LJ7HPSRUDOHYROXWLRQRIWKHDYHUDJHKHLJKWRIWKHWKHUPRFOLQHIRUVHOHFWHGGLIIXVHUJHRPHWULHVLQVWRUHVZLWKDYROXPHRI
DQGPñ

7R XQGHUVWDQG WKH XQGHUO\LQJ PHFKDQLVPV DQG WR LOOXVWUDWH DQG FODULI\ HIIHFWV WKDW GHWHUPLQH WKH UHVXOWLQJ
WKHUPRFOLQHKHLJKWD/DUJH(GG\6LPXODWLRQ /(6 ZDVSHUIRUPHG)LJDVKRZVWKHGHQVLW\FXUUHQWZLWKLWV
FKDUDFWHULVWLFSURSHUWLHV7KHUHVXOWSRLQWHGRXWWKDWWKHUHDUHPDLQO\WZRPL[LQJDUHDV7KHILUVWRQHLVVLWXDWHG
DORQJWKHKHLJKWRIWKHUDGLDOGLIIXVHU ILJF DQGWKHVHFRQGRQHLVORFDWHGEHORZWKHUDGLDOGLIIXVHU ILJG 
,QWHUHVWLQJ LV WKDW DW OHDVW LQ IODW ERWWRP WDQNV ZLWK UHODWLYHO\ KLJK GLDPHWHUV WKH FROOLVLRQ RI WKH GHQVLW\
FXUUHQWDJDLQVWWKHVLGHZDOOGLGQRWVLJQLILFDQWO\LQIOXHQFHPL[LQJ

731

F. Findeisen / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)


)LJ7HPSHUDWXUHILHOGLQWKHFURVVVHFWLRQDUHDRIWKHF\OLQGULFDOVWRUDJHGXULQJWKHGHYHORSPHQWRIWKHWKHUPDO
VWUDWLILFDWLRQ

7R VXPPDUL]H WKH UHVXOWV UHJDUGLQJ WKH FKDUJLQJ EHKDYLRXU ILJ  LOOXVWUDWHV WKH FRUUHODWLRQ EHWZHHQ
VWUDWLILFDWLRQTXDOLW\DQGWKH)URXGHQXPEHU)UXVHGIRUWKHUDGLDOGLIIXVHUGHVLJQ )LQGHLVHQHWDO UHVS
WKHVWRUDJHYROXPHDQGWKHKHLJKWRIWKHGLIIXVHU'XHWRWKHKLJKGHQVLW\GLIIHUHQFHDQGWKHPRGHUDWHORDGLQJ
YROXPHIORZDUDWKHUFRQVHUYDWLYHGHVLJQZLWK)U LVSUHVHQWLQWKHGHPRQVWUDWRU,QVWRUHWKH)URXGH
QXPEHULVVLJQLILFDQWO\KLJKHUDWEXWVWLOOZLWKLQWKHIUDPHZRUNRIWKHXVXDOUHFRPPHQGDWLRQRI)U§
8UEDQHFN ,WFDQEHVHHQWKDWWKHKHLJKWRIWKHWKHUPRFOLQHLQFUHDVHVE\DIDFWRURIDERXWWKUHHZLWKD
GRXEOH)URXGHQXPEHU6LQFHLQWKHH[DPSOHVVKRZQWKHVDPHGLIIHUHQFHLQGHQVLW\H[LVWVKHUHWKHKHLJKWRI
WKHWKHUPRFOLQHPDLQO\GHSHQGVRQWKHLPSXOVHRIWKHIORZ
7KHGLIIXVHUKHLJKWKDVDVLPLODUWHQGHQF\WRWKH)URXGHQXPEHURQWKHVWUDWLILFDWLRQTXDOLW\7KLVFRUUHODWLRQ
LV REYLRXV $V SUHYLRXVO\ VWDWHG IRU WKH VDPH GHQVLW\ GLIIHUHQFHV WKH LPSXOVH RI WKH YROXPH IORZ UDWH LV
GHFLVLYHDQGWKHGLIIXVHUKHLJKWQRZGHWHUPLQHVWKHIORZLPSXOVHDVWKHRXWIORZYHORFLWLHVDUHTXLHWVLPLOLDU
7KH/(6VLPXODWLRQLOOXVWUDWHGWKLVFRUUHODWLRQTXDOLWDWLYHO\ ILJ 7KHPL[LQJDUHD,LVDSSUR[LPDWHO\DV
KLJK DV WKH JDS DW WKH GLIIXVHU RXWOHW DQG WKH ILQDO WKHUPRFOLQH KDV DSSUR[LPDWHO\ WZLFH WKH KHLJKW 7KH
DGGLWLRQDOPL[LQJRFFXUVLQWKHPL[LQJDUHD,,7KHGLIIHUHQFHVEHWZHHQWKHGLIIHUHQWGLIIXVHUYDULDQWVRIVWRUH
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DQGDVZHOODVEHWZHHQWKHYDULDQWVRIVWRUHDUHDOVRGHWHUPLQHGE\PL[LQJDUHD,, EHFDXVHRIYHUWLFDO
VSHHGGLIIHUHQFHVLQWKHQHDUILHOGVHH)LQGHLVHQHWDO 
7KHFRPSDFW VWRUDJHWDQNVFRQVLGHUHGLQ WKLVVWXG\ KDYH DKHLJKWWRGLDPHWHUUDWLRRI DERXWRQH,QODUJHU
VWRUDJHWDQNVOLNHO\PRUHPL[LQJWDNHVSODFHGXHWRWKHLQFUHDVLQJPL[LQJVXUIDFHRQWKHXQGHUVLGHRIWKHMHW
2Q WKH RWKHU KDQG LQ VWRUHV ZLWK D VLJQLILFDQWO\ VPDOOHU GLDPHWHU FRPSDUHG WR WKHLU KHLJKW RWKHU HIIHFWV
GRPLQDWH /RKVH 
7KHUHVXOWVVKRZIRUDVSHFLILFRSHUDWLQJSRLQWWKDWWKHVWUDWLILFDWLRQTXDOLW\GHSHQGVRQWKHVWRUHGLDPHWHUWKH
)URXGHQXPEHUDQGWKHGLIIXVHUKHLJKWZKLFKLVDOUHDG\FRQWDLQHGLQWKH)URXGHQXPEHU,QDGGLWLRQWRWKH
GLIIXVHUKHLJKWWKH)URXGHQXPEHUDOVRFRQVLGHUVWKHRSHUDWLQJSDUDPHWHUV,WLVWKHUHIRUHZHOOVXLWHGIRUWKH
GLPHQVLRQLQJ RI UDGLDO GLIIXVHUV ,Q JHQHUDO EXR\DQF\ IRUFHV VKRXOG RXWZHLJK LQHUWLD IRUFHV DQG WKHUHIRUH
VPDOOHU )URXGH QXPEHUV VKRXOG EH SUHIHUUHG ,Q WKH SUHVHQW FDVH D PRUH FRQVHUYDWLYH LQWHUSUHWDWLRQ LV
UHFRPPHQGHGDVWKHYHU\ORZWKHUPRFOLQHKHLJKWRIWKHGHPRQVWUDWRUSURYHV


)LJ5HVXOWVRIWKHDYHUDJHKHLJKWRIWKHWKHUPRFOLQHIURPDOOVLPXODWHGGLIIXVHUJHRPHWULHVDIWHUVIRUGLIIHUHQW)URXGH
QXPEHUVVWRUDJHYROXPHVDQGGLIIXVHUKHLJKWV

 &RQFOXVLRQDQG2XWORRN
7KHSHUIRUPDQFHRIUDGLDOGLIIXVHUVZLWKGLIIHUHQWVKDSHVZDVLQYHVWLJDWHGIRUDVLQJOHGHVLJQSRLQWLQGLIIHUHQW
KRW ZDWHU VWRUDJH VL]HV XVLQJ &)' 'XH WR DQ RSWLPL]HG SRVLWLRQ RI WKH GLIIXVHU LQ WKH WDQN WKH WKHUPDO
VWUDWLILFDWLRQFRXOGEHVLJQLILFDQWO\LPSURYHG7KLVRIIHUVYDULRXVRWKHUDGYDQWDJHVDQGXQGHUOLQHVWKHEHQHILWV
RIDQHZVWRUDJHW\SHZLWKDIORDWLQJFHLOLQJ$QHZIUHHIRUPUDGLDOGLIIXVHUZLWKDIORZRSWLPL]HGVKDSHZDV
SUHVHQWHG ZKLFK HQDEOHV FKDUJLQJ DQG GLVFKDUJLQJ ZLWK WHPSHUDWXUHV XS WR  & E\ UHGXFLQJ WKH ULVN RI
IDOOLQJEHORZWKHVWHDPSUHVVXUHOLPLW)XUWKHUPRUHWKHDSSOLFDWLRQRI/(6LGHQWLILHGPL[LQJDUHDVGXULQJWKH
EHJLQQLQJRIWKHORDGLQJSURFHVVGHWHUPLQLQJWKHUHVXOWLQJVWUDWLILFDWLRQTXDOLW\
 $FNQRZOHGJHPHQW
7KH UHDOL]DWLRQ RI WKH SURMHFW DQG WKH VFLHQWLILF ZRUN LV VXSSRUWHG E\ WKH *HUPDQ )HGHUDO 0LQLVWU\ IRU
(FRQRPLF $IIDLUV DQG (QHUJ\ %0:L  RQ WKH EDVLV RI D GHFLVLRQ E\ WKH *HUPDQ %XQGHVWDJ ).=
(7% 7KHDXWKRUVJUDWHIXOO\DFNQRZOHGJHWKLVVXSSRUWDQGFDUU\WKHIXOOUHVSRQVLELOLW\IRUWKHFRQWHQW
RIWKLVSDSHU

 5HIHUHQFHV
)LQGHLVHQ ) 8UEDQHFN 7 3ODW]HU %  5DGLDOH 'LIIXVRUHQ LQ :DUPZDVVHUVSHLFKHUQ ± )XQNWLRQDOH
2SWLPLHUXQJPLWWHOV&)'7HLO*UXQGODJHQXQG0RGHOOLHUXQJ+/+,661
)LQGHLVHQ ) 8UEDQHFN 7 3ODW]HU %  5DGLDOH 'LIIXVRUHQ LQ :DUPZDVVHUVSHLFKHUQ ± )XQNWLRQDOH
2SWLPLHUXQJPLWWHOV&)'7HLO2SWLPLHUXQJGHV%HXQG(QWODGHYHUKDOWHQV+/+,661

+HGElFN7+HGElFN$'(
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/RKVH58UEDQHFN7%UlPHU&3ODW]HU%(IIHFNV'XULQJ/RDGLQJRI+RW:DWHU6WRUDJHVZLWKD
+LJK$VSHG5DWLR(XUR+HDW 3RZHU(QJOLVK(GLWLRQ±±,661±
8UEDQHFN73ODW]HU%)LQGHLVHQ):DUPZDVVHUVSHLFKHU±6WDQGGHU7HFKQLNXQG(QWZLFNOXQJHQ
+/+,661
8UEDQHFN7HWDOZZZREVHUZGH>$FFHVVHG2FW@
8UEDQHFN 7  .lOWHVSHLFKHU *UXQGODJHQ 7HFKQLN $QZHQGXQJ 2OGHQERXUJ 9HUODJ ,6%1
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Abstract

In this paper results of an absorption heat storage cycling test are presented. The specific application is long
term heat storage, the test setup is based on a spiral finned tube heat and mass exchanger constructed of stainless
steel type 1.4571 and the absorbent working pair is sodium hydroxide and water. A total of 7 cycles are
performed at approximately 13.5 hours of absorption and 17 hours of desorption time per cycle. Average
concentration of sodium hydroxide in the solution is 48 wt% after desorption and 27 wt% after absorption.
Comparison of thermal performance among different cycles is made. No clear tendency of cycling improvement
or degradation is found.
Keywords: Absorption heat storage, Long term thermal energy storage, Sodium hydroxide / Water, Cycling test,
Spiral finned tube heat and mass exchanger

1. Introduction
Heat storage based on sorption process has the prospective for compact thermal storage without suffering loss
during storage time. Much research has been done towards this goal, accompanied by several IEA Technology
Collaboration Programs [van Helden et al. 2015]. Sorption heat storage operates as a chemically driven heat
pump, storing not heat, but the potential to regain heat at elevated temperatures. Applied sorption materials are
generally categorized into adsorbents referring to solid sorbents and absorbents referring to liquid sorbents.
Categorization is made from an application perspective whereby the sorbate, frequently taken to be water,
adheres to the surface of solids and diffuses into liquids. Theoretical work on absorption materials shows
promising potential for heat storage application [Hui, et al. 2011], and is seen to have good potential for building
integrated heat storage [N’Tsoukpoe, et al. 2009, Tatsidjodoung, et al. 2013, Zhang, et al. 2014]. Common
absorbents considered are the aqueous salts lithium bromide (LiBr) [N’Tsoukpoe et al. 2013, Mortazavi et al.
2015], lithium chloride (LiCl) [Bales et al. 2008], calcium chloride (CaCl2) [Quinnell, et al. 2011, Le Pierrès, et
al. 2011] and sodium hydroxide (NaOH) [Weber and Dorer, 2008]. First heat storage prototypes for solar
heating have been built based on the conventional falling film tube bundle heat and mass exchanger (HMX)
[N’Tsoukpoe et al. 2013, Fumey et al. 2015a]. Nevertheless, various issues related to the required large
concentration difference in a single cycle process have led to poor operation results. Challenges include
regrouping of droplets due to high viscosity of the absorbent working pair as well as high surface tension and
high contact angle. Thus, system performance has generally been unsatisfactory, and it is recognized that new
HMX concepts are required [N’Tsoukpoe et al. 2013, Daguenet-Frick, et al. 2017]. In contrast to solar sorption
chilling machines [Ibarra-Bahena and Rosenberg, 2014] not cold, but heat is sought and not a full cycle but a
time interrupted process is at hand. Absorption heat storage performance is measured in respect to energy
density and temperature lift [Fumey et al. 2015b]. Energy density is dependent on the degree of absorbate
difference between charged and discharged absorbent working fluid and temperature lift is dependent on the
concentration of absorbent in the working fluid. High concentration leads to increased temperature lift. A HMX
for absorption heat storage must reach maximum absorbate uptake in a single pass process in order to prevent
temperature drop due to concentration reduction through mixing of charged absorbent solution with semi
discharged solution. Experiments have shown that substantially more exposure time of absorbent solution to
absorbate is required then commonly possible in absorption chiller type HMXs [Fumey et al, 2017]. Alternative
HMX designs are suggested by [Michel et al. 2017] and [Fumey et al, 2017].
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In this paper the cycling test results of a spiral finned tube HMX design as described in [Fumey et al., 2017]
made of stainless steel type 1.4571 and operated with aqueous NaOH are presented and compared in respect to
important performance parameters with focus on possible degradation.

2. Setup description
In this absorption process, HMX operation is under exclusion of non-condensing gasses. Fig. 1b shows the
finned tube heat exchanger used both as absorber and desorber (A/D) as well as evaporator and condenser (E/C).
Dual function is possible due to the time separated processes of evaporation and absorption and the process of
desorption and condensation. Both, in absorption and desorption operation, aqueous NaOH is introduced to the
top of the A/D spiral fin and flows down, channeled along the fin as illustrated in Fig. 1a. In absorption mode,
water follows the same principle on the E/C unit whereby it is evaporated by means of low temperature heat
source and in turn absorbed on the aqueous NaOH. The heat of vapor condensation as well as to a smaller part
the heat of dilution is released at concentration dependent elevated temperature to the heat transfer fluid (HTF).
In desorption mode the revers process is followed; heat from the HTF is released to the absorbent, whereby
water is evaporated from the aqueous NaOH solution. The water vapor is in turn condensed on the E/C unit and
the heat released to the respective HTF. Depending on the NaOH concentration and the temperature difference
between A/D and E/C unit absorption or desorption takes place.

Fig. 1: a) Illustration of the finned tube heat exchanger with absorbent solution flow indicated by the orange arrow and HTF by
the blue arrow (left). b) Finned tube heat exchanger showing the sorbent supply tube on the top most fin as well as installed
temperature sensors. The HTF flows through the center tube (right).

The benefits of the spiral finned tube heat exchanger are, the long exposure time, large surface area, slow flow
of the absorbent and resulting thin film, adjustability of exposure time, film thickness control by absorbent flow
regulation, and continuous process both in absorption as well as desorption.
In the lab scale HMX test facility, two spiral finned tubes as A/D and E/C units are installed in two separate
chambers respectively as shown in Fig. 2. The two chambers are interconnected in order to enable water vapour
exchange and the HMXs are supplied with heat and cold from two thermostat/cryostat baths. These operate as
solar heat source and ambient heat sink in desorption also referred to as charging mode as well as low
temperature heat source and building heat demand in absorption or discharging mode. Gear pumps circulate the
heat transfer fluids, supplied to the bottom of the HMX, in counter flow to the absorbent and absorbate and flow
is regulated with buoyancy flow regulators. Both absorbent and absorbate are sourced from plastic canisters at
atmospheric pressure. The containers are seen in Fig. 2 at the bottom center. The blue canister holds the
absorbent (aqueous NaOH) and the white canister holds the absorbate (water). This is strongly in contrast to the
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conventional approach in closed sorption systems where both sorbent and sorbate are stored under low pressure
conditions with removal of all non-condensing gasses. Absorbent is dosed to the absorber by a tubing pump
seen above the blue canister. Mass flow is monitored by electronic scale placed underneath the absorbent
canister. Absorbate is supplied to the E/C chamber from the respective canister by pressure difference between
the ambient to the low pressure in the chamber and re-circulated on the HMX using a gear pump. Both
absorbent and absorbate are removed from the low pressure HMX chambers by vacuum lock. These consist of a
container each connected to the respective chamber via ball valve. The absorber / desorber vacuum lock is
indicted in Fig. 2 bottom left. Absorbent and absorbate flows from the HMX into the vacuum lock by
gravitational force. Periodically, the interconnecting valves are closed, the lock aired and the working fluids
released to plastic container. Prior to opening the valve again, the lock is evacuated. This setup enables periodic
sampling without interrupting the continuous operation. Detailed results of initial operation tests are presented in
[Fumey et al. 2017].

Fig. 2: Test setup including the absorber / desorber composition on the left top, the evaporator / condenser unit on the right top,
the absorbent vacuum lock on the left bottom, the absorbent and absorbate supply on the bottom center and the monitoring
equipment to the bottom right.

3. Testing procedure
Seven absorption and desorption cycles are undertaken in the described setup and performance is compared in
terms of deviation of effective temperature difference from the theoretical temperature difference for a given
absorbent concentration. Theoretical values are represented by the equilibrium curve (see Fig. 3-6). This test
distinguishes itself from the former tests reported in that both absorbent solution and absorbate are continuously
reused. This approach leads to a dependence of absorption performance on the preceding desorption process and
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may lead to an accumulation of possible performance depredators. In absorption, the absorbent flow is 6 g/min,
the A/D HTF supply temperature is 28 °C at a flow of 200 g/min and the E/C supply temperature is 25°C at a
flow of 800 g/min. In desorption the absorbent flow is 8 g/min, the A/D HTF supply temperature is 65 °C at a
flow of 800 g/min and the E/C supply temperature is 10 °C at a flow of 1200 g/min. The test duration for a
single cycle in absorption is approximately 13.5 hours and the desorption duration is 17 hours due to the greater
mass of diluted aqueous NaOH to be transported. One complete absorption and desorption cycle is tested per
week resulting in a total test duration of 7 weeks. No absorbent or absorbate is added or removed from the
solution during the test series. Both absorbent and absorbate are stored under atmospheric pressure and exposed
to air.

4. Results and discussion
Fig. 3 shows the process performance with reference to the ideal equilibrium state of the cycling test with
temperature difference between the A/D and E/C unit on the x-axis and the absorbent concentration on the yaxis. Average values of the cycles are shown. The dashed line shows the theoretical equilibrium between the
temperature difference and the concentration. In Fig. 3 the red x values show the maximum temperature
difference between the absorbent and evaporation temperature during absorption in dependence of the
concentration. Due to the varying concentration in the cycling tests, the maximum absorption temperature
varies. Performance is measured in dependence of horizontal distance from the equilibrium line. The red +
values show the final resulting concentration in the absorption process plotted against the minimum temperature
difference between A/D and E/C HMX. As with the x values, performance is measured in dependence of
horizontal distance to the equilibrium. Closer fit to the equilibrium line shows good performance in terms of
effective mass transfer. The blue o values show the resulting concentration of the desorption cycles. As with the
absorption results, close fit to the equilibrium line is desired.

Fig. 3: Overview of resulting concentration/temperature difference pairs recorded during cycle testing in absorption and
desorption mode. Red x representing beginning of absorption, red + end of absorption and blue o end of desorption (beginning of
desorption is omitted as initial absorbent concentration do not correspond to charging temperatures).

Fig. 4 to 6 show details of the results presented in Fig. 3 for the different operation regimes, beginning and end
of absorption as well as end of desorption process, with indication of cycle number for analysis of cycling
performance and standard deviation. Fig. 4 shows the maximum temperature increase in respect to concentration
in absorption. As expected the temperatures are lower than the equilibrium. Part of this temperature drop is due
to water vapor mass diffusion resistance in evaporation, as well as vapor transport from A/D unit to E/C unit and
diffusion into the absorbent. It is yet unclear what portion of the total temperature drop is due to this effect.
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Test A1 shows a substantially higher temperature gain due to the starting concentration of 53 wt%, temperature
increase is directly dependent on absorbent concentration. Nevertheless, it also shoes a large temperature
deviation from equilibrium. Interesting is to note that the first 3 cycles have a stronger temperature deviation
than the following 4 cycles. Nevertheless, there is no clear tendency observed, highlighting a potential effect of
cycling. The least temperature difference is seen at test A5, with tests A6 and A7 showing again an increase.
The dashed line is parallel to the equilibrium line with a temperature offset of 4 K representing an average
temperature deviation from equilibrium through the set of cycles.

Fig. 4: Focus of Fig. 3 on the maximum temperature increase in respect to the concentration in the absorption process. All values
are numbered according to their cycle. The dashed line shows a 4 K offset to the equilibrium line.

Fig. 5 shows the resulting concentration in respect to the minimum temperature difference between the absorber
and the evaporator. This is approximately 7 K. As in Fig. 4 there is no trend of degradation or improvement
visible across the cycles. Apart from cycle A1 and A6, all results show approximately the same offset to the
equilibrium line of approximately 3 K as indicated by the dashed line parallel to the equilibrium line. The
concentration difference results from the slightly varying temperature difference between the cycles.

Fig. 5: Focus of Fig. 3 on the minimum concentration reached in absorption modus. All values are numbered according to their
cycle. The dashed line shows a 3 K offset to the equilibrium line.

Fig. 6 shows a close up of the resulting concentration in respect to the temperature difference in the desorption
process. Compared to the absorption results in figures 4 and 5 there is a greater average deviation from the
equilibrium line in the desorption process. It appears that more time is required in order to reach a closer fit to
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the equilibrium line. As in absorption, mass transport resistance is three fold; desorption, vapor transport and
condensation. Assuming that vapor transport resistance and water phase change on the E/C unit is equal in the
absorption as well as the desorption process, it may be concluded that there is a greater mass transport resistance
in desorption than in absorption. The dashed line shows an offset of 9 K. As for absorption, there is no clear
degradation trend to be recognized in desorption.

Fig. 6: Focus of Fig. 3 on the maximum concentration reached in desorption modus. All values are numbered according to their
cycle. The dashed line shows the 9 K offset to the equilibrium line.

From the illustrated results it is shown that in respect to performance there is no clear trend of degradation or
improvement.
It can be seen that even though both absorbent and absorbate are exposed to air in storage, no performance loss
is encountered. On a system level this is a very important result, due to the large potential of system
simplification and reduction of component costs.

5. Conclusion and outlook
In this paper a cycling test of 7 cycles is presented based on a spiral finned tube heat and mass exchanger for
absorption heat storage. Results show good cycling stability without any clear degradation of the process.
Storage of both absorbent and absorbate at ambient pressure is seen to be a promising approach for substantial
reduction of system complexity and cost. Further work will include measurement over increased number of
cycles with chemical analysis of absorbent in between the cycles.
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Abstract
This contribution describes a model-based thermal performance test method for outdoor hot water stores for
long-term thermal energy storage. For this purpose an existing TRNSYS model for indoor hot water stores is
modified. In particular, local variations of the ambient temperature and the influence of solar irradiation are
taken into account. A parameter identification process is proposed, which makes it possible to determine the
parameters of the model required for the characterization of the thermal performance of an outdoor installed hot
water store. The test method has been developed for an outdoor installed hot water store with a volume of 12 m3,
a vacuum thermal insulation and a transparent thermal insulation as well as for an outdoor installed 100 m3 hot
water store with a conventional thermal insulation. The functionality of the test method is confirmed by
measured data, plausibility checks of the model parameters and a comparison to theoretical values determined
based on material properties. Furthermore, the influences of the minimization algorithm on the results of the
parameter identification process are investigated.
Keywords: Hot water store for outdoor installation, thermal performance test method, parameter identification

1. Introduction
Overground hot water stores with volumes in the range of 10 m3 to 500 m3 are an attractive technology for
efficient and long-term thermal energy storage due to their relatively low surface to volume ratio compared to
stores with smaller volumes. Applications of such stores range from SolarActiveHouses (Gerschitzka et al.,
2016) to buffer stores in solar district heating systems (Bauer el al., 2010). In the last decade, several
demonstration projects with stores in a volume range of 10 m3 to 500 m3 were planned, built and monitored
within national and international research projects (Bauer et al., 2010, 2016). These stores are often placed
overground and outside due to their large size. The resulting dynamic changes in the ambient conditions and
novel effects on the heat losses, such as wind and irradiation, compared to a common indoor installation, require
a modification and extension of already existing methods for the performance testing of hot water stores. Hence,
in this contribution a model-based thermal performance test method for outdoor hot water stores is developed
and validated. An existing TRNSYS model for indoor installed hot water stores (Drück, 2006) is modified. In
particular, local variations of the ambient temperature and the influence of solar irradiation are taken into
account. A parameter identification process is proposed, which makes it possible to determine the parameters of
the model required for the characterization of the thermal performance of an outdoor hot water store for longterm thermal energy storage. The new test method was applied to a 12 m3 hot water store with a vacuum thermal
insulation combined with a transparent thermal insulation (TTI) as well as to a 100 m3 hot water store with a
conventional thermal insulation, see figure 1. Both stores were built for demonstration purposes in the context of
two German research projects. The stores are equipped with measuring sensors for the determination of the
ambient conditions and the store’s thermal behaviour. Especially the temperatures inside the storage medium,
outside the stores and on the outer surface of the thermal insulations are measured. Furthermore, the wind speed
and the solar irradiation are recorded.
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Fig. 1: Outdoor installed thermal energy stores with a water volume of 12 m3 (left) and 100 m3 (right)

The store with a volume of 12 m3 was developed as part of the German national research project „StoEx“
(Development of a large-volume, low-cost hot water store with high-efficient thermal insulation for outdoor
installation; PTJ grant number: 0325992B). The aim of this project was the development of an advanced hot
water store for outdoor installation. A significantly reduced heat loss rate compared to conventionally insulated
thermal energy stores was achieved by the use of the high-efficient thermal insulation techniques vacuum
thermal insulation and transparent thermal insulation (Gerschitzka et al., 2015a). The store was tested at a novel
outdoor test facility especially designed for thermal performance testing of large-scale outdoor installed thermal
energy stores (Gerschitzka et al., 2016). The project was carried out by the Research and Testing Centre for
Thermal Solar Systems (TZS) of the Institute of Thermodynamics and Thermal Engineering (ITW) of the
University of Stuttgart and the company Sirch Tankbau-Tankservice-Speicherbau GmbH from Germany.
The 100 m3 store was developed as part of the German national research project “OBSERW” (Overground
stores in segmental construction for district heating systems; grant number: 03ET1230C). The partners of the
project are the Professorship of Technical Thermodynamics of the Faculty of Mechanical Engineering of the
Chemnitz University of Technology (TUC/TT), the Research and Testing Centre for Thermal Solar Systems
(TZS) of the Institute of Thermodynamics and Thermal Engineering (ITW) of the University of Stuttgart and the
company farmatic Anlagenbau GmbH from Germany. Within the project a so-called flat bottom hot water store
using a thermal insulation based on polyurethane recycling material is developed (Urbaneck and Platzer, 2015).
Regarding the store construction, a novel floating ceiling combined with a CFD-optimized charging device is
investigated (Findeisen et al., 2016, 2017). Further topics of the research project OBSERW are the laboratory
and application scale tests of the sealing material required for the segmental construction (Gerschitzka et al.,
2015b).

2. Test method for outdoor hot water stores
The application of well-known test methods for indoor installed hot water stores to outdoor installed stores, e. g.
of the test methods according to EN 12977-3 (2012) and EN 12977-4 (2012) is not appropriate since these
methods are designed for smaller store volumes up to 5 m3 and for quasi steady state ambient indoor conditions.
Additionally, no effects on the heat losses due to the outdoor specific installation are considered such as the
decreased heat losses by solar gains. Furthermore, the charging and discharging capacity required to perform the
test sequences of these methods is usually not available on-site. Therefore, a modified calculation procedure is
developed regarding the determination of heat losses of outdoor installed hot water stores. For this calculation a
model based on an extension of the proven TRNSYS Multiport Store-Model by Drück (2006) is used. A novel
calculation of the outer surface temperature of the store is considered.
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The Multiport Store-Model uses a one dimensional finite difference method to calculate the temperature of the
storage medium. The storage medium is discretized along the store height in volume segments characterized by
a node representing the temperature of these segments. The temperature of each node is determined by solving
the energy balance for all nodes of the store’s volume. This is a common approach to model the thermal
behaviour of such stores for system simulation studies. A more detailed description of the Multiport StoreModel is given in (Drück, 2006, 2007). The original Multiport Store-Model considers the heat losses of the store
medium for each volume segment by a linear approach between the heat flux of the heat losses and the
temperature difference between the ambience and the store medium, according to eq. 1. The parameter ሺܷܣሻ
represents the heat loss rate. Usually the inner surface temperature of an indoor installed hot water store is
assumed to be the storage medium temperature.
ܳሶ୦୪  ൌ ሺܷܣሻ ή ሺߴୱ୲୭ െ ߴୟ୫ୠ ሻ

(eq. 1)

An outdoor installation of a hot water store requires a more detailed approach for the calculation of the heat
losses. This is caused by the fact, that the heat flux of the solar irradiation, the convective heat transfer by wind
and the heat capacity of the thermal insulation influence the outer surface temperature of the store. Hence, an
extension of the Multiport Store-Model is necessary. This extension is done by an afterwards explained novel
calculation method using a more detailed calculation of the store’s outer surface temperature.

2.1. Calculation of the outer surface temperature
The thermal behaviour of a store’s outer surface can be characterized by a multi-node calculation. Each node
represents the temperature of a certain area of the outer surface of the store. Eight separate surface temperatures
of the store’s lateral area in circumferential direction are considered. A vertical temperature distribution within
the considered specific surface area is neglected. The outer surface temperatures can be calculated by
determining the heat transfer between the outer store surface and the ambience as well as the thermal capacities.
The considered heat transport phenomena are the heat transfer by solar and thermal irradiation, a temperature
and wind speed dependent convective heat transfer and an internal heat transfer inside the material of the outer
surfaces in the circumferential direction.
The model parameters of the surface temperature calculation are the effective heat capacity ܥୣ of the store’s
thermal insulation, the transmittance-absorptance-product (߬ߙ כୟ ) כand the heat transfer coefficient from the store
surface to the ambience ݄ୣ୶୲ଵ respectively the coefficient of the temperature dependence of heat transfer
coefficient ݄ୣ୶୲ଶ . Furthermore, a wind speed and irradiation dependency of the surface temperature can be
included by the parameters ݄୵ଵ and ݄୵ଶ . Concerning the calculation of the incidence angle, depended on solar
כ
and the incidence angle modifier ܭୠ are of importance. A heat
irradiation, the reflectance of the ambience ߩୟ୫ୠ
transfer by thermal irradiation between the store’s surface and the ambience respectively the sky can be
considered by the parameter ߳  כ. If there is a transparent thermal insulation on the outer store surface, a heat
transfer between different surfaces in circumferential direction can occur. This heat transfer can be considered
by the parameter ݄୧୬୲ǡ୧՜୨ between two neighboring segments.
Assuming only a small change of inner energy compared to the incoming solar irradiation and heat losses of the
outer store surface, the energy balance of one surface segment can be approximated according to eq. 3. The
subscription is exemplary for a north orientated surface segment. The aim of eq. 3 is to calculate the surface
temperature ߴୱ୳୰ of one segment based on the knowledge of the input values and the temperature of the surface
ߴୱ୳୰ǡ୭୪ୢ from the time step before. Considering all individual segment equations, an equation system occurs.
ߴୱ୳୰ǡ  ൌ  ߴୱ୳୰ǡ୭୪ୢǡ 
כ
 ܩ୪୭ୠ ሻ
ሼ൫߬ߙ כୟ כ൯   ܣ ሺܭୠǡ  ܩ୦ୣ୫ǡୢ୧୰ǡ  ܩ୦ୣ୫ǡୢ୧ǡ  ͲǤͷ  ߩୟ୫ୠ


െܣԢ  ݄ୣ୶୲ଵǡ  ሺߴୱ୳୰ǡ୭୪ୢǡ െ ߴୟ୫ୠ ሻ െ ܣԢ  ݄ୣ୶୲ଶǡ  ሺߴୱ୳୰ǡ୭୪ୢǡ െ ߴୟ୫ୠ ሻ;
ܣᇱᇱ  ݄୧୬୲ǡ՜  ൫ߴୱ୳୰ǡ୭୪ୢǡ െ ߴୱ୳୰ǡ୭୪ୢǡ ൯
ܣԢԢ  ݄୧୬୲ǡ՜  ሺߴୱ୳୰ǡ୭୪ୢǡ െ ߴୱ୳୰ǡ୭୪ୢǡ ሻ
െܣԢ  ݄୵ଵǡ   ݓ ܩ୦ୣ୫ǡ െ ݄୵ଶǡ  ܣԢ   ݓ ሺߴୱ୳୰ǡ୭୪ୢǡ െ ߴୟ୫ୠ ሻ
െͲǤͷ  ߳   כ ߪ  ܣᇱ  ሾ൫ܶୱ୳୰ǡ୭୪ୢǡ ସ െ ܶୟ୫ୠ ସ ൯  ሺܶୱ୳୰ǡ୭୪ୢǡ ସ െ ܶୱ୩୷ ସ ሻሿሽ  ȟݐȀܥୣǡ 
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The incidence angle modifier ܭୠ of the direct irradiation is defined by eq. 4 (Fischer, 2011; Bosanac, 1992). The
incident angle ȣ between the sun and the normal of the TWD area of each segment is calculated in TRNSYS.
The coefficient ݎ is used for the fitting of the incident angle modifier.
ܭୠ ൌ ͳ െ ሾሺȣȀʹሻሿଵȀబ

(eq. 4)

The areas ܣ, ܣԢ and ܣԢԢ are multiplied with the corresponding heat transfer coefficients. The sky temperature ܶୱ୩୷
is calculated according to Swinbank (Fischer, 2006) for the assumption of clear sky. To get a workable number
of model coefficients, only the heat transfer coefficient ݄୧୬୲ǡ୧՜୨ is individually determined for all segments. The
remaining parameters are equal for all segments. The input values of the surface temperature calculation are the
ambient temperature, the global solar irradiation, the diffuse solar irradiation in the horizontal and the wind
speed.
In the novel and extended Multiport Store-Model, the calculated local mean surface temperatures are used for
the calculation of the heat losses instead of the ambient temperature, according to eq. 5. The mean surface
ҧ is calculated by the average of all eight individual segment temperatures.
temperature ߴୱ୳
ҧ ሻ
ܳሶ୦୪  ൌ ሺܷܣሻ ή ሺߴୱ୲୭ െ ߴୱ୳

(eq. 5)

In addition to the integration of the surface temperature’s calculation into the original Multiport Store-Model
(Drück, 2006), two further changes are introduced. On the one hand, the original store model is modified in such
a way, that an ambient temperature of the bottom and an ambient temperature of the top can be set as input
value. On the other hand, a non-homogeneous temperature distribution in the storage medium is introduced at
the initial time step. The possibility of starting the calculation with an inhomogeneous temperature distribution is
particularly useful for parameter identification on the basis of in-situ measuring data.
The parameters of the store model, relevant for the thermal behaviour of a long-term thermal energy storage,
remain the heat loss rate of the store mantle ሺܷܣሻ୫ୟ୬ , the heat loss rate of the store bottom ሺܷܣሻୠ୭୲, the heat
loss rate of the store top ሺܷܣሻ୲୭୮ and the effective thermal conductivity of the storage medium in a vertical
direction ݇ୣ . The store model input values are the store’s surface temperatures, determined by the novel surface
temperature model, and the ambient temperature for the mantle, the bottom and top of the store. It is assumed,
that the heat losses of the store don’t influence the temperature of the transparent thermal insulation respectively
the outer surface temperature of the store.

2.2. Process of parameter identification
The procedure of determining the model parameters of both models, the store and surface temperature model,
regarding the thermal behaviour of a long-term thermal energy storage is separated into two individual
parameter identification processes. Figure 2 shows the basic approach of such a parameter identification process
for a dynamic model (Fischer, 2011). The output values of the model calculation and of the measurement are
compared using a target value. Afterwards, an optimization algorithm searches for a minimum of the target
value by varying the model parameters.

Fig. 2: Schematic process of a parameter identification
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In this investigation, several Matlab integrated optimization algorithms are tested. Especially for the dynamic
parameter identification of solar collector models in TRNSYS several well working optimization algorithms are
known (Bales, 2002; Fischer; 2011, Bosanac, 1992). Because of the similarity to a solar collector, the
transparent thermal insulation is also calculated in a time-dependent, dynamic way.
The parameter identification process of the surface temperature model uses the mean quadratic deviation of
measured (ߴ୫ǡ୨ǡ୧ ) and calculated (ߴୡǡ୨ǡ୧ ሻsurface temperatures as target value. The parameter identification process
of the store model uses the mean quadratic deviation of measured (ߴ୫ǡ୨ǡ୧ ) and calculated (ߴୡǡ୨ǡ୧ ) store medium
temperatures as target value. Equation 6 defines the target value with a constant reference temperature ߴ୰ୣ of
10 °C. The reference temperature is used to obtain a dimensionless target value. The value ܰୗ is the amount of
considered sensors and the value ܰୗ is the amount of measuring time steps during the considered stand-by test.
ಿ

ே


݂ ᇱ ൌ ඨσୀଵ
ቆ

మ

 ൫ణ
σೕసభ
ౣǡౠǡ ିణౙǡౠǡ ൯

ே ήே ήణ౨ మ

ቇ

(eq. 6)

This approach for the calculation of the target value is similar to the calculation method in (John, 2002), in
which the heat loss rates of a store with a volume of 85 m3 is successfully identified by parameter identification
with the Multiport Store-Model.
The charging and discharging characteristics of the Multiport Store-Model with volumes between 5 m3 and
100 m3 are assumed to be equal to stores with volumes lower than 5 m3. This is indicated in (John, 2002), due to
a validation of the Multiport Store-Model for a store with a volume of approximately 85 m3. Hence, no
modifications in the Multiport Store Model regarding the charging and discharging characteristics are necessary.
Model parameters for the charging and discharging characteristics are for example the height of the input and
output flow ports, the number of nodes in the store volume and a local turbulent thermal conductivity (Drück,
2007). However, the currently known test methods according to EN 12977-3 (2012) and EN 12977-4 (2012) for
the identification of the charging and discharging parameters are again not applicable to stores with volumes
greater than 5 m3 for the previously mentioned reasons. The following investigations only consider the thermal
behaviour of a long-term thermal energy store respectively a stand-by heat loss test of a store, so these charging
and discharging model parameters don’t have to be identified.
With the above-described procedure for determining the model parameters three stand-by tests of the store with
a volume of 12 m³ and with a vacuum and transparent thermal insulation are exemplary analyzed. These tests
include a stand-by test with an inhomogeneous starting temperature distribution in the vertical direction (test 1),
a stand-by test with a homogeneous starting temperature distribution (test 2) and a stand-by test with a
homogeneous starting temperature distribution and an additional thermal insulation of the bottom of the store
(test 3). The mean daily irradiation sum in the horizontal is 5.59 kWh m-2 d-1 for the duration of 26 days of test 1,
4.54 kWh m-2 d-1 for the duration of 18 days of test 2 and 2.72 kWh m-2 d-1 for the duration of 16 days of test 3.
The maximum uncertainty of the eleven Pt100 temperature sensors, used for measuring the vertical temperatures
in the store, and the eight Pt100 temperature sensors, used for measuring the horizontal surface temperatures of
the TTI, is ± 0.35 K. The maximum uncertainty for the pyranometer is ± 1.5 % of the measured value and
0.2 m s-1 for the windspeed sensor. A digital data acquisition system measures the measuring values with a time
step of 60 s.

3. Results
The following chapter describes a model sensitivity analysis of the surface temperature model and the results of
the parameter identification process for measuring data of the three stand-by tests of the thermal energy store
with a volume of 12 m³ and with transparent and vacuum thermal insulation.

3.1. Analysis of the model sensitivity
Due to the dynamic parameter identification of the surface temperature model, typical sensitivity analysis
methods for the parameters of the model equation cannot be applied. Therefore, an alternative sensitivity
analysis method, called morris method (Morris, 1991), is used to identify the main parameters of the models. A
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further explanation of the morris method and its extension can be found in (Campolongo et al., 2005; Cropp and
Braddock, 2002; Saltelli et al., 2004). The method was successfully implemented in Matlab and tested by means
of several test functions compared to literature results. The results of the morris method for the surface
temperature model parameter identification show, that the main parameters are ሺ߬ߙ כୟ כሻ, ܥୣ , ݄ୣ୶୲ଵ , ݄ୣ୶୲ଶ , ߳  כ,
כ
and ݎ . The parameters ݄୵ଵ , ݄୵ଶ and all individual ݄୧୬୲ǡ୧՜୨ seem to be of small importance. This is
ߩୟ୫ୠ
indicated in figure 3 (left) by a high value of ߤԢ. A high value of ߪԢ indicates a strong dependency on other
parameters or a nonlinear model equation. The range in which the parameters are investigated in the morris
method is equal to the range of the parameter identification process.
Further investigations also show, that all eight individual ݄୧୬୲ǡ୧՜୨ cannot not be neglected completely, but can be
assumed to be equal for all segments. This finding was confirmed by means of several individual parameter
identification processes with a stepwise decrease of the amount of fitting parameters. Exemplary results of the
morris method for a decreased amount of parameters are shown in figure 3 on the right side. Only the parameters
ሺ߬ߙ כୟ כሻ, ܥୣ , ݄ୣ୶୲ଵ and ݄୧୬୲ǡ୧՜୨ are considered. It can be concluded, that due to the parameter reduction the heat
losses are characterized completely by ݄ୣ୶୲ଵ , which is now the most relevant parameter.

Fig. 3: Results of the morris method (Ԣ ൌ , ࢘ᇱ ൌ , stand-by test 1) for the surface model
with all (left) and a reduced amount (right) of parameters

Further investigations concerning the parameter identification process of the surface model show, that there is an
influence of the solution algorithm on the target value. A comparison of several Matlab integrated minimization
algorithms implemented in the parameter identification process was done. Generic algorithms, especially the
particle swarm algorithm, and direct search and simulated annealing methods were investigated. However, these
algorithms and methods show no or only slight advantages concerning the target value and the simulation time,
compared to the standard interior-point algorithm for the parameter identification of the surface model. Hence,
the interior-point algorithm was used for all following parameter identifications.
A second sensitivity analysis, based on the fit results of the parameter identification process for each month of
one year of measuring data, is determined. Table 1 summarizes the mean parameter values for all fits for one
year and the corresponding standard deviations. The parameter ݄ത୧୬୲ǡ୧՜୨ represents the average of all individual
parameters ݄୧୬୲ǡ୧՜୨ .
Tab. 1: Selected deviations derived from the cross correlation matrix and mean parameter values
of the store model for a monthly parameter identification of one year

ሺ߬  כ ߙ  כୟ ሻ ܥୣ in
kJ K-1
in [-]

݄ୣ୶୲ଵ in
W m-2 K-1

݄ୣ୶୲ଶ in
W m-2 K-2

݄ത୧୬୲ǡ୧՜୨ in
W m-2 K-1

߳כ
in [-]

כ
ߩୟ୫ୠ
in [-]

ݎ
in [-]

mean
value

0.60

119.44

3.51

2.1·10-2

183.37

4.70·10-3

2.4·10-1

3.4·10-2

standard
deviation

0.14

25.47

0.54

1.2·10-4

45.15

7.79·10-5

2.4·10-2

3.0·10-2
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It can be concluded, that the standard deviation of most of the parameters is in an acceptable range for the
interpretation of the results, expect the parameter ݎ . The results of parameter ݎ indicate, that the modelling of
the incidence angle modifier strongly depends on the season of the year.

3.2. Results of the parameter identification process
Table 2, table 3 and table 4 show a summary of the parameters determined for the surface temperature model
and the store model for all stand-by tests mentioned above by means of parameter identification. The determined
overall heat loss rate ሺܷܣሻ୭୴ , which is summed up by ሺܷܣሻ୫ୟ୬ , ሺܷܣሻ୲୭୮ and ሺܷܣሻୠ୭୲ , is 6.410 W K-1 for the
stand-by test 1, 6.618 W K-1 for the stand-by test 2 and 5.038 W K-1 for the stand-by test 3. The lower overall
heat loss rate of the stand-by test 3 results from the additional thermal insulation at the bottom of the store. The
higher value of the effective thermal conductivity ݇ୣ compared to the material value of water can be explained
due to several stratification devices integrated in the store and the store’s lateral walls made of steel, which
increase the thermal conductivity in the vertical direction. The quite similar results of the overall heat loss rate
and of the store’s effective thermal conductivity for all three experiments indicate, that the procedure for
modeling dynamic ambient conditions respectively for identifying the model parameters provides reasonable
and reproducible results.
Tab. 2: Summary of store model parameters and target values

Test

ሺܷܣሻ୫ୟ୬
in W K-1

ሺܷܣሻ୲୭୮
in W K-1

ሺܷܣሻୠ୭୲
in W K-1

ሺܷܣሻ୭୴
in W K-1

1

2.412

0.122

3.874

6.410

1.553

0.087

2

1.876

0.142

4.599

6.618

1.595

0.009

3

2.404

0.053

2.582

5.038

1.611

0.022

݇ୣ in
W m-1 K-1

f’
in [-]

Tab. 3: Summary of surface model parameters and target values (part 1)

Test

ሺ߬  כ ߙ  כୟ ሻ
in [-]

ܥୣ in
kJ K-1

݄ୣ୶୲ଵ in
W m-2 K-1

݄ୣ୶୲ଶ in
W m-2 K-2

݄ത୧୬୲ǡ୧՜୨ in
W m-2 K-1

1

0.670

136.093

3,928

0.011

199.488

2

0.695

135.876

4.657

0.010

171.235

3

0.574

110.780

3.561

0.026

164.316

Tab. 4: Summary of surface model parameters and target values (part 2)

Test

߳כ
in [-]

כ
ߩୟ୫ୠ
in [-]

݄୵ଵ in
s m-1

݄୵ଶ in
J m-3 K-1

ݎ
in [-]

f’
in [-]

1

0.010

0.231

0.019

1.172

0.028

0.427

2

0.006

0.239

0.018

0.939

0.016

0.369

3

0.004

0.230

0.005

0.492

0.023

0.312

If the averaged sum of the heat loss rate of the mantle and the top for all three experiments is converted to an
effective thermal conductivity with the assumption of an one-dimensional heat transfer, a calculated effective
thermal conductivity for the vacuum thermal insulation of 13.3·10 -3 W m-1 K-1 is obtained. This value is 11 %
higher than the value expected from laboratory measurements of 12.0·10-3 W m-1 K-1 (Gerschitzka et al., 2016).
The value of the effective heat capacity used in the surface temperature model exceeds the theoretically expected
value of a cylindrical metal sheet with same dimension as the store’s outer surface steel sheet by 10 %. This
indicates, that a part of the pourable filling material of the vacuum thermal insulation also acts as a thermal
capacity.
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The values of the heat transfer coefficient from the surface to the ambience are within the expected range of free
convection at a vertical cylinder. The transmittance-absorptance-product for all stand-by tests falls below the
theoretical value of an incidence angle of 90° by 18 %. This can be explained due to the simplified calculation of
the incidence angle modifier by only one parameter for all segments. The remaining coefficients of the surface
model are within the expected range.
The target value according to eq. 6 multiplied by ߴ୰ୣ can be interpreted as mean deviation between the
calculated and the measured temperatures of the store and surface temperature model. According to this
interpretation, the mean deviation of 0.39 K from the calculated and measured temperatures of the store
parameter identification shows very good results and the mean deviation of 3.70 K from the calculated and
measured temperatures of the surface parameter identification shows acceptable results.
For an exemplary presentation figure 4 shows the measured and calculated temperatures of the south-orientated
surface of the transparent thermal insulation and the hemispherical respectively diffuse solar irradiation for the
first three days of the stand-by test 1. Despite some deviation during the time of maximum temperatures, the
results of the calculation of the southward-orientated surface temperature fit quite well. It has to be considered,
that only the hemispherical und diffuse solar irradiation, the wind speed and the ambient temperature are
available as input values. Furthermore, the surface temperature model does not take shadings into account.
These occur in the morning and evening of the considered days and are caused by the horizon and neighboring
buildings.

Fig. 4: Measured and calculated temperature of the south orientated surface of the transparent thermal insulation (left)
and the south orientated hemispherical respectively diffuse solar irradiation (right)

If the previous calculation method for the heat losses of the store according to equation 1 is used, the determined
heat loss rate of the store mantel ሺܷܣሻ୫ୟ୬ is on average 30 % lower than the heat loss rate of the store mantle
for all three stand-by tests calculated according to equation 5. The reduction of ሺܷܣሻ୫ୟ୬ is 38 % for the standby test 1, 33 % for the stand-by test 2 and 19 % for the stand-by test 3. These results correspond with the mean
daily radiation sum for the three stand-by tests. The heat loss rate decreases, because the positive effect of a
lower temperature difference over the vacuum thermal insulation is taken into account for the parameter
identification of the heat loss rate. Derived from these results, the importance of the consideration of the surface
temperature calculation for the heat loss rate determination can be seen.

4. Conclusions
It can be summarized, that additional effects for the characterization of the heat losses of an outdoor installed hot
water store have to be taken into account compared to an indoor installed one. These effects can be described by
means of the developed combination of the surface temperature model and the store model. The novel
calculation of the outer store surface temperature is applied to separate surface segments of the store’s lateral
area in circumferential direction. These surface temperatures are used for the calculation of the heat losses of the
modified store model derived from the well-known Multiport-Store Model from TRNSYS. An evaluation of
both model parameter identification processes using three stand-by tests show reasonable and reproducible
results, compared to theoretical, material based values. Based on the identified model parameters of both
models, the detailed characterization of the heat losses of outdoor installed hot water stores for long-term
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thermal energy storage is possible. A comparison of the identified model parameters using the previous and the
novel surface temperature calculation method shows, that the dynamic ambient conditions can have a significant
influence on the heat loss rate of a hot water store. A mean change of the mantel heat loss rate of 30 % in the
parameter identification process due to the surface temperature calculation cannot be neglected.
Future work will deal with the development of a more detailed node model for the surface temperature
calculation, especially to account for a vertical temperature gradient. It is also planned to optimize the surface
temperature model for thermal energy stores in outdoor installation with no transparent thermal insulation,
especially for the 100 m3 store of the project OBSERW. For stores of this kind, the influence of the wind speed
could be more relevant for the surface temperature calculation than for stores with transparent thermal
insulation.
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Nomenclature
ܣ

Projected area of the TTI [m2]

ܣԢ

Area of the TTI [m2]

ܣԢԢ

Cross section area of the TTI [m2]

ܥୣ

Effective thermal capacity of one TTI
segment [kJ K-1]

݂Ԣ

Target value [-]

ܩ୦ୣ୫ǡୢ୧୰

Direct hemispherical solar irradiance
[W m-2]

ܩ୦ୣ୫ǡୢ୧

Diffuse hemispherical solar irradiance
[W m-2]

ܩ୪୭ୠ

Global solar irradiance [W m-2]

݄ୣ୶୲ଵ

Heat transfer coefficient from store to
the ambience [W m-2 K-1]

݄ୣ୶୲ଶ

Temperature dependent heat transfer
coefficient from store to ambience
[W m-2 K-2]

݄୧୬୲ǡ୧՜୨

Heat transfer coefficient within the TTI
[W m-2 K-1]

݄ത୧୬୲ǡ୧՜୨

Mean heat transfer coefficient within the
TTI [W m-2 K-1]

݄୵ଵ

Parameter of the
wind speed
dependency of the TTI heat losses
[s m-1]

݄୵ଶ

Parameter for the wind speed and
irradiation dependency of the TTI heat
losses [J m-3 K-1]

ܭୠ

Incidence angle modifier [-]

݇ୣ

Effective thermal conductivity of the
storage medium water [W m-1 K-1]

Ԣ

Discretization parameter of the morris
method [-]

ܰୗ , ܰୗ Number of time steps, number of
measuring sensors [-]

ܳሶ୦୪

Heat flux caused by the heat losses of
the store [W]

ݎԢ

Number of runs of the morris method
[-]

ݎ

Fitting parameter for the incidence
angle modifier [-]

ܶୟ୫ୠ

Ambient temperature [K]
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ܶୱ୩୷

Sky temperature [K]

ܶୱ୳ǡ୭୪ୢ

ሺܷܣሻ

Heat loss rate [W K-1]

ሺܷܣሻୠ୭୲ Heat loss rate of the bottom of the store
[W K-1]

ሺܷܣሻ୫ୟ୬

Heat loss rate of the mantle of the store
[W K-1]

ሺܷܣሻ୲୭୮ Heat loss rate of the top of the store
[W K-1]

ሺܷܣሻ୭୴

Overall heat loss rate of the store
[W K-1]

ݓ

Wind speed [m s-1]

ߴୟ୫ୠ

Ambient temperature [°C]

ߴୡୟ୪ୡ

Calculated temperature [°C]

ߴୡǡ୨ǡ୧

Calculated temperature of the sensor j at
the time step i [°C]

ߴ୫ǡ୨ǡ୧

Measured temperature of the sensor j at
the time step i [°C]

ߴ୰ୣ

Reference temperature for the target
value calculation [°C]

ߴୱ୲୭

Store temperature of the storage medium
water [°C]

ߴୱ୳

Surface temperature of the TTI [°C]

ҧ
ߴୱ୳

Mean surface temperature of the TTI
[°C]

ߴୱ୳ǡ୭୪ୢ

Surface temperature of the TTI at the
previous time step [°C]

ߴ୫ୣୟୱ

Measured temperature [°C]

߳כ

Parameter of the emittance of the TTI
[-]

ߩ כୟ୫ୠ

Ground reflectance of the ambience [-]

ሺ߬  כ ߙ  כୟ ሻ

Transmittance-absorptance-product
the TTI [-]

of

ߤᇱ

Evaluation parameter of the parameter
relevance [-]

ߪԢ

Evaluation parameter of the parameter
correlation to other parameters [-]

ߪ

Stefan-Boltzmann constant [W m-2 K-4)]

ȟݐ

Time step [h]

ȣ

Incidence angle [°]

Surface temperature of the TTI at the
previous time step [K]
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Abstract
This paper deals with the global aging behavior and lifetime assessment of polyethylene liner materials for
seasonal heat storages. Hot water aging experiments at elevated temperatures of 95, 105 and 115°C were carried
out using specimens with various thicknesses of 100, 500 and 2000 µm. The aging indicator strain-at-break was
monitored for up to 1500 days. The experimental hot water data were fitted by potential and Arrhenius
equations referring to thickness and temperature dependency. By merging both equations a semi-empirical
model was established and used for lifetime estimation of polyethylene liner materials. The low divergence of
the lifetime values between experimental and calculated failure data indicates the high accuracy of the
thickness/temperature-model. A lifetime value of 18 years was derived for 3 mm thick polyethylene based liner
materials for solar district heating systems.
Keywords: Polyethylene liner material, Seasonal heat storage, Thickness/temperature depending model,
Lifetime.

1. Introduction
The share of polymeric materials for hot water seasonal heat storages increased steadily due to lower material
costs and installation costs compared to stainless steel (Köhl et al., 2012). A better competitiveness especially
for big storage volumes greater than 20.000 m³ is given by replacing steel with polymeric liner materials
(Heller, 2000). Regarding the material grades, the most common polymeric liner materials are based on special
polyethylene grades (PE-RT) or polypropylene random copolymers (PP-R) (Grabmayer, 2014). Improved longterm stability against thermo-oxidation given by stabilization packages is essential to ensure functionality and
durability at service temperatures of up to 95°C for more than 20 years (Schramm and Jeruzal, 2006;
Paranovska and Pedersen, 2016). While polypropylene materials exhibit a more critical degradation behavior in
hot air environment than in hot water, interestingly a reverse phenomenon was reported for polyethylene liner
grades (Grabmayer, 2014).
Oven aging tests at elevated temperatures are commonly performed to evaluate the long-term thermo-oxidation
behavior of polymeric materials (Gijsman, 1994; Kahlen et al., 2010a; Olivares et al., 2010; Celina, 2013).
Enhanced temperatures result in accelerated aging processes with reduced experimental time (Kahlen et al.,
2010c, 2010d; Olivares et al., 2010) (Kahlen et al., 2010a; Olivares et al., 2010). Polymer aging is strongly
influenced by diffusion limited oxidation (Audouin et al., 1994). Hence, a reduction of the specimen thickness
leads to accelerated aging processes (Gugumus, 1996; Grabmayer et al., 2015).
So far, no comprehensive studies on temperature and thickness depending global aging behavior of polyethylene
liner materials were published. Hence, it is the main objective of this paper to establish a thickness/temperature
model using ultimate failure data. Lifetime assessment under service-relevant loading conditions should be
executed for typical liner thicknesses of 2 and 3 mm. This is of utmost importance to clarify the durability of
polymeric liner materials and to compare polyolefin liner materials for large solar-thermal district heating
systems with seasonal heat storages.
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2. Methodological approach
2.1 Materials, aging conditions and characterization methods
A commercial polyethylene high density grade was used. Details as to the molecular structure, morphology and
the stabilizers are given in Grabmayer (2014) and Beißmann et al. (2013). The PE grade was extruded to a 2 mm
thick sheet by AGRU Kunststofftechnik GmbH. Specimen with various thicknesses of 100 and 500 µm and a
length of at least 150 mm were manufactured by using an automated planning technique (Grabmayer et al.,
2015). Additionally, ISO 5A specimens with a thickness of 2000 µm were prepared by die-punching.
Due to the more critical aging behavior in water than in air, primarily hot water exposure was performed. The
specimens were aged in closed stainless steel vessels with integrated specimen holder at temperatures of 95, 105
and 115°C using a Binder FED53 (Tuttlingen, Germany) heating chamber with forced circulation. Whenever
specimens were removed from the vessels, the deionized water was changed. Four specimens were examined
per aging interval.
To assess the aging behavior, tensile tests were carried out at ambient conditions using a screw-driven universal
testing machine at a deformation rate of 50 mm/min. For various polymeric materials used in solar energy
engineering the ultimate mechanical properties strain-at-break or tensile strength are highly sensitive indicators
to monitor both, physical and chemical aging phenomena (Wallner et al., 2004; Povacz et al., 2014; Povacz et
al., 2016). As aging indicator, strain-at-break was evaluated over the aging period. Ultimate failure was defined
when strain-at-break values dropped below the strain-at-yield value (Hb < Hy). The limit value for Hy was 20% for
all investigated specimen thicknesses.

2.2 Modelling the thickness/temperature dependency
A semi-empirical model describing the effect of specimen thickness and exposure temperature on global aging
behavior was evolved. Therefore, experimental failure data for specimens of various thicknesses (100, 500 and
2000 µm) at aging temperatures of 95, 105 and 115°C were applied. The thickness and temperature dependency
was considered separately and merged. Hülsmann and Wallner (2017) used a similar approach to describe the
temperature and thickness dependent water vapor permeation in photovoltaic encapsulation materials.
By using a potential function (eq. 1) the thickness dependency of the failure data was fitted. The effect of
temperature on global aging behavior was considered by the well-established Arrhenius model (eq. 2). Both
equations give the endurance time (tendurance) as a function of thickness (d) or temperature (T) considering
material specific constants (A, B, C), the activation energy (E A) ant the gas constant (R).
ݐௗ௨ ൌ  ݀ כ ܤ
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The thickness and temperature dependent endurance time is calculated by a two dimensional model (eq. 3).
Here, variables with index “0” are experimental values whereby C and E A are calculated material specific
constants from eq. 1 and 2.
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2.3 Lifetime assessment
For lifetime estimation a cumulative damage approach was used, established by Wallner et al. (2016) for blackpigmented PP solar absorber materials. The lifetime assessment approach is based on the simulation of
temperature loading profiles for liner materials, the extrapolation of experimental aging data from elevated
temperatures to service relevant temperatures and the accumulation of damages at different temperature levels.
Temperature loading profiles for seasonal heat storages are dependent on the plant type. As minimum
temperature level 50°C was considered for the storage temperature in winter months. Temperature of the storage
system increases during warm-weather months and reaches maximum temperature level of 85°C in summer (see
Fig. 1). Comparable loading profiles were assumed by Ochs (2008) and deduced for seasonal pit storages in
Denmark (Paranovska and Pedersen, 2016).
Experimental aging data obtained at 115, 105 and 95°C were extrapolated to service relevant temperatures (50
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to 85°C) using the linear Arrhenius fit approach. Various aging processes and temperature degradation
mechanisms as described by Gugumus (1999), Celina et al. (2005), Hoàng and Lowe (2008) and Kahlen et al.
(2010c, 2010d) were neglected. According to ISO 13760 a cumulative damage model was used to calculate
lifetime values. The theoretical temperature loading profile was transformed to frequency distributions. The
lifetime was derived by weighting the frequency distributions with extrapolated endurance times.
100
90

Temperature [°C]

80
70
60
50
40

Temperature loading profile
Seasonal heat storage (e.g., Denmark)

30
01

03

05

07

09

11

Month

Fig. 1: Assumed temperature loading profile for a seasonal heat storage in Northern hemisphere.

3. Results and discussion
3.1. Hot water aging behavior of the PE liner material
Aging data for up to 900 days in hot air and hot water for micro- and macro-sized specimens are based on
previous investigations of Grabmayer et al. (2014). The main result of this study was that the investigated
polyethylene liner material revealed a more critical aging behavior in hot water than hot air. Based on these
results it was decided to focus on hot water aging. While all specimens were embrittled at 115°C within up to
443 days, no failure for 2000 µm specimens at 95°C were obtained within 1500 days of exposure. These aging
experiments are still ongoing.
Figure 2 depicts strain-at-break values of the investigated 100 and 500 µm thick PE liner grade as a function of
aging time in hot water at elevated temperatures. Ultimate failure with strain-at-break values below yield point
(20%) is indicated with open symbols in the chart. The unaged 100 and 500 µm specimens revealed high
ductility with strain-at-break values up to 1400%. Due to different specimen thickness, the unaged 500 µm
specimens exhibited slightly lower strain-at-break values. A significant drop in strain-at-break values appeared
after initial aging within the first few days. This drop was more pronounced for the 100 µm specimens at all
investigated exposure temperatures. This reduction in ultimate strain is presumably related to crystallization
effects and higher intersperulitic, internal stresses. In course of aging, strain-at-break values leveled off at about
750 and 1250% for 100 and 500 µm thick specimens, respectively. These plateaus are more pronounced for
thicker specimens and lower exposure temperatures. Subsequently, a drop of strain-at-break values was
observed resulting in ultimate failure for 115 and 105°C exposure. Interestingly, for 95°C aging experiments a
second plateau with strain-at-break values of 25 to 150% was obtained before embrittlement occurred. Ultimate
failure first appeared at 115°C after 91 days for 100 µm specimens. Increasing specimen thickness resulted in
longer aging times up to 278 and 443 days for 500 and 2000 µm specimens, respectively. Hence, diffusion
limited oxidation processes as postulated by Audouin et al. (1994) or Celina (2013) were also ascertained for the
investigated PE grade. An less pronounced effect of specimen thickness on endurance times was also described
by Grabmayer et al. (2015) for different polypropylene grades. The experimental failure times of the
investigated PE liner material of different thicknesses are summarized in Table 1. Up to 1500 days no
embrittlement occurred at an exposure temperature of 95°C for 2000 µm specimens. In 115°C hot water a
reduction of thickness from 2000 to 100 µm (factor 20) and 500 to 100 µm (factor 5) resulted in a 4.9 and 3.1
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times accelerated aging, respectively. Acceleration factors of 5.5 and 2.7 were deduced by exposing to hot water
at 105°C. For aging in 95°C hot water an acceleration factor of 3.1 was derived for a thickness reduction from
500 to 100 µm. Compared to data provided by Grabmayer et al. (2015) or Povacz (2014) for polypropylene, for
the investigated PE liner material a more pronounced specimen thickness dependency on global aging behavior
for similar thickness reduction and exposure temperature was obtained. The acceleraton factors are below 2 for
PP specimen with comparable thickness. Based on these results, it was unambiguously confirmed that localized
aging effects play a significant role in polyethylene oxidation as pointed out by Audouin et al. (1994) or Celina
(2013).
specimen thickness: 100µm

1500

Strain-at-break, %

1000
hot water @
115°C
105°C
95°C

500

0
specimen thickness: 500µm

1500

1000

500

closed symbol: ductile
open symbol: brittle

0
0

200

400

600

800

1000

Aging time, days
Fig. 2: Strain-at-break of micro-sized PE specimens with a thickness of 100 and 500 µm as a function of aging time exposed in hot
water at 115, 105 and 95°C.
Tab. 1: Embrittlement times of PE liner specimens with varying thickness in hot water at 115, 105 and 95°C.

Specimen thickness, µm
100
500
2000

Failure time in days in hot water at
115°C

105°C

95°C

91
278
443

163
443
900

245
751
> 1500

3.2. Theoretical model for thickness and temperature dependency
The experimental aging data in hot water at different temperatures and for various PE specimen thicknesses
were used to evolve a semi-empirical model. Therefore, the factors specimen thickness and exposure
temperature were considered separately and finally merged to a two-dimensional model. Figure 3 depicts the
dependency of failure time as a function of specimen thickness in hot water at 115, 105 and 95°C. The fits of the
experimental data with potential functions resulted in high coefficients of determination. No embrittlement was
observed for 2000 µm specimens in 95°C hot water within 1500 days, so fit parameters gathered from 115 and
105°C aging data were used to implement the model. A significant temperature dependent difference was
deduced for the fit parameter B. The material specific constant C was calculated and determined with 0.5522 for
the semi-empirical model. For C a temperature induced deviation of <5% was ascertained. Hence, an arithmetic
value was deduced and used for the two-dimensional model. The validity and reliability of this parameter will
be further improved by continuation of the aging experiments at 95°C.
Experimental aging data and related Arrhenius fittings as a function of temperature are plotted in Fig. 4. Slightly
thickness dependent EA/R-ratios ranging from 7.1 to 10.4 x10³ K were derived. The EA/R-ratios were lower for
the thinner specimen, which already failed at all investigated temperautres. Due to non-failure of 2000 µm thick
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specimens at 95°C within 1500 days, extrapolation was done by only two aging data points resulting in a higher
EA/R value. By using Arrhenius fit parameters gathered from 100 and 500 µm thick specimens an average value
of 7.1 x10³ K was used for the two-dimensional model. A specimen thickness dependent E A/R-ratio can be
implemented in the semi-empirical model finishing aging experiments at 95°C. The obtained activation energies
are in the range from 59 to 86 kJ/mol. These values are comparable to data given for polyolefins (Kahlen et al.,
2010b), but slightly lower than data for specific polyethylene grades (Anderson and Freeman, 1961; Peterson et
al., 2001; Gao et al., 2003; Mueller and Jakob, 2003).
As zero or reference values the endurance time at a thickness of 500 µm and a temperature of 105°C were
selected. These reference values resulted in best reproduction of experimental values and lowest deviations
between theoretical and experimental endurance times. The comparison of the experimental and theoretical
values of thick specimens at low temperatures (2000 µm at 105°C and 500 µm at 95°C) revealed a deviation of
about 10%, reflecting the uncertainty of the model. Improved accuracy will be achieved by continuation of the
experiments at 95°C until ultimate failure of 2000 µm specimens. Figure 5 depicts the calculated endurance
times depending on various specimen thicknesses and a wide range of hot water temperature based on equation
3. It can be clearly seen for the plotted range, that the specimen thickness has also a significant impact on the
failure times. At 95°C the expected endurance time is compared to 100 µm specimens a factor of 5 and 7 higher
for 2 and 3 mm liners, respectively.

2400

115°C
y = 8.50*x0.5327
R2 = 0.96
105°C
y = 12.02*x0.5717
R2 = 0.99
95°C
y = 9.94*x0.6960

2200
2000

Endurance time, d

1800
1600
1400
1200
1000
800
600
400
200
0
0

500

1000

1500

2000

2500

3000

Thickness, µm
Fig. 3: Experimental endurance time dots and potential fit for aging of PE specimens with varying thickness in hot water at 115,
105 and 95°C.
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10000

1000
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EA/R= 7.1 103K
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100

2000µm
EA/R= 10.4 103K
Temperature, °C
120
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0,0025

105

0,0026

90
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0,0028

0,0029

60

0,0030
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Fig. 4: Experimental endurance time dots and Arrhenius fit for 100, 500 and 2000 µm thick specimens at different temperatures.
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Fig. 5: Calculated endurance times of the investigated polyethylene liner material depending on specimen thickness (100 to
3000 µm) and hot water temperature (85 to 115°C).

3.3 Estimated lifetimes for PE liners

120

Temperature, °C

2,6

90

1/Temperature, 1000/K

To deduce the lifetime of polyethylene liner materials experimental and theoretical, temperature dependent
endurance times were considered. In Fig. 6 the experimental (filled symbols) and theoretical (open symbols)
endurance times are displayed for a commercially relevant liner thickness of 2 mm and the reference thickness
500 µm. Additionally, theoretical embrittlement times for a 3 mm thick PE liner are plotted. The closed grey
symbol indicates the current maximum exposure time of the non-failed 2000 µm specimens in hot water at
95°C. A good agreement of experimental and theoretical endurance times was obtained with slightly (~10%)
overestimated theoretical embrittlement times for the 2 mm thick specimen. By weighting the temperature
dependent endurance times with the frequency distribution of the seasonal heat storage lifetime values of 7, 15
and 18 years were obtained for liner thickness of 500, 2000 and 3000 µm. The lifetime values of this study are
slightly lower than lifetime estimates published by Paranovska and Pedersen (2016) for polyethylene liners in
seasonal storages of Danish solar district heating systems. The deviation of <20% is attributable to different
aging and evaluation procedures and other polyethylene material formulations. However, the results of our and
the Danish study are in a comparable lifetime range.

2,8

60

3,0

3,2

103

500µm specimen
2000µm specimen
3000µm theoretical
Arrhenius extrapolation
filled symbols: experimental
open symbols: theoretical
grey symbols: ongoing, non-failure

104

105

106

Time-to-embrittlement, h
Fig. 6: Experimental and calculated failure times for 500 and 2000 µm thick PE liners.
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4. Summary and conclusion
To assess the lifetime of a polyethylene liner material grade, experimental failure data of 100, 500 and 2000 µm
thick specimens were gathered at elevated temperatures in hot water. The experimental aging data were used to
implement a semi-empirical thickness/temperature-model using a potential and an Arrhenius fit. As a result
endurance times for polyethylene liner specimens in a wide range of thickness and temperature (100 to
3000 µm, 85 to 115°C) were derived. Lifetime values were deduced by weighting the endurance times with a
temperature loading profile of seasonal heat storages in Danish solar district heating systems.
The polyethylene specimens were exposed to the more critical environment hot water at 95, 105 and 115°C. The
strain-at-break values dropped within the first aging interval which was mainly attributed to physical
recrystallization mechanisms. After the initial drop a plateau was obtained which was more pronounced at lower
exposure temperatures and for thicker specimens. Ultimate failure characterized by full embrittlement was
significantly thickness and temperature dependent. A factor of 5 and 3 shorter embrittlement times were
discerned by reducing specimen thickness by a factor of 20 and 5 (2000 to 100 µm, 500 to 100 µm),
respectively. Similar acceleration factors were obtained for the exposure temperatures of 95 and 105°C. This
thickness dependency was fitted with potential functions with a slightly temperature dependent exponent. The
effect of temperature was described by an Arrhenius fit. Minor differences in activation energy for hot water
exposure at 115 and 105°C were calculated. The implemented two-dimensional model for thickness and
temperature dependency was corroborated.
Lifetime values of 15 and 18 years were deduced for PE liners with a thickness of 2 and 3 mm, respectively.
Compared to published values for currently used polyethylene liner materials a slightly lower performance was
obtained for the investigated polyethylene grade mainly related to differences of the material grade, aging
conditions and the failure criterion. Hence, it is concluded that current PE grades reveal sufficient performance
for pit storages. However, for insulted tank storages with higher operating temperatures a new class of
polymeric liner materials has to be developed. As described in an associated study (Grabmann et al., 2017)
polypropylene copolymers are a potential alternative.

5. Acknowledgment
This research work was performed in the cooperative research project SolPol-4/5 entitled “Solar-thermal
systems based on polymeric materials” (www.solpol.at). The project is funded by the Austrian Climate and
Energy Fund (KLI:EN) within the program "Neue Energien 2020" and administrated by the Austrian Research
Promotion Agency (FFG).

6. References
Anderson, D.A., Freeman, E.S., 1961. The kinetics of the thermal degradation of polystyrene and polyethylene.
J. Polym. Sci. 54 (159), 253–260.
Audouin, L., Langlois, V., Verdu, J., 1994. Role of oxygen diffusion in polymer ageing: kinetic and mechanical
aspects. Journal of Material Science 29, 569–583.
Beißmann, S., Stiftinger, M., Grabmayer, K., Wallner, G., Nitsche, D., Buchberger, W., 2013. Monitoring the
degradation of stabilization systems in polypropylene during accelerated aging tests by liquid chromatography
combined with atmospheric pressure chemical ionization mass spectrometry. Polymer Degradation and Stability
98 (9), 1655–1661.
Celina, M., Gillen, K.T., Assink, R.A., 2005. Accelerated aging and lifetime prediction. Review of nonArrhenius behaviour due to two competing processes. Polymer Degradation and Stability 90 (3), 395–404.
Celina, M.C., 2013. Review of polymer oxidation and its relationship with materials performance and lifetime
prediction. Polymer Degradation and Stability 98 (12), 2419–2429.
Gao, Z., Amasaki, I., Kaneko, T., Nakada, M., 2003. Calculation of activation energy from fraction of bonds
broken for thermal degradation of polyethylene. Polymer Degradation and Stability 81 (1), 125–130.
Gijsman, P., 1994. The long-term stability of polyolefins. Dissertation.
Grabmann, M.K., Wallner, G.M., Grabmayer, K., Buchberger, W., Nitsche, D., 2017. Effect of thickness and
temperature on the global aging behavior of polypropylene random copolymers for seasonal heat storages.
submitted to Solar Energy.

759

M.K. Grabmann / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Grabmayer, K., 2014. Polyolefin-based Lining Materials for Hot Water Heat Storages. Dissertation.
Grabmayer, K., Beißmann, S., Wallner, G.M., Nitsche, D., Schnetzinger, K., Buchberger, W., Schobermayr, H.,
Lang, R.W., 2015. Characterization of the influence of specimen thickness on the aging behavior of a
polypropylene based model compound. Polymer Degradation and Stability 111, 185–193.
Grabmayer, K., Wallner, G.M., Beißmann, S., Braun, U., Steffen, R., Nitsche, D., Röder, B., Buchberger, W.,
Lang, R.W., 2014. Accelerated aging of polyethylene materials at high oxygen pressure characterized by
photoluminescence spectroscopy and established aging characterization methods. Polymer Degradation and
Stability 109, 40–49.
Gugumus, F., 1996. Thermooxidative degradation of polyolefins in the solid state. Part 2: Homogeneous and
heterogeneous aspects of thermal oxidation. Polymer Degradation and Stability. Polymer Degradation and
Stability 52 (2), 145–157.
Gugumus, F., 1999. Effect of temperature on the lifetime of stabilized and unstabilized PP films. Polymer
Degradation and Stability 63 (1), 41–52.
Heller, A., 2000. 15 Years of R&D in central solar heating in Denmark. Solar Energy 69 (6), 437–447.
Hoàng, E.M., Lowe, D., 2008. Lifetime prediction of a blue PE100 water pipe. Polymer Degradation and
Stability 93 (8), 1496–1503.
Hülsmann, P., Wallner, G.M., 2017. Permeation of water vapour through polyethylene terephthalate (PET) films
for back-sheets of photovoltaic modules. Polymer Testing 58, 153–158.
Kahlen, S., Jerabek, M., Wallner, G.M., Lang, R.W., 2010a. Characterization of physical and chemical aging of
polymeric solar materials by mechanical testing. Polymer Testing 29 (1), 72–81.
Kahlen, S., Wallner, G.M., Lang, R.W., 2010b. Aging behavior and lifetime modeling for polycarbonate. Solar
Energy 84 (5), 755–762.
Kahlen, S., Wallner, G.M., Lang, R.W., 2010c. Aging behavior of polymeric solar absorber materials – Part 1.
Engineering plastics. Solar Energy 84 (9), 1567–1576.
Kahlen, S., Wallner, G.M., Lang, R.W., 2010d. Aging behavior of polymeric solar absorber materials – Part 2.
Commodity plastics. Solar Energy 84 (9), 1577–1586.
Köhl, M., Meir, M., Papillon, P., Wallner, G.M., Saile, S. (Eds.), 2012. Polymeric Materials for Solar Thermal
Applications. Wiley-VCH, Weinheim.
Mueller, W., Jakob, I., 2003. Oxidative resistance of high-density polyethylene geomembranes. Polymer
Degradation and Stability 79 (1), 161–172.
Ochs,
F.,
2008.
Abschlussbericht
zum
Vorhaben
„Weiterentwicklung
der
ErdbeckenWärmespeichertechnologie“. FKZ 0329607 E. BMU, Germany.
Olivares, A., Rekstad, J., Meir, M., Kahlen, S., Wallner, G.M., 2010. Degradation model for an extruded
polymeric solar thermal absorber. Solar Energy Materials and Solar Cells 94 (6), 1031–1037.
Paranovska, I., Pedersen, S., 2016. Lifetime Determination for Polymer Liners for Seasonal Thermal Storage.
https://universe.ida.dk/meetupfiles/download/?meetupNumber=310923&filename=Lifetime%20Determination
%20of%20Polymer%20Liners%20for%20seasonal%20Thermal%20Storage.pdf. Accessed 08.2017.
Peterson, J.D., Vyazovkin, S., Wight, C.A., 2001. Kinetics of the Thermal and Thermo-Oxidative Degradation
of Polystyrene, Polyethylene and Poly(propylene). Macromol. Chem. Phys. 202 (6), 775–784.
Povacz, M., 2014. Black-pigmented polypropylene absorber materials - Aging behavior and lifetime modelling.
Dissertation.
Povacz, M., Wallner, G.M., Grabmann, M.K., Beißmann, S., Grabmayer, K., Buchberger, W., Lang, R.W.,
2016. Novel Solar Thermal Collector Systems in Polymer Design – Part 3. Aging Behavior of PP Absorber
Materials. Energy Procedia 91, 392–402.
Povacz, M., Wallner, G.M., Lang, R.W., 2014. Black-pigmented polypropylene materials for solar thermal
absorbers – Effect of carbon black concentration on morphology and performance properties. Solar Energy 110,
420–426.
Schramm, D., Jeruzal, M., 2006. PE-RT, a new class of polyethylene for industrial pipes. Plastic Pipes
Conference Association, Proceedings Plastics Pipes XIII 2006.
Wallner, G.M., Povacz, M., Hausner, R., Lang, R.W., 2016. Lifetime modeling of polypropylene absorber
materials for overheating protected hot water collectors. Solar Energy 125, 324–331.
Wallner, G.M., Weigl, C., Leitgeb, R., Lang, R.W., 2004. Polymer films for solar energy applications—
thermoanalytical and mechanical characterisation of ageing behaviour. Polymer Degradation and Stability 85
(3), 1065–1070.

760

ISES Solar World Congress 2017

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

Increasing the Photovoltaic Self-Consumption by Integration of
an Ice Storage into a Mono-Split-Air Conditioning Unit
Carsten Heinrich1, Myrea Richter1, Felix Stelzer2 and Mathias Safarik1
1

Institute of Air Handling and Refrigeration (ILK Dresden), Dresden (Germany)

2

Technische Hochschule Nürnberg Georg Simon Ohm, Nuremberg (Germany)

Abstract
Photovoltaic-driven air conditioning systems offer a lot of advantages over solar-thermal driven cooling systems.
An open issue is the missing linkage between PV and AC system regarding the different temporal peaks of
electricity generation and cooling demand. The paper presents investigation results of an ice storage coupled with
a mono-split air-conditioning unit. Resulting average energy efficiency ratios of charging process are between 2.8
and 3.4. Maximum ice fraction was limited due to evaporator – storage geometry to 55 %. Between an ice fraction
of 55 down to 5 % a cooling rate of 2 kW was achieved for discharge process.
Keywords: PV-cooling, ice storage

1. Introduction
The number of installed air-conditioning (AC) systems is rapidly increasing worldwide. About 130 million units
a year are sold (Holley, 2014). The majority (about 120 million) are lower capacity units. A number of unfavorable
effects are associated with the desired gain in comfort: (1) increasing electricity demand and thereby an increasing
emission on greenhouse gases (indirect emissions), (2) direct greenhouse gas emissions due to usage of
refrigerants with high global warming potential (GWP), (3) distinct peak loads in the grid.
To reduce the impact of solar-driven cooling technologies have been developed and applied in the last ten to
fifteen years. In the past the focus was set to solar-thermal systems, due to the use of natural refrigerants (mainly
water/lithium bromide) and the cost benefits of thermal collectors. The number of solar-thermal driven cooling
systems increased but on low level. Only about 1000 systems are installed worldwide (Mugnier, 2015). A higher
dissemination is impeded by high investment costs and complexity of those systems.
On the opposite distinct cost reductions have been achieved in the photovoltaic (PV) sector. Present electricity
generation costs of PV-systems turn PV-driven cooling systems into an economic scenario. Investigations within
the EvaSolK project revealed lower carbon dioxide abatement costs for PV-driven compression refrigeration
systems compared to solar-thermal driven single stage refrigeration systems (Wiemken et al., 2012).
An issue of the majority of existing PV-driven cooling systems is the missing linkage of PV and AC system.
Generally the PV-system is operated grid-connected, feeding in electricity during the period of high solar radiation
around midday. In residential area AC-systems start operation in the late afternoon when people come home (see
Figure 1, left figure). Hence, in countries with a high dissemination of rooftop PV-systems (e.g. Australia
(Council, 2016)) the demand peak of AC systems is not noticeable reduced, but during midday an oversupply of
electricity is fed in into the grid.
To balance the temporal divergence between electricity generation and cooling demand an integrated energy
storage is required. Thermal cold storages offer a number of advantages compared to batteries: Materials are
inexpensive and free of risk to the environment. Thermal losses can be regarded as far less relevant if storage is
located in the air conditioned room. Using ice storages the required volume can be decreased to suitable sizes.
Depending on the concept, maximum cooling capacity provided to the room can be significantly increased in case
of parallel operation of storage discharge and outdoor unit.
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Figure 1: Seasonal (left figure) and daily (right figure) PV electricity generation and cooling demand in a residental building.
source: ILK Simulation results for a residential building in Lisbon / Portugal using Modelica - BuildingsLibrary

2. System Concepts and Storage Dimensioning
System Concepts
A standard mono-split AC system consists respectively of an outdoor and an indoor installed unit, linked by a low
pressure liquid and low pressure suction gas tube. From refrigeration side the outdoor unit contains compressor,
condenser and electric expansion valve and the indoor unit the air-cooling evaporator.
Integration options of an ice storage into mono-split-AC-system can be characterized by
•

storage position (outdoor, indoor or inside indoor unit)

•

charging by direct evaporation process or via secondary cycle (brine, refrigerant)

•

discharging using direct air contact (integration into indoor unit), external melting process (water cycle
using the water of the ice storage) or an integrated heat exchanger (using the refrigeration or brine cycle)

•

realization of direct cooling mode by usage or by bypassing the storage

Varying the mentioned characteristics lead to a number of cycle options which even increases if valves, bypasses
or pumps are taken into account to achieve a more flexible operation.
A number of boundary conditions resulting from market situation and trends, legal regulations and technical
standards influences the selection process. Some main aspects are discussed below:
•

Required technical solutions are not yet available on the market or in a reasonable cost ranges: Discharge
process using the ice storage water by external melting process can be combined with standard air cooler
units. But using water in the air cooler is not common in Mono-Split systems so far. Discharge process
using the refrigeration cycle requires very low capacity refrigerant pumps with a high pressure rating.
There are no standard refrigeration products including such pumps on the market. Pumps from other
applications have to be adapted.

•

Efficiency requirements arising from legislation and quality labels: The European product regulation
requires seasonal cooling efficiency ratios (SEER) calculated according to DIN EN 14825 of > 7 and
> 8.5 from 01.01.2019 for air conditioning units with a cooling capacity of less than 12 kW. The German
quality label Blauer Engel requires an EER Cooling > 4.6. The direct cooling operation will be the minor
operation mode of a mono-split-unit with integrated ice storage. Avoiding barriers in the product
marketing requires an appropriate cycle design to fulfill these criteria.

•

Requirements to refrigerant usage: European F-Gas Regulation requires the usage of refrigerants with a
global warming potential < 750 from 01.01.2025 in small scale air-conditioning units. Blauer Engel
requires the usage of non-halogen refrigerants. Within a progressive intensification of regulations the
usage of natural refrigerants gain in importance. Almost all refrigerant with a GWP < 750 that can be
applied in split systems are flammable. Therefore the refrigerant charge needs to be limited.

Based on an assessment matrix using the upper characteristics further theoretical and experimental analysis were
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focused on a small number of preferred options. Table 1 contains three promising options, including their
advantages and drawbacks.
Table 1: Preferred integration options - system description and remarks

system description
option 1:

- direct charging using an evaporator in the ice storage
- discharge using the water of the storage in an
hydraulic cycle, indoor unit is replaced to a water
based air cooler unit
option 2:

- option 1 is extended by an parallel refrigerant cycle to
the indoor unit.
option 3:

remarks
advantages:
- standard products can be applied, no refrigerant pumps
required, no development of a specific indoor unit is
required
- cost efficient solution
- simple control
- ice melting direction inverse to freezing direction
- air cooler surface temperature can be controlled by
return flow addition in the water cycle for controlled
dehumidification
drawbacks:
- poor cooling efficiency in direct cooling mode
- thermally inertial system, especially not recommendable
for heating mode
advantages:
- direct cooling and heating mode as efficient as in common
mono-split systems
- extended operation flexibility (e.g. parallel operation of
direct cooling and storage discharge is possible)
drawbacks:
- non-standard indoor unit required
- more complex control algorithms required

advantages:
- standard indoor unit
- no water cycle
- direct cooling and heating mode as efficient as in common
mono-split systems
drawbacks:
- refrigerant pump availability
- discharge process probably less efficient
- difficult dehumidification control

- option 2 is extended by an additional refrigerant pump
for discharge process, indoor unit is changed to
standard split indoor unit, water cycle is removed

Storage Dimensioning
The mono-split unit including an ice storage is connected to a photovoltaic system as well as to the grid, increasing
photovoltaic self-consumption and decreasing grid peak loads. The storage should allow equalizing the daily shift
between solar irradiation and cooling demand.
A simple algorithm can be applied for storage size estimation
•

creation of a building model and definition of surface area and orientation for photovoltaic installation

•

definition of a lower radiation limit ܧௌ௨ǡ௪ , which will account for any cooling generation using
electricity from the grid

•

daily integration of cooling demandfor the condition ܧௌ௨ ൏ ܧௌ௨ǡ௪
ଶସ୦

ܳǡௗǡௗ௬ǡ ൌ 
•

ܳሶ  ܧௌ௨ ൏ ܧௌ௨ǡ௪

(eq. 1)

analysis of the class frequency distribution of ܳǡௗǡௗ௬ǡ and selection of a proper storage size
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For theoretical investigations a typical single family house according to the German building standard EnEV2016
was selected and modelled (Richter, 2016). The low radiation limit on the southern roof surface area was defined
by ܧௌ௨ǡ௪ ൌ ʹͲͲȀ;. Simulation was done for the German site Mannheim.
In different scenarios building heat capacity was used as thermal storage. In case of sufficient solar radiation the
building was cooled during absence of inhabitants to 20.0, 22.5 and 25.0 °C, respectively. Figure 2 represent the
distribution of daily integrated cooling demand requiring energy from the grid for different scenarios: (1) building
is only cooled in case of cooling demand (people are at home), (2 – 4) building is cooled to 25, 22.5 or 20 °C
during the day in case of sufficient photovoltaic electricity generation.

ŶƵŵďĞƌŽĨĚĂǇƐ

Results from Figure 2 are: Cooling demand with electricity consumption from the grid occurs for 131 days a year
(case 1). If building is used as thermal storage the number of days is reduced to 126, 125 and 114 (case 2 – 4).
Considering only larger cooling demands the number of days decreases. Counting only days with cooling
demands ܳǡௗǡௗ௬  ͷ (all days below vertical blue lines), the number is reduced to 38, 24, 12 and 3
(case 1 – 4). That means integrating an ice storage with a thermal capacity of 5 kWh in case 1, the number of
days with electricity consumption from the grid for cooling generation can be reduced from 131 to 38 days. For
the remaining 38 days the cooling demand with electricity consumption from the grid is largely reduced. Using
the building as additional thermal storage, the consumption from the grid or the cold storage capacity can be
reduced further. But using the building envelope as thermal storage correlates with an increasing total cooling
demand, due to additional thermal losses to ambience.
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Figure 2: Distribution of daily cooling demand with energy demand from grid

3. Experimental Investigations – Integration Option 1
Motivation and experimental set up
Characteristic data for mono-split-AC-units are limited to air conditioning conditions and are only available as
function of room and ambient conditions. Ice growth on evaporator during charging mode and melting during
discharging mode represent non-uniform, three dimensional and dynamic processes. Furthermore, mono-splitAC-units include a number of implemented operation and safety algorithms, designed for building cooling (and
heating) and dehumidification only. Hence, an evaluation of the operation of a mono-split-AC-unit with
integrated ice storage requires experimental analysis.
Experimental investigations focused on
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•

evaluation of operation control and safety algorithm issues connected with the operation with distinctly
lower evaporation pressure and non-corresponding response signals from indoor unit

•

operational limits of the outdoor unit in case of distinctly lower evaporation pressures

•

cooling capacity and cooling efficiency during charging process for different evaporators, different part
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load factors and an increasing state of charge
•

evaluation of operation in direct cooling mode (building cooling without changing the ice content
within the storage)

•

evaluation of influence on cooling characteristics and operational stability in case of partly charge and
discharge storage cycles

For the experimental investigations, a test rig was built. The design includes options for extension to investigate
a number of further integration options. A simplified piping and installation scheme to investigate option 1 is
shown in Figure 3. It includes the outdoor unit (1), ice storage vessel (2), ice storage evaporator (3), hydraulic
cycle for discharge mode (4), electrical water heater simulating cooling demand (5), additional manually and
electronically controlled expansions valves (6) and an additional unit to directly control the compressor speed in
the outdoor unit.
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Figure 3: Piping and installation scheme of test rig to investigate the integration option 1 - direct charge process and discharge
process applying external melting

Component dimensioning was carried out according to the results of a residential building simulation. A maximum
cooling capacity of 2.5 kW is required. An oversized mono-split-outdoor-unit with a rated cooling capacity of 4.0
kW (Fujitsu AOYG 14LMCA) was selected to compensate the required lower evaporation temperature. The
installed test rig is shown in Figure 4. Two different evaporator types have been investigated. The selection criteria
focused on market availability and price. Table 2 gives relevant geometry parameters..
Table 2: Relevant geometry parameters of evaporators investigated

tube and fin

finned tube

tube length

2 x 6.2 m, in series

4 x 4.95 m, in parallel

tube outside surface

0.39 m²

0.51 m²

fin water side area

2.32 m²

0.91 m²

total water side area

2.71 m²

1.42 m²

mean fin length

9.8 mm

11.1 mm

refrigerant volume

5.8 l

5.0 l

Refrigerant cycle operation is measured by high pressure liquid medium temperature in front of expansion valve
inlet ܶ , suction gas temperature at evaporator outlet ܶௌீ , hot gas temperature as tube surface temperature at
compressor outlet ܶுீ , condensing pressure  in front of expansion valve inlet, evaporation pressure  between
evaporator outlet and compressor inlet and refrigerant mass flow rate ݉ሶோ in front of expansion valve inlet.
Furthermore, split-unit power input ܲǡ௦௧ , which includes power demand for compressor / inverter, electronic
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control unit and fan. Compressor speed ݊ and expansion valve opening is taken from split unit service tool,
connected to electronic control unit.
Storage and water cycle is measured by upper and lower storage water temperature ܶௌ௧ǡ௨ and ܶௌ௧ǡ௪ ,
return water temperature in front of storage inlet ܶௐோ , supply water temperature behind storage outlet ܶௐௌ , water
ሶ in front of storage inlet and storage liquid level height by an optical system ݕௐ . Additional
volume flow rate ܸௐோ
the power input of electrical heater ܲǡ௧ is measured.
If not mentioned differently, all temperatures are measured using PT100 sensor types, directly in the fluid.

Figure 4: Photo of the test rig

Data post processing
Cooling capacity ܳሶୖୣǡୡ୦ୟ୰ୣ during charging process is calculated under the consumption of subcooled condenser
outlet and superheated evaporator refrigerant state. These conditions have been proved for the whole measurement
period, except a not fully liquid refrigerant state at condenser outlet for a short period after compressor start:
ܳሶୖୣǡୡ୦ୟ୰ୣ ൌ ݉ሶୖୣ  ڄቀ݄ୟୱ ሺ ǡ ܶୗୋ ሻ െ  ݄ ൫େ ǡ ܶ୧୯ ൯ቁ

(eq. 2)

Energy efficiency ratio of charging process ܴܧܧ is calculated using cooling capacity and total power
consumption of split unit. If convective heat transfer is enforced by pumping the water in the cycle during the
sensible cooling phase, the electrical power demand of the pump has to be included.
ܴܧܧୡ୦ୟ୰ୣ ൌ ܳሶୖୣǡୡ୦ୟ୰ୣ Ȁ൫ܲୣ୪ǡୱ୮୪୧୲  ܲୣ୪ǡ୮୳୫୮ ൯









(eq. 3)

Ice fraction ݔூ of the storage is calculated based on the density difference between liquid and solid phase of
water. A reference temperature ܶୖ is defined for reference conditions of storage level height ݕ୪୧୯ǡୖ and liquid
water density ߷ǡୖ .
ݔூ ൌ  ൫ݕΤݕ୪୧୯ǡୖ െ ͳ൯ൗ൫ͳ െ ߷ǡୖ Τ߷୍ୡୣ ൯









(eq. 4)

Discharge capacity ܳሶୢ୧ୱୡ୦ୟ୰ୣ is calculated by the enthalpy difference resulting from the temperature difference
between storage inlet and outlet. Required mass flow rate is calculated based on the measured volume flow rate
ሶ and the corresponding temperature ܶୖ .
in front of the storage inlet ܸௐோ
ܳሶୢ୧ୱୡ୦ୟ୰ୣ ൌ ୖ  ڄԒ ሺܶௐோ ሻ  ڄ൫݄ ሺܶୖ ሻ െ  ݄ௐ ሺܶୗ ሻ൯
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Overall discharge heat transfer value ܩୢ୧ୱୡ୦ୟ୰ୣ is calculated under the consumption of an ice surface temperature
୍ܶୡୣୗ୳୰ of 0 °C.
ܩୢ୧ୱୡ୦ୟ୰ୣ ൌ ܳሶୢ୧ୱୡ୦ୟ୰ୣ  ڄሺሺܶୖ െ ୍ܶୡୣୗ୳୰ ሻΤሺܶୗ െ ୍ܶୡୣୗ୳୰ ሻሻΤሺܶୖ െ ܶୗ ሻ

(eq. 6)


ͶͳͲ  ሺǤǡʹͲͳͶሻǤ


Results – Charging Process
The charging process is investigated for both evaporator types varying the outdoor unit part load factor. Initial
storage temperature is kept constant at 18 °C. Test rig is located in the main test hall of the institute. Ambient
temperature depend on test hall temperature and varied in the measuring period between 20 and 25 °C. The
charging process is terminated in case of ice fraction of 80 % or in case a further ice growth could lead to storage
damages.
Figure 5 shows the cooling capacity versus ice fraction for both evaporator types and for varying outdoor unit part
load factor (plf). Maximum achieved ice fractions are 75 % for the finned tube evaporator and 55 % for the tube
and fin evaporator. The cooling capacity decreases with increasing ice fraction and with decreasing outdoor unit
part load factor. The decreasing cooling capacity as function of ice fraction is more distinct for the tube and fin
evaporator. The cooling capacity decreases from 0 to 50 % ice fraction to about 60 to 65 %. For the finned tube
evaporator the cooling capacity decrease for the same ice fraction range to about 80 to 85 %.
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Figure 5: Ice storage charging process - cooling capacity versus ice fraction with variation of outdoor unit part load factor

Figure 6 shows the energy efficiency ratio (EER) of the charging process versus ice fraction for both evaporator
types and for varying outdoor unit part load factor. The EER varies between 2 and 4.4. It decreases with increasing
part load factor and increasing ice fraction. The EER for the split-unit at a part load factor of 75 %, an ambient
temperature of 25 °C and an indoor temperature 25 °C can be estimated using the catalog data (Swegon, 2016)
and the info sheet for SEER calculation according to eco design regulation (Fujitsu, 2015) to 6.0.
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Figure 6: Ice storage charging process - energy efficiency ratio versus ice fraction with variation of outdoor unit part load factor

In Figure 7 charging time and average energy efficiency ratio between a storage temperature of 15 °C and an ice
fraction of 50 % are shown as function of outdoor unit part load factor. Charging times for the finned tube
evaporator are 40 to 45 minutes lower compared to the fin and tube evaporator for the same part load factors. For
part load factors lower than 60 % a strong dependency between charging time and part load factor can be observed.
A further increase of the part load factor result in only minor reductions of the charging time.
Average energy efficiency ratios for the defined charging range and ambient temperature of 20 and 25 °C vary
between 2.4 and 3.9. Outdoor unit part load factor and average energy efficiency ratio show approximately a linear
dependency.
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Figure 7: Charge time from 15 °C to 50 % ice fraction and average energy efficiency ratio versus outdoor unit part load factor

Results – Direct Cooling Mode
In direct cooling mode the cooling capacity supplied by the outdoor-unit is directly transferred to the water cycle.
Ideally no change of storage state of charge occurs. Cooling capacity is limited by the heat transfer conditions in
the storage. Heat transfer is characterized by forced convection due to the storage water flow rate. Evaporation
temperature has to be limited to avoid ice growth on the surface. In this case the cooling capacity supplied by the
outdoor-unit exceeds the cooling capacity transferred to the water cycle.
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Figure 8 shows the maximum cooling capacity and the corresponding energy efficiency ratio depending on the
storage volume flow rate for the finned tube evaporator. Maximum cooling capacity increases with increasing
water flow rate, due to the improving heat transfer conditions. Energy efficiency ratio decreases with increasing
cooling capacity due to the higher part load factor in the outdoor unit.
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Figure 8: Maximum cooling capacity and energy efficiency ratio versus water volume flow rate for finned tube evaporator

4. Summary and Discussion
Based on daily characteristic of cooling demand and photovoltaic electricity generation in residential buildings
the integration of a cold storage into the AC-system can significantly increase photovoltaic self-consumption.
Integrating the ice storage into a mono-split-AC-system is a potential option. The system benefits from the high
energy efficiency and low investment cost of mono-split-systems. Using an assessment matrix approach the large
number of conceivable integration options is reduced to a few technically promising and economically feasible
options. Three basic options were presented and discussed. Option 1, charging the storage with an evaporator,
discharging the storage with a water cycle using external melting process, was experimentally investigated.
No additional modifications of the outdoor-unit were required. Only a mass flow sensor was implemented between
condenser and expansion valve. A successful interaction, an efficient and stable operation of the outdoor unit with
the connected storage was achieved after installation of additional refrigeration and electronic components. The
required refrigerant charge had increased by about 100 g of R410A. As mono-split-units are designed to operate
at evaporation temperatures above 0 °C, some protection functions had to be outwitted.
Charging process at part load factors between 20 and 75 %, ambient temperatures between 20 and 25 °C result in
energy efficiency ratios between 2.0 and 4.4. In direct cooling mode in case of maximum achievable cooling
capacity at given water flow rate and an ambient temperature of 25 °C energy efficiency ratios between 3.5 and
4.8 were achieved.
The efficiency during charging process is acceptable as in many cases there are not a lot of other applications for
self-consumption during the day. For direct cooling mode the required efficiency ratio of 4.6 according to the
German quality label Blauer Engel (EER = 4.6 at 27 °C room temperature and 35 °C ambient temperature) will
be achieved only in low part load ranges.
Based on the obtained results, integration option 1 is a convenient integration option if cooling by storage
discharge mode is the predominant operation. If direct cooling becomes more important, integration option 2
becomes more relevant.

5. Outlook
The test rig has been extended to experimentally investigate integration option 2 and 3. Other evaporation types
will be included in the investigation. For an economic operation a suitable controller is required including forecast
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algorithms taking building behavior, weather and photovoltaic electricity generation into account.
For controller design and optimization a simulation model library have been developed in Modelica. Based on
Modelica BuildingSystems models (Nytsch-Geusen et al., 2017) for buildings, weather, radiation processing and
photovoltaic generators were created. Based on ThermoFluidILK and using results from experimental
investigations a wide range of pure split-unit and split-units with integrated ice storages model have been
implemented.
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Abstract
Thermal energy storage systems are necessary to increase the flexibility and the share of renewable energy
sources in district heating systems. The use of latent heat storage materials (PCM) can reduce the volume of the
storage and at the same time the storage temperature needed for a given heat storage. This work studies since a
technical viewpoint the potential application of Thermal Energy Storage using “low cost” emulsion of latent
heat storage material in district heating for: central heat storage in Solar District Heating systems (seasonal) and
de-centralized heat storage (short-term). Results obtained for the seasonal application showed slight
improvement achieved by the latent heat storage system using the selected “low-cost” PCM emulsion. On the
other hand, the de-centralized TES unit using the PCM emulsions integrated into the DH grid increased the
thermal performance and allowed the connection of additional buildings in a saturated grid.
Keywords: District Heating, thermal energy storage, latent heat, phase change materials emulsion, solar
thermal.

1. Introduction
In the European Union (EU), buildings account for 40% of the total energy consumption (European Union,
2010), which suggests a great potential for energy savings. In this regard, the EU Directive on energy efficiency
(European Union, 2012) recognizes district heating and cooling networks, as key elements for improving the
energy efficiency. Thus, the 4th generation of district heating (DH) systems, i.e. low temperature district heating
(LTDH), is being developed in order to accomplish the European goals as well as the target of fossil fuel free by
2050 established by some countries, e.g. Denmark. Lower distribution temperatures and more flexible elements
of the network provide heat to low-energy buildings and allow the integration of low-temperature heat sources
(Fevrier et al., 2012), as it is the case of solar thermal energy. In northern and central European countries, e.g.
Denmark, Germany or Austria, new installations also supply heat for the space heating needs. The approach of
central solar heating plants with seasonal storage (CSHPSS) is the storage of solar thermal energy from the
period of higher offer (summer) to be consumed in the periods of higher demand (winter). These installations
are integrated into district heating systems that supply heat for a large number of dwellings and reach a solar
fraction about 50% or higher (Nielsen, 2014).
Thermal energy storage systems (TES) cover a central role in this scenario, increasing the efficiency of the
energy systems in which they are integrated and the potential utilization of new renewable energies (RES).
Although TES themselves do not save final energy, they are able to “move” heat and cold in space and time,
correcting the mismatch between supply and demand allowing: a) energy conservation by exploiting new RES;
b) peak shavings both in electric grids and DH grids; c) power conservation by reducing the required power of
energy conversion machines; d) reduced GHG emissions (IEA, 2014)
The study of thermal energy storage systems (TES) has been a very intensive branch of research in the last
decades. Even though the most commonly used method remains based on sensible heat, the latent heat storages,
based on the employment of phase change materials (PCM), are an attractive solution, because they provide
higher storage density and smaller temperature difference between the absorbed and the released heat than
sensible heat storage. Recently, a new class of latent heat fluids, phase change slurries (PCMs), have been
analyzed because of their promising role. The main advantage of PCMs is their applicability either as thermal
storage medium and/or heat transfer fluid (HTF). They can be continually pumped in charging/discharging
cycle, without the necessity of an additional fluid, reducing the losses and increasing the heat transfer thanks to
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the high ratio surface/volume. These slurries are two-phase fluids composed by a PCM dispersed phase in a
carrier fluid, usually water. Based on the nature of the dispersed phase, among the PCMs are mentioned the
PCM emulsion, ice slurries, microencapsulated PCM slurries (mPCM), clathrate slurries and shape-stabilized
PCM slurries (Delgado et al., 2012).
This work studies the potential application of Thermal Energy Storage (TES) using a low-cost emulsion of
latent heat storage material (PCM emulsion) in central solar heating plants with seasonal storage (CSHPSS).
Furthermore the main outcomes of a second analysis on the application of PCM emulsions into short term decentralized TES into low temperature district heating (LHTD) networks are presented. The study is made from a
technical feasibility viewpoint, analysing the physical advantages and constraints. No economic feasibility
analysis is presented due to the lack of appropriate economic information.

2. Thermal energy storage materials: PCM emulsions
The PCM emulsions are mixture of two immiscible fluids whose one forms the continuous phase in which the
other part is dispersed in small droplets. They are dispersions with particle size distribution between 1-1000 nm
thermodynamically unstable. Usually for energy applications the oil-in-water type, more precisely the paraffinin-water, is selected because of its suitability given by lower viscosities and higher conductivities than the
water-in-oil combination (Edelen, 2012). The properties of a paraffin emulsion depend on many factors like the
preparation method, which influences the particle size distribution of the paraffin, and on the surfactants used.
The emulsifiers are indispensable components of a PCM emulsion since they provide the kinetical and thermomechanical stability between the two phases. The addition of these organic molecules lowers the interfacial
tension between the oil and the water and, consequently, lowers the energy required to manufacture the
emulsion. Furthermore, the surfactants form a protective layer around the oil droplets preventing coalescence,
particles breaking and other instability phenomena like creaming, flocculation and sedimentation. (Shao et al.,
2015).
In the current study, two “low cost” paraffinic emulsions were considered. Emulsion 1 is a paraffinic emulsion
produced by an oil company, as by-product of the petrochemical industry that has been chosen as test material.
This PCM slurry is an anionic emulsion of paraffin with an oleic consistence, with a solid content of about 60%
of paraffin, and white color. The thermophysical properties of the selected paraffinic emulsions have been
experimentally characterized (Figs. 1-3) applying the methods shown in Table 1, available in the
Thermophysical Properties Characterization Lab at the GITSE-I3A facilities in the University of Zaragoza.
From the study with the DSC (heating process) and with the T-History (cooling process), the whole phase
transition behavior of the Emulsion 1 has been characterized. The phase change occurs in the temperature range
of 30 – 50 ºC. Such a wide melting range is due to its by-product nature which enables the cost reduction of the
material. However, thermal and rheological properties are not optimal. The enthalpy-temperature curve has been
determined (Fig. 1), obtaining a phase change enthalpy value of ݄௦ ؆ ͳͶͲ Ȁ. Some hysteresis between the
melting and solidification curves was observed, as well as a slight but not significant subcooling. The specific
heat curve of the Emulsion 1 as a function of the temperature was also obtained as shown in Fig. 3. Its value
outside the change of phase is about 3.2 kJ/(kg K), which is rather poor and lower than the water specific heat.
The measured density range of the Emulsion 1 was 0.9372 kg/m3 at 20 ºC - 0.8704 kg/m3 at 60 oC.
Table 1: Properties and equipment used for the characterization of the considered PCM emulsion (Delgado et al., 2015)

Property
Enthalpy

Method

Accuracy

Sample size

Equipment

T-history/DSC

< 10%

§ 10 g

T-history / DSC 200F3 Maia (Netzsch)

Phase change 'T

T-history

0.2 K

§ 10 g

T-history

Specific heat

DSC/T-history

< 1%

§ 20 mg – 10 g

DSC 200F3 Maia (Netzsch)

Viscosity

Reometer

0.1 nN·m

0.5 cm3 – 30 cm3

Reometer AR-G2 TA

Density

Densimeter

< 1%

> 1 cm3

Densimeter DM-40 (Mettler-Toledo)

Subsecuently, a second PCM emulsion, called Emulsion 2, has also been considered in this study for analyzing
the applicability of PCM emulsions in Central Solar Heating Plants with Seasonal Storage (CSHPSS. Indeed the
advantages obtained with the employment of a PCM usually derive from its utilization as close as possible to the
phase transition. For this reason, the study of a second emulsion with a more convenient temperature range of
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the phase change has been evaluated to explore the potential utilization of PCM emulsions in this application.

Fig. 1: Enthalpy vs temperature (Emulsion 1)

Fig. 2: Viscosity vs. temperature (Emulsion 1)

This Emulsion 2 is a hypothetical material with the same density, thermal conductivity and viscosity values than
those experimentally measured for Emulsion 1, but with the curves cp-T and h-T moved 10 ºC in order to get the
phase change in the temperature range of 40 ºC to 60 ºC, as shown in Fig. 3.

Specific heat - Temperature curve
10
9

Emulsion 1

Emulsion 2

cp (kJ/kg/K)

8
7
6
5
4
3
30 35 40 45 50 55 60 65 70 75 80 85 90
Temperature (°C)

Fig. 3: Specific heat vs temperature curves for the emulsions considered (Emulsion 1 and Emulsion 2).

3. Mathematical model for the evaluation of Central Solar Heating Plants with
Seasonal Storage using PCM emulsion as thermal energy storage
The model developed to evaluate the performance of Central Solar Heating Plants with Seasonal Storage
(CSHPSS) using PCM emulsion as Thermal Energy Storage (TES) material in the seasonal storage is based on
the simple model for the predesign of CSHPSS, built on the Engineering Equation Solver (EES, 2016) and
developed by Guadalfajara et al. (2015). This model is based on an approximate calculation of the solar
collector field production and of the capacity of the seasonal thermal energy storage on a monthly basis and
using water as TES working fluid, to match production and demand, as well as to perform easily parametric
analysis for the evaluation of CSHPSS. Fig. 4 shows the system scheme and identifies the main energy flows
that appear in the system model.
The radiation received, Qr, over the solar collector is harvested and the production of the solar field, Qc, is
calculated simulating its hourly operation during a representative day of the month. It is considered a complete
mixture in the thermal energy storage, i.e. without stratification; so that it keeps uniform the seasonal storage
(accumulator) temperature, Tacu, along the calculation period, which is a month in the proposed method. With
this approach the considered temperature in the tank is lower than the top temperature and higher than the
bottom temperature. This approach slightly underestimates the performance of the system, because the estimated
temperature of the inlet water of the solar collector is higher than the real value, provoking a reduction of the
solar collector efficiency. Nevertheless, the study developed by Braun et al. (1981) revealed that stratification
effects have a negligible effect on the performance of CSHPSS. The solar collector performance and the heat
losses, Ql, of the seasonal storage are calculated considering the tank temperature at the beginning of the month.

773

A. Lazaro / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

In a seasonal storage tank, the premise of considering constant the water tank temperature along the month is
reasonable due to its high thermal inertia (high volume). A monthly energy balance is used to calculate the
temperature in the thermal energy storage at the end of the month. This temperature, water tank temperature at
the end of the month, is used to calculate the solar collector performance in the next month.

Fig. 4: Energy flow chart of the simple model of central solar heating plants with seasonal storage (Guadalfajara et al., 2015)

The monthly operation of the seasonal storage tank has two different operation modes during the year: i) charge
and ii) discharge. The charge mode occurs when the production of the solar field, Qc, is higher than the heat
demand, Qd. Consequently, part of the collected heat is used to attend the immediate demand, Qb, and the
surplus of the collected heat is sent to the seasonal storage for its later consumption, Qe. In the discharge mode,
the heat demand, Qd, is higher than the production of the solar collector field, Qc, and the seasonal storage tank
is first discharged, Qs. If it is not sufficient, the auxiliary system, Qg, provides the required heat to cover the
demand. The thermal energy storage operation is constrained by two temperature limits, Tmin and Tmax. When
the limit of the minimum temperature is reached, the thermal energy storage cannot be discharged anymore and
the auxiliary system provides the required heat, Qg, to fulfill the demand. The thermal energy storage cannot be
either charged over the maximum temperature. When it achieves this maximum temperature limit, part of the
heat production is rejected, Qx, to avoid overheating and equipment damage. As the thermal energy storage is
warm, the heat losses to the environment, Ql, are also calculated. The thermal energy accumulated in the storage
tank is denoted by the variable EA, and its maximum value EAmax depends on the temperature limits. A
complete description of this model as well as its validation can be found in Guadalfajara et al. (2015) and
Guadalfajara (2016). Note, that this model is suitable for studying the employment of water as storage medium.
Although the overall framework of the model has been maintained, several modifications have been required for
testing the performance of a different material and especially when considering a PCM emulsion (Rinaldi,
2016).
Thus, replacing the current storage material (water) with the investigated PCM emulsions requires using their
properties, obtained from the thermo-physical characterization of the PCM emulsions (Delgado et al., 2015), in
the equations related to the storage and to the secondary circuit. While the density of the emulsions, ȡem(30°C) =
921.5 kg/m3, and their conductivity, Ȝem = 0.4 W/m/K, were assumed constant in all the analyzed cases, the
viscosity depends on the shear stress. However, to minimize the pressure losses, the working fluid conditions
have been created in order to attain the lowest viscosities of the curve (~0.05 Pas; see Fig. 2). Moreover, when
a PCM emulsion is used as storage material, the latent heat of the phase transition is exploited for storing or
discharging thermal energy, and it has been necessary to consider the enthalpy-temperature curves measured
with the DSC and T-History (Fig. 1).
Additionally, a second modification was implemented. In the model developed by Guadalfajara et al. (2015) it
was considered that the fluid circulating through the solar collector transfers the collected heat to the water of
the seasonal storage through a heat exchanger with effectiveness, Eff = 0.9. This value is used to calculate the
heat exchanger inlet and outlet temperatures. Substituting the heat storage medium with a PCM emulsion, a heat
transfer study was required due to the significant different properties of the secondary fluid affecting the
efficiency of the process. Consequently, a specific flat-plate heat exchanger was modeled. For a detailed
explanation see Rinaldi (2016).
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3.1. Base case
The considered base case taken as a reference for the analysis presented in this paper is a CSHPSS, in which a
water tank is a seasonal thermal energy storage system (sensible heat), located in Zaragoza, Spain (latitude 41.6º
North) supplying heat for space heating and domestic hot water to a community of 1000 dwellings of 100 m2
each. The input data required few public available data (Guadalfajara et al., 2015): annual demand of domestic
hot water, QDHW, and space heating, QSH; latitude of the location of the plant; monthly average of daily global
radiation on a horizontal surface, H (monthly data); monthly average of daily medium, minimum and maximum
ambient temperatures, Taave, Tamin and Tamax (monthly data); cold water temperature from the net, Tnet (monthly
data); ground temperature, Tter; and ground reflectance, ȡg.
The design data for the base case, which were selected based on manufacturers’ catalogues, existing plants and
bibliographic information, are presented in Table 2.
Table 2: Design parameters for the base case with water as storage material (Guadalfajara et al., 2015; Rinaldi, 2016).
Parameter

Value

Parameter

Value

Solar Collector

RAD: ratio collector area / demand

0.6 m2/(MWh/yr)

Seasonal

RVA: ratio volume / area

6 m3/m2

Field

A: area of solar collectors

3210 m2

Storage

V: volume of seasonal storage

19,260 m3

ɻ0: optical efficiency

0.816

Tmin: minimum storage temperature

30ºC

k1: 1st order heat loss coefficient

2.235 W/(m2·K)

Tmax: maximum storage temperature

90ºC

k2: 2nd order heat loss coefficient

0.0135 W/(m2·K2)

RHD: ratio height / diameter

0.6 m/m

E: tilt

45º

Uacu: heat transfer coefficient

0.12 W/(m2·K)

J: orientation

0º

Aacu: heat transfer area

4101 m2

ms: solar field flow rate

20 kg/(h·m2)

ȡcp: heat capacity

4.18 MJ/(m3·K)

Flat Plate Heat

Eff: heat exchanger effectiveness

0.90

Exchanger

Aht: total heat exchange area

73.78 m2

Annual Heating

QSH: annual space heating demand

4060 MWh/year

District

Tsup: supply temperature

50ºC

Demand

QDHW: annual DHW demand

1290 MWh/year

Heating

Tret: return temperature

30ºC

Qd: annual demand

5350 MWh/year

TDHW: DHW temperature

50ºC

EAmax: storage capacity

1342 MWh

ĭ: corrugation factor

1.22

Npl: number of plates

42

Primary design variables considered in the model are: solar collector’s area, A (or RAD, which is the ratio of the
area of the solar field, m2, divided by the annual demand in MWh/year), and the volume of the seasonal storage
tank, V (or RVA, which is the ratio of the volume of the seasonal storage tank, m3, divided by the area of the
solar field in m2). The RAD and RVA values for the base case were selected to obtain a significant solar
fraction, higher than 50%, avoiding stagnation and heat rejection during the summer period.
Secondary design variables are: the efficiency curve parameters (Ș0, k1, k2) taken from a manufacturer’s catalog
(Arcon, 2013) of large solar collectors employed in CSHPSS; tilt, E and orientation, J of the solar collectors,
which values were defined considering the geographical coordinates of the plant location; the specific mass flow
rate of the working fluid circulating through the solar collectors, ms, based on the low-flow model (Peuser at al.,
2010), characterized by a nominal flow rate of 12-20 l/(hm2), and suitable for larger solar thermal installations,
since it favors a higher temperature spread between outlet and inlet in the solar collector and pumping savings in
the solar field; the temperature of the water supplied to the district heating network, Tsup and the temperature of
the water returning from the district heating network, Tret, which values were selected considering a high
efficiency district heating network (Nielsen, 2014); the minimum and maximum temperatures allowed in the
storage tank, Tmin and Tmax, and its global heat transfer coefficient for the calculation of the heat losses, Uacu. The
seasonal storage has been modeled considering a global heat transfer coefficient value of 0.12 W/(m2·K), in
agreement with the specialized literature (Raab et al., 2003; Raab et al. 2005). The seasonal storage is assumed
as an underground cylindrical tank with a shape ratio RHD = 0.6 (height divided by diameter). Once the volume
is known, the other dimensions can be calculated. The flat plate heat exchanger, consisting of Npl = 42 thin
corrugated plates, was modeled following technical specification of manufacturers (ALFA LAVAL, 2015;
SWEP, 2015) and recommendations of specialized bibliography (Marin and Guillen, 2013). It has been sized
considering the maximum energy flow which has to be handled (in the considered base case location the
maximum solar heat production occurred in July 1st at 13 hours), the corresponding inlet and outlet
temperatures, the same water mass flow rate in both sides, an effectiveness Eff = 0.90, and a corrugation factor ĭ
with a typical value of ĭ = 1.22.
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(i) Comparison of CSHPSS base case behavior: water vs. PCM emulsions
Once the model of the flat plate heat exchanger was implemented in the simple model, it was possible to analyze
the heat transfer phenomenon when operating with PCM emulsions. Table 3 shows the comparison of the plate
heat exchanger working with water in both sides (water-water) or with the investigated PCM emulsions in the
secondary side (water-emulsion)
Table 3. Heat transfer study results and comparison of plate heat exchanger performance: water-water vs. water-emulsions.

ীsto= 20.5 kg/s

Water

vsto (m/s)
Resto
Prsto
Įsto (W/(m2K))
U (W/(m²K))
Eff
ǻpdistr (Pa)

Emulsion 1
0.5362
2633
5.53
14047
6346
0.9067
131317

Emulsion 2

0.5793
42.01
551.6
2890
2313
0.7382
403012

0.5793
42.01
551.6
2939
2344
0.7505
403012

The results indicate a relevant decrement in the heat exchanger effectiveness when working with the PCM
emulsions, caused by the drop of the Reynolds number and, consequently, of the global heat transfer coefficient.
This phenomenon is due to the high viscosity (0.05 Pas) of the investigated material compared to the water.
The significant rise of the Prandtl number highlights that the momentum diffusivity dominates the heat transfer
in the PCM emulsions, while the pure conduction diffusivity in the fluid is low. Choi et al. (1994) reported that
the local convective heat transfer coefficient varies slightly in forced convection heat transfer with phasechange-material slurries. However, the lack of experimental study and literature about test of PCM emulsions in
plate heat exchangers does not permit to consider this factor. Consequently, the heat convective coefficient of
the emulsion and the overall heat transfer performance of the plate heat exchanger experience a significant
reduction. This phenomenon affects the operation of the global CSHPSS plant since the solar collected heat is
not well discharged and utilized. Another important aspect, related to the utilization of the PCM emulsion in the
secondary circuit, is the pressure losses. Just analyzing the distributed pressure drop (ǻpdistr) that occurs in the
heat exchanger, they result almost four times higher than those generated by the water circulation in the same
circumstances. The high viscosity of the studied PCM emulsion arises to be one of the critical factors on which
it is necessary to work for achieving a satisfactory behavior.
Table 4. TES comparison: water vs. PCM emulsions (Annual results. Base case, Tmax= 90°C, V= 19260 m3, A= 3210 m2).

Water
PHE Eff
0.9067
EAmax,calc (MWh) 1153
Solar fration and efficiencies
SF
0.5591
coll
0.5706
sto
0.8803
sys
0.5435

Emulsion 1

Emulsion 2

0.7504
1167

0.7641
1180

0.5574
0.5673
0.8880
0.5419

0.5622
0.5717
0.8904
0.5466

Annual energy
flows
Water
Qx (MWh/y)
Ql (MWh/y)
Qaux (MWh/y)
Qc (MWh/y)
Qe (MWh/y)
Qs (MWh/y)
Qb (MWh/y)

0
148.8
2359
3140
1244
1095
1896

Emulsion 1
0
140.2
2368
3122
1252
1111
1870

Emulsion 2
0
138.5
2342
3146
1263
1125
1883

Table 4 illustrates the results obtained from the annual calculation of the CSHPSS. As can be observed, in these
circumstances the substitution of the water with the PCM slurry in the storage does not represent any significant
benefit. The storage temperature along the year with both water and emulsion does not reach the maximum
fixed constrain (Tmax= 90°C) and it remains below 82°C in all the cases, for water and for both PCM emulsions.
In terms of solar fraction, SF, and global efficiencies, Emulsion 2 presents a slightly improved performance
while Emulsion 1 is even slightly worse than water. Even though the solar heat transferred to the secondary
circuit Qc diminishes in the case of Emulsion 1 compared to the case of water-water, surprisingly the calculated
energy accumulated in the storage (EAmax,calc) is higher. This was mainly due to two factors: the decrease of the
heat losses in the storage (Ql), due to the lower temperatures in the seasonal storage tank when using PCM
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emulsions as TES, and the change in the collector efficiency curve along the year (Rinaldi, 2016). Although the
yearly solar collector field efficiency (coll) is reduced and, consequently, the yearly solar heat collected (Qc),
the solar field presents a greater performance in the summer months, when a significant share of energy is
stored, due to the lower temperature in the seasonal storage when operating with PCM emulsions. The critical
feature that was recognized in the utilization of the PCM emulsion in this particular case is the large operating
temperature range. Indeed, the advantages obtained with the employment of a PCM usually derive from the
utilization of the material always close to the phase transition. The chart of the cpem of the PCM emulsions as
the function of temperature (Fig. 3) shows that the cpem outside the change of phase is about 3.2 kJ/(kg K),
which is a rather poor value and lower than the water specific heat. Accordingly, the benefits linked to handling
PCM materials are limited by the running conditions of this application since it has to operate mostly out of the
melting-solidification stages.
(ii) Sensitivity analysis of CSHPSS operation with PCM emulsions
From the first two steps of the calculation procedure, the results highlight that two are the main obstacles which
make difficult the exploitation of the real PCM emulsion as seasonal storage material: a) the high viscosity and
b) the incompatibility between the phase change temperature and the operating conditions of the storage. Thus, a
sensitive analysis was performed based on the base case design, decreasing only the seasonal storage upper limit
(Tmax) and varying this parameter from Tmax= 80°C until the minimum allowed temperature, Tmax= 60°C, for
discharging heat to the DH grid.

Solar Fraction

System efficiency

0,57

0,55

0,56

0,54

0,55
0,53
0,52

0,53

ڦsys

SF

0,54
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0,51

0,51

0,5

0,5

0,49

0,49
60

65

Emulsion
1
Real
emulsion
Water

70
Tmax (°C)

75

80

Emulsion
2
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emulsion

Fig. 5. Base case: Solar fraction (SF) versus Tmax of TES.

0,48
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Water
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1
Real
emulsion

Ideal emulsion
Emulsion
2
Fig. 6. Base case: System efficiency, sys, versus Tmax of TES.

As shown in Figs. 5 and 6, the benefit coupled with the replacement of water with the studied emulsions grows
moving Tmax towards values closer to the phase transition. This benefit is particularly interesting in the case of
Emulsion 2, in which enables to achieve a 6% higher of solar fraction with respect to the water as TES material
thanks to the increased efficiency of the system. The growing heat capacity of the PCM emulsions working
closer to the phase transition permits to accumulate more thermal energy in the same volume (see Table 5).
Nevertheless, from results shown in Table 5 it is possible to note that when the maximum allowed temperature
in the seasonal storage is Tmax= 60°C, some solar heat is rejected. However, this phenomenon is significantly
lower when PCM emulsions are employed and particularly operating with Emulsion 2, generates a reduction of
about 40% in heat rejection compared with the water case. In order to avoid heat rejection when working with
the Emulsion 2 and Tmax= 60°C, the volume of the seasonal storage tank should be increased about 8540 m3,
requiring a seasonal storage tank of 27,800 m3 (Rinaldi, 2016). However, in this later case 305 MWh/y would be
still rejected if the seasonal storage tank were operating with water. An additional volume of about 8740 m3,
reaching a tank volume larger than 36,500 m3, would be required in order to avoid heat rejection when water is
used as storage medium and Tmax= 60°C. In these conditions, the volume of the seasonal storage with Emulsion
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2 would be about 25% smaller than when operating with water. Additionally, note in Table 5 that the heat
transfer in the flat plate heat exchanger operating with PCM emulsions, being worse than operating with water
(Table 3), increases due to the higher specific heat values, since the operation temperature range is more
favorable and closer to the phase change.
Table 5. TES comparison: water vs. PCM emulsions when Tmax= 60°C (Annual results, Zaragoza, V= 19260 m3, A= 3210 m2).

Water
PHE Eff
0.9067
EAmax,calc (MWh)
668
Solar fration and efficiencies
SF
0.4999
coll
0.6110
sto
0.9089
sys
0.4860

Emulsion 1

Emulsion 2

0.7907
815.4

0.8073
884

0.5196
0.6032
0.9103
0.5052

0.5306
0.6003
0.9071
0.5159

Annual
energy flows

Water

Emulsion 1

Emulsion 2

Qx (MWh/y)
Ql (MWh/y)
Qaux (MWh/y)
Qc (MWh/y)
Qe (MWh/y)
Qs (MWh/y)
Qb (MWh/y)

567.9
120
2676
3362
1318
629.9
2044

421.5
118
2570
3319
1315
776
2004

343.2
121.4
2511
3303
1307
842.3
1996

3.2. Geographic analysis of CSHPSS operation with PCM emulsions
Since the CSHPSS performance is strongly related to the climate conditions as well as to the heat demand
characteristics, the assessment of a plant situated in a different European climatic zone, as it is the case of Oslo
(Norway), was also analyzed. The location of the CSHPSS highly influences the design process and parameters
of the whole system. Considering a colder area than the south of Europe, the heat demand rises because of the
higher space heating requirements, caused by the more severe winters, as well as its distribution (SH demand)
along the year. Moreover, the solar radiation decreases and consequently, the solar energy production per area of
solar collector falls down making necessary the installation of a larger solar field surface per MWh of heat
demanded (i.e. increase of RAD). Furthermore, the lower average environmental temperature along the year
reduces the collector efficiency because of the higher heat losses with the surroundings. In regard to the seasonal
storage, colder climates need relative smaller storage per unit area of solar collector (i.e. smaller RVA ratio).
Warmer locations, present higher accumulation requirements per area of solar collector because of the shorter
heating period and of the larger solar energy yielded in summer (Guadalfajara, 2016). Thus, the CSHPSS placed
in Oslo (latitude 59.93º North), sized according to the criteria previously adopted for the plant in Zaragoza
(1000 dwellings of 100 m2 each, Tmax= 90°C, SF~0.5, no heat rejection), owns the specific design parameters
listed in Table 6. The rest of the parameters are the same shown in Table 2.
Table 6: Design parameters for the CSHPSS in Oslo with water as seasonal TES material (1000 dwellings of 100 m2 each, Tmax=
90°C, SF~0.5, no heat rejection) (Rinaldi, 2016).

CSHPSS Oslo (latitude 59.93º North)
Solar collector field
Seasonal storage
RAD
1.39 m2/MWh RVA
1.75 m3/m2
2
A
11,383 m
V
19,920 m3
Aacu
4196 m2
E
60°
Ea
1389
MWh
J
0°
max

Flat plate heat exchanger
Eff
0.9
Aht
342.47 m2
Npl
116

Annual heating demand
QSH
6427 MWh/y
QDHW
1769 MWh/y
Qd
8197 MWh/y

The heat transfer problems occurring when operating with PCM emulsion in the seasonal TES already explained
in subsection 3.1 were also observed in this case. Indeed, the change of the equipment dimensions does not vary
the worsening heat transfer performance utilizing the PCM emulsions instead of water. As already noticed, the
heat exchanger effectiveness working with the Emulsion 2 appears improved respect to the Emulsion 1 because
of its higher average specific heat in the working temperature range (Rinaldi, 2016). A comparison of the
behavior of the CSHPSS located in Oslo operating with different seasonal storage materials (water and PCM
emulsions) are shown in Table 7. As occurred in the base case analysis, the Emulsion 1 does not provide any
enhancement of the overall system efficiencies. Additionally, the seasonal storage with this PCM emulsion as
storage material has a lower heat storage capacity than with water. Consequently, the main benefit linked to the
employment of a PCM is lost as well as the possibility of the application of this solution in the studied
conditions (large temperature range). In contrast, interesting outcomes have arisen from the CSHPSS
calculations using the Emulsion 2. From a first look to Table 7, there is a slight increase of the overall plant
performance as well as of the component performances coupled with the higher maximum storage capacity of

778

A. Lazaro / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

the seasonal TES (EAmax). Thus, it is observed an appreciable rise of the solar production Qc ( +74 MWh/y) and
the decrease of the tank losses Ql (-6.4 MWh), obtaining as a consequence some heat rejection (Qx= 28.2 MWh).
Table 7. TES comparison: water vs. PCM emulsions (Annual results. Oslo, Tmax= 90°C, V= 19,920 m3, A= 11,383 m2).

PHE Eff
EAmax,calc (MWh)

Water

Emulsion 1

Emulsion 2

0.8951
1372

0.7525
1350

0.7600
1419

0.4935
0.3780
0.8744
0.3567

0.5021
0.3820
0.8779
0.3630

Solar fration and efficiencies
SF
0.4958
coll
0.3755
sto
0.8678
sys
0.3584

Annual energy
flows
Water
Qx (MWh/y)
Ql (MWh/y)
Qaux (MWh/y)
Qc (MWh/y)
Qe (MWh/y)
Qs (MWh/y)
Qb (MWh/y)

0
194.1
4129
4254
1468
1274
2786

Emulsion 1

Emulsion 2

0
187.8
4148
4282
1495
1255
2787

28.2
187.7
4077
4328
1538
1322
2790

The explanation to these effects can be found evaluating the seasonal storage temperature (Tacu) along the year
(Fig. 7). Indeed, the higher specific heat of the PCM emulsion during the phase change generates lower storage
temperatures. This fact reduces the heat losses of the tank, which are larger in a cold climate. Furthermore, since
the storage temperature affects the solar field efficiency, its decrement leads to higher collector performances
despite the worse solar heat transfer through the PHE, thanks to the lower temperature of the working fluid
when the PCM emulsion is used. The most profitable solution in order to avoid the heat rejection is the
reduction of the solar field area. Since the collector production is more effective, a smaller surface area of solar
collectors can be installed for generating the same amount of solar heat avoiding heat rejection. The value
obtained was 11,040 m2, which is 335 m2 smaller than the required for satisfying the heat demand employing
water in the Seasonal TES. Despite the smaller solar field, the whole plant operation with the Emulsion 2 is even
slightly more efficient than operating with water, reaching very similar values to those shown in Table 7.

Storage temperature curve
95
85
75
65
55
45
35
25

Tacu (°C)

Water

Emulsion
Ideal 2

emulsion

1 2 3 4 5 6 7 8 9 10 11 12
Month

Fig. 7. Monthly temperatures of the water and Emulsion 2 in the seasonal TES

From the conclusions achieved studying the base case, working with temperatures closer to the phase transition
of the emulsion would allow to accomplish more relevant advantages. Consequently, a sensitivity analysis
lowering Tmax of the Oslo seasonal TES has been carried out in order to create a more favorable state for the
PCM emulsion operation.
As shown in Figs. 8 and 9, and similarly to the base case, the performance of the yearly plant operation
continually gets worse with the decrease of the seasonal TES maximum temperature, Tmax. Indeed, the volume
of the seasonal TES is kept unchanged (V= 19,920 m3). It has been sized to be appropriate for reaching Tmax =
90 ºC. Thus, when limiting Tmax to a lower value, the seasonal TES is not able of storing all the collected solar
energy and there is heat rejection, reducing the solar fraction and the system efficiency. However, Figs. 8 and 9
show that this decay is smaller for the PCM emulsions, particularly for the Emulsion 2. Note that the lower is
Tmax, the better is the paraffinic emulsions performance and, consequently, the lower is the reduction of SF and
ڦsys compared to the water case. Further, note that the whole SF and ڦsys variations along the sensitivity study are
less significant in the Oslo case in comparison with the sensitivity analysis of the base case (Figs. 5 and 6).
These observations show that in cold climate the variation of Tmax has a less important impact on the overall
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Fig. 8. Oslo case: Solar fraction (SF) versus Tmax of TES.
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efficiencies, due to the improvement of the solar collector efficiency when lowering the seasonal TES
temperature, which provokes an increased solar production. The reduction of the storage temperature can be
performed substituting the water with the PCM emulsion or by lowering Tmax.
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2
Fig. 9. Oslo case: System efficiency, sys, versus Tmax of TES.

In the Oslo case, the required collectors surface area, for a seasonal TES using Emulsion 2 as storage material
with Tmax= 60°C, avoiding heat rejection (Qx= 0 MWh/y), and maintaining unchanged the volume of the
seasonal TES (V = 19,920 m3), is A = 7270 m2. This represents a reduction of the solar collector area of about
36%, in comparison with the design value at Tmax = 90°C (Table 6). As a consequence, the obtained solar
fraction is obviously lower, SF = 0.4192, when Tmax= 60°C. If the storage material employed in these operating
conditions and with these last design values were water instead of Emulsion 2, there would be a significant heat
rejection (Qx = 192.8 MWh/y) requiring a seasonal TES 28% larger, i.e. with a volume of 25,450 m3. These
results show that significant reductions in seasonal TES volume could be achieved when using PCM emulsions
with appropriate properties. The narrower is the temperature range of the seasonal TES the better is the behavior
of the PCM emulsion thanks to the longer period working at the phase transition.

4. Integration of de-centralized TES with PCM emulsion into LTDH
This section presents the results of a research carried out on the improvement that a utility of Low Temperature
District Heating (LTDH) can undergo when a tank of thermal energy storage is integrated into its network. The
performance of two different cases, with water and with a PCM emulsion, have been analyzed and compared
within a set of 40 residential buildings consisting of twenty-five apartments each, i.e. 500 dwellings, located in
Zaragoza (Spain). A detailed heat transfer model of the storage tank was established to determine the actual
behavior of a system TES-DH in de-centralized storage application. The chosen configuration is a typical
cylindrical tank with internal coils through which the DH water flows to carry out the charge and discharge
processes. The outcomes show the benefit of the operation with either water or PCM emulsion as storage
materials, with a noticeable advantage for the PCM emulsion. See Rinaldi (2016) for further details of the model
and the analysis.
The results obtained show that a de-centralized TES unit integrated into the DH grid is able to curtail the peak
demand and, consequently, to reduce the mass flow that the network has to handle. This solution allows the
connection of additional buildings in a saturated grid.
Concerning the additional new area that could be connected to the district heating (DH) network thanks to the
de-centralized TES unit, it has been possible to maintain a regular nominal power supplied by the DH without
raising the production during the peak hours. Furthermore, this solution permits to move the heat production to
the night where the electricity costs and requirements are lower. Additionally to the potential economic benefits,
the installation of de-centralized storages allows to the power unit to operate more regularly and provide the
peak energy that otherwise should be supplied by auxiliary units (e.g. boilers).
In respect to the PCM emulsions as storage medium, it has been shown that their use provides remarkable
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benefits in relation to the conventional use of water. These positive effects are due to the favorable working
conditions due to the phase change of the PCM. According to the priority of the system design and to the main
objective pursued, the particular advantages are: 1) Accumulation of a greater amount of thermal energy than
water in the same configuration of the system, generating a smoother operation with less abrupt changes in the
mass flow circulating in different hours. Thus, higher TES temperature during the discharge hours guarantees an
easier control of mass flows variation. Additionally, the flat-plate heat exchanger in the customers substation
works better thanks to the greater temperature at the heat exchanger inlet, THE,in, also when part of the heat is
delivered by the TES. 2) Reduction of the storage volume and, consequently, of the investment costs in order to
achieve the same system operation than that attained using water. 3) Reduction of the nominal monthly DH
power and, therefore, the additional mass flow rate that the existing DH pipes have to handle with the
connection of the new area. Fig. 10 shows an example of the results obtained (Rinaldi, 2016).

Fig. 10 Example of the results obtained in the case of Vsto,eff=180 m3 in Zaragoza (Spain)

5. Conclusions
The potential application of Thermal Energy Storage using a low-cost emulsion of latent heat storage material
(PCM emulsion) in two different District Heating applications has been studied from a technical viewpoint. It
has not been presented an economic analysis due to the lack of appropriate economic information.
The analysis of the behavior of CSHPSS operating with two different PCM emulsions has been performed for
several scenarios in different climates (Zaragoza, Spain and Oslo, Norway). The study revealed that the wide
temperature working range of this application makes non-optimal the operation with the analyzed PCM
emulsions, particularly with Emulsion 1. The operation of the CSHPSS operating with the improved Emulsion 2
has shown some advantages. The temperature stabilization produced by the phase change, especially along the
charging process, improved the solar field production and, consequently, the overall system performance and the
solar fraction, as well as the storage efficiency. Thus, the material properties enhancements that are necessary to
seek for the application of PCM emulsions in CSHPSS are: i) higher density; ii) lower viscosity; and iii) more
suitable h-T and cp-T curves: all the phase transition temperature range has to be included in the working
interval of the STES, higher cp values outside solidification-melting window, higher cp peak, reduced phase
transition range for a more relevant temperature stabilization.
The connection of de-centralized TES units has demonstrated to be a valuable solution for the peak shaving of
the thermal demand and for the decrement in the DH mass flow permitting additional connections. The usage of
the analysed PCM emulsion improved the overall system operation thanks to the temperature stabilization
generated by the change of phase, and to the greater thermal storage capacity of the TES. The hydraulic
transients resulted less abrupt and the mass flow changes smoother. This suggested an easier regulation of the
DH-TES connection and more regular working conditions, allowing higher efficiencies of the components.
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Abstract

The overall experimental thermal performance for complete charging and discharging cycles of a 40 L
Sunflower Oil storage tank is presented. Results of two complete charging and discharging cycles are
presented. The oil is heated electrically using a copper spiral coil in thermal contact with electrical heaters. A
spiral copper coil immersed in a water bath discharges the stored thermal energy. The first complete cycle
charges at a low flow-rate of 0.6 L/min and discharges at a high flow-rate of 1.7 L/min. The second cycle
charges at a high flow-rate of 1.8 L/min and discharges at a high flow-rate of 1.7 L/min. The charging energy
and exergy rates for the first cycle are higher than that of the second cycle, however, the discharging energy and
exergy rates are higher for the second cycle. Total stored energy and exergy values for the charging period are
higher for the first cycle as compared to the second cycle. The stored energy and exergy are discharged more
efficiently in the second cycle. The overall energetic and exergetic efficiencies of the second cycle are higher
than those of the first cycle suggesting that a high charging and discharging flow-rate is essential to increase
the overall efficiency of the system.
Keywords:Charging; Discharging; Energy; Exergy; Oil Storage Tank

1. Introduction
Two widely adopted thermal energy storage (TES) systems for domestic applications are sensible heat TES
(SHTES) and latent heat TES (LHTES) (Dincer and Rosen, 2002). These systems are essential to cater for the
mismatch between energy supply and demand especially when intermittent energy resources like solar energy
are involved. LHTES has advantages of a high energy storage density and controlled charging and discharging
temperatures but it suffers from some disadvantages such as high cost, low thermal conductivity and
supercooling in some phase change materials (PCMs), only to mention a few. When issues of cost outweigh the
issues of energy storage density and temperature controlled applications, SHTES seems to be the most viable
option. Water is the mostly used SHTES for low temperature applications, however, its use is limited to
applications below its boiling point so it cannot be used for medium to high temperature applications without
pressuring the storage vessel. Thermal oils have been used in recent years for domestic and industrial
applications (Mussard and Nydal, 2013; Mussard et al., 2013; Mawire et al. 2009, Bruch et al., 2014; Bruch et
al., 2017) . The advantages of these oils are that they can be used for higher temperatures and they exhibit better
thermal stratification as compared to water.
Previous studies (Mawire et al., 2014; Mawire, 2016) have focused on the use of Sunflower Oil as a TES
medium since it is cheap, it is readily available locally in most countries in the world, it is food grade and
environmentally friendly and it has comparable characteristics to commercially available thermal oils. In
previous studies smaller storage tanks were used to characterize the performance of Sunflower Oil using
separate charging, discharging and heat retention cycles. Energy, exergy and thermal stratification related
quantities were evaluated in these separate cycles and the overall thermal performance for a complete charging
and discharging cycle was not evaluated which is necessary for a complete understanding of the end user
application. Besides this, the previously reported storage tanks were smaller for any real sustainable practical
purpose and some initial storage charging conditions were not similar within experimental error limits.
In a bid to understand the overall thermal performance of a domestic oil storage tank during complete charging
and discharging cycles, an experimental setup is presented in this paper under two cases and different TES
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parameters are evaluated. The aim is to evaluate the energetic and exergetic performance of the TES system for
the two complete charging and discharging cycles. The first complete cycle charges the storage tank at a low
flow-rate of 0.6 L/min and discharges it at a high flow-rate of 1.7 L/min. In the second complete cycle, the
storage tank charges at a high flow-rate of 1.8 L/min and discharges it at a high flow-rate of 1.7 L/min.

2. Experimental setup and procedure
The experimental setup and procedure for the charging and discharging experiments is shown in Fig. 1 and the
main components of the experimental setup are shown in the photograph of Fig. 2. The insulated storage tank
(i) is 40 litres and it contains Sunflower Oil. During charging with the electric heater in thermal contact with an
oil circulating copper coil, valves (1) and (2) are opened while valves (3), (4), (5), (6) are closed. During
discharging, valves (4), and (5) are opened while valves (1), (2), (3) and (6) are closed. The HTF flow rate is
controlled by adjusting the frequency of the circulating pump (c) via the VLT microdrive (b). The maximum
temperature of the electric heating unit (d) is adjusted by the temperature controller module (e). The flow of the
HTF is from the top of the tank to the bottom during both charging and discharging cycles and this is measured
with a positive displacement flow meter (f). 5 radial K thermocouples measure the temperature distribution at
five different axial positions. Thermocouples T11-T15 measure the temperatures at the top of the storage tank
such that an average temperature at the top of the storage is determined. Other average temperatures for levels
2-5 are determined in a similar manner.

Figure 1: Experimental setup

Firstly it was ensured that the average temperature of the storage tank was around 40 oC by slightly charging it
if it was below this temperature, or discharging it if it was above this temperature. Charging was performed by
opening valves (1) and (2) in Fig. 1, while the other valves were left closed. For discharging, valves (5) and (4)
were opened while the other valves were closed. During each charging cycle, the temperature controller for the
electrical heater was set to 250 oC and the flow-rate was set to a desired value by adjusting the frequency of the
microdrive. Charging was continued until the top of the storage tank attained an average temperature of just
above 190 oC. After this, discharging was immediately done by opening valves (5) and (4) and the discharging
cycle was stopped when the temperature of the water bath (which contained 3 liters of waters) fell to just below
100 oC.
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Figure 2: Photograph of experimental setup showing the main components. (1) Insulated storage tank (2) Electrical heater with
copper spiral coil (3) Control valves (4) PID temperature controller (5) Discharging coil (6) Datalogger

3. Thermal performance parameters
The charging energy rate depends on the inlet and outlet charging temperatures of the storage tank and is
expressed as
ܧሶ ൌ ߩ௩ ܿ௩ ݒሶ  ሺܶ െ ܶ௨௧ ሻ
(1)
where ߩ௩ is the temperature dependent average density of the oil at the start and end of charging, ܿ௩ is the
temperature dependent average density of the oil at the start and end of charging, ݒሶ  is the volumetric charging
flow-rate, ܶ is the inlet charging temperature at the top of the storage tank and ܶ௨௧ is the outlet charging
temperature at the bottom of the storage tank. The total energy stored in stored tank can be estimated by
integrating Eq. (1) from the start of charging to the end of charging for each small temperature measurement
interval and this can be expressed as (Alam; 2015; Jegadheeswaran et al., 2010)
௧

ܧௌ் ൌ ௧  ߩ௩ ܿ௩ ݒሶ  ሺܶ െ ܶ௨௧ ሻ݀ݐ

(2)



and the charging exergy rate is given as (Jegadheeswaran et al., 2010)
ܧሶ௫ ൌ ߩ௩ ܿ௩ ݒሶ  ቂሺܶ െ ܶ௨௧ ሻ െ  ቀܶ 

்
்ೠ

ቁቃ

(3)

where ܶ is the ambient temperature. The total charging exergy is also evaluated by integrating Eq. (3) and it
is expressed as
௧

்

ܧு் ൌ ௧  ߩ௩ ܿ௩ ݒሶ  ቂሺܶ െ ܶ௨௧ ሻ െ  ቀܶ   ቁቃ ݀ݐǤ
்


ೠ

(4)

The discharging energy rate can be expressed as
ܧሶௗ௦ ൌ ߩ௩ ܿ௩ ݒሶ ௗ௦ ሺܶௗ௦ െ ܶௗ௦௨௧ ሻ

(5)

where ݒሶ ௗ௦ is the discharging volumetric flow-rate, ܶௗ௦ is the discharging inlet temperature from the storage
tank to the discharging coil and ܶௗ௦௨௧ is the discharging outlet temperature from the discharging coil to the
storage tank. The total energy discharged from the stored tank can be estimated by integrating Eq. (5) from the
start of discharging to the end of discharging for each small temperature measurement interval and this can be
expressed as (Alam, 2015, Jegadheeswaran et al., 2010)
௧

ܧூௌ் ൌ ௧  ߩ௩ ܿ௩ ݒሶ ௗ௦ ሺܶௗ௦ െ ܶௗ௦௨௧ ሻ݀ݐǤ

(6)



The discharging exergy rate is expressed as (Alam; 2015; Jegadheeswaran et al., 2010)
ܧሶ௫ௗ௦ ൌ ߩ௩ ܿ௩ ݒሶ ௗ௦ ቂሺܶௗ௦ െ ܶௗ௦௨௧ ሻ െ  ቀܶ 

்ೞ
்ೞೠ

ቁቃ.

(7)
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The total exergy discharged is obtained by integrating Eq. (7) and this is expressed as
௧

ܧூௌ் ൌ ௧  ߩ௩ ܿ௩ ݒሶ ௗ௦ ቂሺܶௗ௦ െ ܶௗ௦௨௧ ሻ െ  ቀܶ 


்ೞ
்ೞೠ

ቁቃ ݀ݐǤ

(8)

The overall energy efficiency can be expressed by the ratio of the total energy discharged to the total energy
stored and this is expressed as (Alam, 2015; Jegadheeswaran et al., 2010)
ߟ ൌ

ாವೄ
ாೄ

.

(9)

The overall exergy efficiency can also be expressed as the ratio of the total exergy discharged to the total
charging exergy and this is given as
ߟ௫ ൌ

ாವೄ
ாಹ

.

(10)

The exergy factor (Mawire and Taole, 2014) can be expressed as the ratio of the exergy charging/discharging
rate to the ratio of the energy charging/discharging rate and it is given as
ܧி ൌ

ாሶೣ
ாሶ

or ܧி ൌ

ாሶೣೞ
Ǥ
ாሶೞ

(11)

The variation of the density and the specific heat capacity with temperature is given as (Mawire, 2016; Mawire
et al., 2014)
ߩ௦ ൌ ͻ͵ͲǤʹ െ ͲǤͷܶ

(12)

and
ܿ௦ ൌ ʹͳͳͷǤͲ  ͵Ǥͳ͵ܶ.

(13)

4. Results and discussion
Fig. 3 shows two experimental charging plots using the same flow-rate of 0.6 L/min with almost the same
initial conditions to test the repeatability of the experimental results. The plots for the two tests are almost
identical for the charging temperatures at the top and the bottom of the tank (T chin and Tchout), for the top level of
the storage tank (T1) and for the middle of the storage tank (T 3). Small deviations between the two tests are due
slightly different initial conditions and the measurement errors due to the accuracies of the thermocouples used
in the measurements. It can thus be concluded that the experimental results are reproducible and reliable within
the experimental error limits.
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Figure 3: Repeatability charging experiments with a flow-rate of 0.6 L/min.

Fig. 4 shows the temperature profiles along the height of the storage tank for the two complete charging and
discharging cycles. For case 1, the temperature profiles show evident layering of the storage tank levels due to
the lower charging flow-rate which promotes a larger degree of thermal stratification. The higher flow-rate
shows lower temperature differences between adjacent levels due to the larger flow-rate which promotes a
higher degree of heat transfer during charging and thus a loss of thermal stratification. Case 2 is charged for a
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longer period because of the higher flow-rate that causes the upper limit charging temperature of about 190 oC
at the top of the storage to be achieved later. The temperature variations for case 1 during charging show a
characteristic flattening of the profiles particularly at the top possibly due to heat losses and radial thermal
conductivity, thus slowing down the rate of axial heat transfer. Discharging temperature profiles are almost
identical for both cases although case 1 has a more thermally stratified distribution at the onset of discharging.
Slightly higher TES temperatures are obtained at the end of discharging for case 1 as compared case 2 possibly
due to the more thermally stratified distribution
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Figure 4: Temperature profiles along the height of the storage tank for experimental charging and discharging cycles case 1 (A)
and case 2(B).

Table 1: Thermal performance parameters for the two cases
Parameter
Charging flow-rate (L/min)
Initial average storage temperature, Tiniav (oC)
T1av at the end of charging (oC)
Average charging ambient temperature, Tambchav
Average discharging ambient temperature, Tambdisav
Charging time (mins)
Discharging time (mins)
Total energy stored, EST (MJ)
Total exergy stored, ECHXT (MJ)
Discharging flow-rate(L/min)
Maximum charging energy rate (W)
Maximum charging exergy rate (W)
Maximum charging exergy factor (-)
Maximum discharging energy rate (W)
Maximum discharging exergy rate (W)
Maximum discharging exergy factor (-)
Total energy discharged , EDIST(MJ)
Total exergy discharged, EXDIST (MJ)
Overall energy efficiency, ηe(-)
Overall exergy efficiency, ηex(-)

Case 1
0.6
42.4
193.0
31.9
32.0
206
54
17.28
3.41
1.7
2920
490
0.31
3000
550
0.18
3.70
0.88
0.21
0.26

Case 2
1.8
43.1
191.5
31.8
27.2
258
60
12.69
2.67
1.7
560
180
0.35
3800
950
0.25
4.69
1.25
0.37
0.47

Table 1 shows the thermal performance parameters for the two cases The total energy and exergy values stored
during the charging period for case 1 are higher as compared to case 2 due to the larger degree of thermal
stratification in case 1. It is clear that the higher charging flow-rate results in low values of the total energy and
exergy stored due to a loss in thermal stratification. Due to a smaller temperature difference between the top
and the bottom of the storage tank for the higher charging flow-rate, the maximum charging energy and exergy
rates for case 2 are lower as compared to case 1. Even though, the energy and exergy rates for case 1 are
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higher than that of case 2, the maximum exergy factor for case 2 is larger than that of case 1 due the higher
average thermal energy storage temperatures for case 2. This suggests that more quality energy stored is at a
higher flow-rate due the increase in the heat transfer rate. For the discharging period, case 2 with the higher
temperatures induced by the higher charging flow-rate shows higher values of the total discharged energy and
exergy. The overall energy and exergy efficiencies for case 2 are higher as compared to case 1, suggesting that
the storage tank should be charged with a high flow-rate which increases the rate of heat transfer thus enabling
high TES temperatures to be obtained. These higher temperatures ensure that the energy and exergy is
discharged more efficiently with a high discharging flow-rate. Charging with a high flow-rate, however, comes
at an expense of increasing the charging time with the currently imposed charging conditions. The overall
energy efficiencies increase from 0.21 to 0.37 for case 1 to case 2 and the corresponding exergy efficiencies
increase from 0.26 and 0.47 respectively. The exergy efficiencies are seen to be higher than the energy
efficiencies which also agrees with previous simulated studies (Mawire et al., 2010) done on an oil/packed bed
TES system. Although thermal stratification is important in storing maximum energy and exergy, it seems to be
outweighed by the maximum temperature (due to high rate of heat transfer) that can be achieved which
improves the overall storage efficiency.

5. Conclusion
An experimental study on the overall experimental thermal performance for two complete charging and
discharging cycles of a 40 L Sunflower Oil storage tank has been presented. The oil was heated electrically
using a copper spiral coil in thermal contact with electrical heaters. A spiral copper coil immersed in a water
bath discharged the stored thermal energy. The first complete cycle charged at a low flow-rate of 0.6 L/min and
discharged at a high flow-rate of 1.7 L/min. The second cycle charged at a high flow-rate of 1.8 L/min and
discharged at a high flow-rate of 1.7 L/min. The charging energy and exergy rates for the first cycle were
higher than that of the second cycle due to the larger degree of thermal stratification induced by the lower flowrate. The discharging energy and exergy rates were higher for the second cycle due to the higher heat transfer
rates which resulted in higher storage tank temperatures. Total stored energy and exergy values for the charging
period were higher for the first cycle as compared to the second cycle due to the higher degree of thermal
stratification in the first cycle. The stored energy and exergy was discharged more efficiently in the second
cycle. The overall energetic and exergetic efficiencies of the second cycle were higher than those of the first
cycle suggesting that a high charging and discharging flow-rate is essential to increase the overall efficiency of
the system. Although thermal stratification was important in storing maximum energy and exergy, it seemed to
be outweighed by the maximum temperature (due to high rate of heat transfer) that could be achieved which
improved the overall storage efficiency..
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Abstract
Thermal energy stores can significantly improve the efficiency and environment-friendliness of the heat
supply. Therefore, a high demand for cost-effective storage systems with low energy losses exists. This
contribution deals with thermal energy stores for heat supply systems and presents a new aboveground store
in segmental construction that allows temperatures up to 98 °C. The construction of a demonstrator is part of
the OBSERW project, where researchers show the advantages of this technology, particularly regarding
thermal insulation and storage efficiency.
Keywords: district heating, floating ceiling, heat supply, hot water, segmental construction, solar heating,
thermal energy storage, thermal stratification

1. Introduction
Thermal energy stores can make heat surpluses available to the consumer if necessary. A thermal stratification
inside the storage tank is achieved by separating water with different temperatures through buoyancy. In a
storage tank operating according to the displacement principle, a water exchange takes place by direct charging
and discharging.
Significant potential for optimization can be identified by comparing currently available storage technologies,
in particular pressure vessels and flat-bottom tanks as illustrated in fig. 1 and 2. Pressure vessels (b) allow
higher storage densities as well as higher temperature differences but often have low storage volumes, higher
heat losses and higher investment costs. However, flat-bottom tanks (a) combine large volumes with relatively
low costs. A drawback is that a second zone, respectively a higher fill level is required to apply a hydrostatic
load. Furthermore, for safe operation low-pressure steam or an inert gas in the attic is mandatory. This leads
to higher heat losses, unfavorable thermal stratification and operation conditions plus unused storage volume.
A new storage tank design eliminates these disadvantages and offers numerous benefits. A demonstrator was
already built in cooperation with industrial partners as part of the OBSERW project (see also Urbaneck et al.,
2017), which will be presented here.
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Fig. 1: Overview of storage tank constructions, Urbaneck et al. (2016b)

Fig. 2: Systematization and characterization of large hot water storage tanks, Urbaneck et al. (2016b)
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2. New Storage Tank Design with a Floating Ceiling
In contrast to welded flat-bottom tanks, respectively pressure vessels a storage tank design with bolted and
sealed segments has already proven to be advantageous for large cold water storages (Urbaneck, 2012) for the
following reasons:
x

use of storage tanks at ambient pressure for cost reasons compared to pressure vessels (use of thinwalled metal sheets, minimization of material),

x

thereby avoiding classification in pressure vessels (avoidance of cyclical checks, etc.), storage tanks
are considered as a building with simple permission,

x

elimination of excavation in comparison to underground reservoirs (strong cost reduction),

x

significant reduction of problems with regard to the accumulation of moisture in the thermal insulation
(reduction of the thermal resistance of the thermal insulation, impairment of the long-term durability),

x

easy geometric design with sufficient storage tank height (essential prerequisite for operation with
thermal stratification),

x

more efficient construction technology and logistics and therefore faster production,

x

unproblematic use in many places (e.g. no geological requirements).

In principle, this storage tank design is also of interest for hot water storage tanks. However, this technology
cannot be transferred to high operating temperatures (up to 98 °C) or use in local and district heating systems
without further research and development work. Thus, several adaptions of the design are necessary.
The main novelty of the new construction is an indoor protected floating ceiling with the upper loading device
(e. g. a radial diffuser) attached directly to it, as shown in fig. 3. A flexible connection allows the free movement
of the floating ceiling between a top and bottom dead center. During charging of the tank a gravity current
occurs directly at the ceiling, which is an essential prerequisite for a good thermal stratification (Findeisen et
al., 2017a). When discharging, hot water is sucked straight along the ceiling, which allows the full use of the
warm zone. The aim is to operate the storage tank with a maximum temperature of 98 °C. The elimination of
a hydrostatic pressure relief means that there is a risk of falling below the steam pressure limit. This has to be
avoided, as it could lead to cavitation or other transient effects during discharging. A free-form radial diffuser
lowers the local pressure drop due to its flow-optimized shape and thus improves operation safety as recently
shown by Findeisen et al. (2017b, c). A flexible sealing and the pressure compensation pipe ensure volume
and pressure compensation in both storage tank and attic. This allows the storage in combination with a
pressure-increase or pressure-reduction installation, to provide functions such as pressure maintenance as
integration into heat supply networks (Urbaneck and Platzer, 2015). The pressure compensation pipe is also
used for independent ventilation (e.g. during commissioning) and secures the storage tank against overpressure
and underpressure. This may also occur, e.g., when the appliance is not in use and the water level falls while
the floating ceiling rests on the support (bottom dead center). The floating ceiling and the flexible sealing avoid
a gas input into the storage water and thus help to avoid corrosion in the system. Furthermore, flexible sealing
lips are located at the edge of the ceiling to suppress free convection between the ceiling and the storage tank
wall. As a result, heat losses are reduced and the flexible sealing is less thermally stressed. For the construction
of the ceiling, bolted and sealed segments are provided which can be easily filled with a blow-in thermal
insulation material. The use of plates is also conceivable. Compared to other constructions, the thermal
insulation is located directly on the hot zone, which is topologically the best solution. The storage roof protects
the thermal insulation from weather influences. Since the attic can be equipped with ventilation, drying is
possible if humidification occurs (e.g. temperature falls below dew point in winter).

792

T. Urbaneck / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 3: Aboveground thermal energy store with floating ceiling and directly mounted radial diffuser, Urbaneck et al. (2016a)

3. Concept and Project Organization
The aim of the project is the development of a storage tank in segmental construction as proposed in fig. 3 with
a volume from 500 to 8000 m³ that should be suitable for the following applications:
x

district heating networks with central heating power plants and combined heat and power generation,
used in the grid area (typically for short-term storage),

x

local heating networks with decentralized combined heat and power plants (typically for short-term
storage),

x

large solar heating systems (short- and longterm storage),

x

systems with industrial waste heat.

For a tank design which meets these goals several sub-problems must be solved. First, temperature- and water
vapour diffusion-resistant roof and wall structures must be designed, with a special focus on the seal between
the floating ceiling and the tank wall. In addition, improvements to the thermal insulation design must be
undertaken, including the use of innovative substances and the elimination of thermal bridges. Advances in
charging and discharging design are required. Finally, methods for better integration into existing networks,
and reduced cost, on-site manufacturing procedures should be developed.
The consortium carrying out this project consists of the following partners:
x

Chemnitz University of Technology, Professorship Technical Thermodynamics (TUC/TT):
accompanying research and coordination of the collaborative project;

x

University of Stuttgart, Institute of Thermodynamics and Thermal Engineering, Research and Testing
Centre for Thermal Solar Systems (ITW/TZS): accompanying research;

x

Farmatic Tank Systems (FTS), Nortorf (Germany): practical oriented development and
demonstration.

Fig. 4 shows the procedure to solve the named subproblems. After defining requirements and three typical
storage tank sizes, in a first stage fundamental investigations of the materials were carried out by Lang et al.
(2016) and Gerschitzka et al. (2016). Furthermore, Urbaneck et al. (2016b) and Findeisen et al. (2017) verified
the benefits regarding storage tank design and loading behavior. In a second and ongoing stage, practical tests
on a special test rig in the laboratory (fig. 5) help to understand the characteristics of multilayered wall
structures in detail. In the third stage, theoretical and practical results are transferred to the demonstrator. Here,
many different tests are in progress to secure the technical feasibility and to prove the substantial benefits
compared to other storage tank technologies. For this purpose, accompanying measures are provided.
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Fig. 4: Overview of the division of work and the procedure in the project, Urbaneck et al. 2016b

Figure 5: Test rig for practical testing of multi-layered wall structures in Chemnitz, enamelled and sealed wall segment (left),
pivoting wall cut-out with thermal insulation and cladding panel in the vertical position during the test (right)

Fig. 6 to 8 shows the segmental wall construction, the thermal insulation of the floating device as well as the
charging devices in an early state of construction. Fig. 9 presents the final construction of the demonstrator.
After filling the tank and performing first charging tests with hot water, it appears that

794

x

the sealed wall construction is watertight (leakage tests successful),

x

the floating ceiling and the flexible sealing work as expected and

x

a high stratification quality can be achieved (hot water tests successful).
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Figure 6: Demonstrator in Nortorf, Germany (left), approx. 100 m³, single-zone storage tank, test of different coatings, interior
view (right), April 2016

Radial diffuser
Temperature
measurement

Stratification
device

Figure 7: Stratification device (left), radial diffuser with flexible EPDM-hose and temperature measurement probes (right),
February 2017
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Figure 8: Laying of XPS panels on the PUR foam of the floating ceiling in the attic during the construction, July 2017

Figure 9: CAD-Visualization (left), panelling with trapezoidal sheet metal (right), July 2017

4. Conclusion and Outlook
A project for the development of a novel thermal energy storage tank type with a floating ceiling was presented.
The design has multiple advantages. Besides a very efficient thermal insulation at the top of the tank it ensures
protection of the thermal insulation by avoiding practical problems like moisture penetration. The simple
design provides significant benefits compared to other storage types. However, because of the thin-walled
construction and the project objectives, the wall structure as well as installations and peripherals need further
research and development. The direct integration of solar thermal systems is intended. By now, the construction
process is finished. First tests showed, that the design is suitable to operate as an aboveground hot water store
in segmental construction for solar and district heating systems. Ongoing work is focused on tests regarding
stratification quality and external heat losses.
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Abstract
The reversible reaction of metal oxides with CO2 forming metal carbonates with concomitant release of energy is
considered as a promising concept for thermochemical energy storage. One major advantage of thermochemical
energy storage materials is the possibility of a lossless mid-term and long-term storage of waste heat. Metal
carbonates provide high-energy densities and were so far investigated for their application in high-temperature
processes. Inspired by the carbonatization of (main group II) metal oxides in nature during mineralization and
CO2 fixation in the presence of moisture under elevated pressures, the Me (II) oxides (Me = Mg, Ca, Sr, Ba) were
investigated with respect to their reactivities with CO2 at pressures up to 55 bar and ambient temperature. Whereas
for MgO none of the applied conditions yielded any formation of a carbonate phase, the other oxides revealed
appropriate reactivities by forming corresponding carbonates under considerably mild reaction conditions.
Keywords: main group II oxides, main group II carbonates, low-temperature carbonatization, in-situ powder XRay diffraction, thermochemical energy storage

1. Introduction
Reliable energy supply has become a fundamental in today’s society. Although notable efforts were made within
the last decade to decrease the ecological footprint of the global energy supply by supporting sustainable energy
sources, fossil raw materials are still the fundamental resource for energy production. (Shine, 2005) Aiming for
an increased awareness of sustainable energy management the International Energy Agency (IEA) reported in
2011, that the global energy loss in form of waste heat during electricity generation accounts for approximately
66 %. (IEA, 2011) This stimulated equally politics and science to focus on a reduction and recycling of waste heat
to contribute to a more efficient energy management. (IEA, 2014; Arce et al., 2011)
A major challenge for waste heat management is the temporal mismatch between heat production and
consumption. (Solé et al., 2012) Therefore, a feasible approach towards a more efficient energy balance could be
the storage of so far unused waste heat, allowing for a decoupling of production and consumption in space and
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time. (Zhang et al., 2016) The concept of thermal energy storage enables the transfer of excess energy to a suitable
storage medium, thus preserving the stored energy for the case of a sudden demand. (Bauer et al., 2012; Abedin,
2011) Several methods categorized according to the used storage medium, are known for this purpose. Whereas
sensible (Dinker et al., 2015) and latent heat storage (Zalba et al., 2003) transferring the heat to a liquid or solid
storage medium, respectively to a phase-change material are mainly suitable for low- to medium-temperature
storage, thermochemical energy storage (TCES) offers a much larger temperature compatibility, being tunable by
the applied storage reaction. (Abedin, 2011; Cot-Gores et al., 2012) By charging the storage material (A, Eq.1)
with the waste heat its dissociation is forced, liberating a reactive gas (B, Eq.1) as H2O, CO2, O2, NH3, … Once
the formed decomposition product (C, Eq. 1) is contacted with the reactive gas under suitable reaction conditions,
the back-reaction takes place, discharging the stored energy. A general equation for a thermochemical energy
storage reaction is given in Eq.1.

 ܣ ο ܤ ֕ ܪ ܥ

(1)

Compared to sensible and latent heat storage, thermochemical storage offers - besides the broad applicable
temperature range (between room-temperature and 1200 °C in e.g. concentrating solar power plants (Prieto et al.,
2016)) - notably higher energy densities, decreasing amounts of necessary material. Moreover, it avoids insulation
of the material once charged, as until contacted with the reactant no discharging will occur. The possibility of
lossless storage lends TCES-materials for mid-term to long-term storage applications, (Xu, 2014) where e.g. waste
heat is continuously stored but liberated periodically to fit heat-demands going beyond the daily process routine.
For such applications a storage at preferably room-temperature would be desirable, followed by a discharging of
the material at low-temperatures avoiding a preheating of the material.
A class of TCES-materials featuring relatively high energy contents are metal carbonates, (Kyaw et al., 1996;
Yamauchi et al., 2007) commonly investigated for application at elevated temperatures in combination with e.g.
concentrating solar power plants. (Reich, 2014; Rhodes et al., 2015) Recently we could demonstrate, that various
metal oxides (obtained from decomposition of the corresponding carbonates) undergo carbonatization already at
moderate temperatures in the presence of moisture and by increasing the partial pressure of CO 2 to 55 bar. (Müller
et al., 2017a)
Main-group II metal oxides were so far mainly known as TCES-materials with respect of being considered for
hydrate reactions. In order to broaden the scope of applicability, the process of CO2 sequestration in rock
mineralization (Fagerlund et al., 2012; Sissmann et al., 2014; Yamauchi et al., 2007; Morales-Flórez et al., 2015)
inspired this endeavour reported here. Carbonatization reactivity at low-temperatures and elevated CO2 pressures
were studied aiming for novel low-temperature carbonate TCES-materials for mid- and long-term storage.

2. Results and Discussion
2.1 Carbonatization of MgO
Among the different main-group II metal oxides in particular MgO appears to be perfectly suitable for an
application in thermochemical energy storage due to its availability as industrial raw material. It is known from
earlier studies on the hydration behavior of MgO, which also have been aiming for a TCES-process, that the
calcination conditions determine the reactivity of the material. Previous work on Mg(OH)2-calcination resulted in
calcination conditions providing a notably reactive material (Müller et al., 2017b), which was also used in the
current low-temperature carbonatization study.
Successful carbonatization of MgO was already reported for reactions at temperatures around 575 °C (Fagerlund
et al., 2012). Nevertheless, at ambient temperatures under the applied conditions varying from 8 bar wet CO2 in
the in-situ P-XRD setup (see experimental) to 55 bar wet CO2 in the autoclave, in none of the experiments
terminated after 2 h any detectable trace of MgCO3 has been found. The same negative result accounts for
experiments at temperatures up to 60 °C in the autoclave. The most likely explanation for the absence of any
reactivity is the relatively high energetic barrier of the CO2-absorption, which cannot be overcome by simply

800

G. Gravogl / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

increasing the CO2-pressure. In order to investigate even higher CO2-pressures under supercritical conditions,
MgO was exposed to H2O and kept for 4 h in a supercritical CO2-reactor at 150 °C, 150 bar. In this case a complete
conversion to Mg(OH)2 can be observed, but still no reaction with CO2 and hence no carbonate formation occurs.
A notable kinetic hindrance was already reported in literature (Hu et al., 2011) not only for the CO2-absorption
on the MgO surface, but also for the H2O dissociation on a MgO surface forming Mg(OH)2. To exclude, that the
carbonatization of MgO is hampered by a required intermediate formation of Mg(OH)2, all experiments were
repeated using Mg(OH)2 as a precursor material. Nevertheless, even the choice of reactant material reveals to be
not critical for the observed absence of any significant carbonatization.
Most recently it was shown, that the energetic barrier of the H 2O-dissociation on the MgO surface could be notably
decreased by the dotation of the MgO lattice with a degree of dotation by up to 10 % of Ca2+-ions (Müller et al.,
2017c). In order to derive, whether a similar effect could also be observed in the case of the carbonatization,
samples of Mg1-xCaxO with Ca-contents x = 0-1 were moistened and kept for 2 h at 55 bar in the autoclave. The
phase composition of the different samples after 2 h reaction time is shown in Figure 1.

Fig. 1: Phase composition after 2 h reaction time of the Mg1-xCaxO samples in the presence of moisture at 55 bar CO2

Phase analyses as carried out by means of X-ray powder diffraction gave evidence for significant conversion to
carbonate for the Ca2+-doped MgO materials, with a selective carbonate formation on the Ca2+-components.
Starting from the sample with 10 % Ca2+-dotation, the complete amount of Ca2+-dopant was carbonated, whereas
the MgO component remained unchanged, or was partially hydrated forming Mg(OH)2. The same result was
obtained, when the mixed hydroxides Mg1-xCax(OH)2 were used as starting material for carbonatization (see figure
2).*

*

The phase composition of a comparable experiment regarding the reactivity of both the mixed oxides Mg1and hydroxides Mg1-xCax(OH)2 in the absence of moisture are shown in Figure S1 and S2.

xCaxO
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Fig. 2: Phase composition after 2 h reaction time of the Mg1-xCax(OH)2 samples in the presence of moisture at 55 bar CO2

This allows for the conclusion, that although a Ca 2+-dotation can effectively promote the H 2O dissociation, no
similar catalytic effect is found in the case of the CO2-absorption.

2.2 Carbonatization of CaO
Based on the promising carbonatization results of the Ca2+-doped MgO samples, and demonstrating the favorable
transformation of the CaO components to the corresponding carbonate within 2 h at 55 bar and room-temperature,
as a result both the time dependency of the reaction and the influence of the moisture concentration has been
investigated.†

Fig. 3: Time- and moisture dependent carbonatization of CaO at 55 bar CO 2

Figure 3 shows the time dependent increase of the CaCO3-concetration for 5 different moisture concentrations,
ranging between 0 and 2.5 molar equivalents of H2O per equivalent CaO. Without additional moisture, the initial
†

Prior experiments on CaO-carbonatization in the P-XRD at 8 bar of wet CO2 resulted only incomplete
conversion to 34 % CaCO3 after 120 minutes. (Müller et al., 2017a)
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CaO is converted to 9 % into CaCO3, keeping this phase composition constant over the observed time. Already
after 5 minutes, more than 50 % of CaO are carbonated for the various amounts of added H 2O. In the case of 2.5
equivalents of H2O even 94 % CaCO3 had formed. The CaO phase was completely carbonated after 120 minutes
for all investigated variations of H2O contents. As even in the case of molar deficits of H2O the complete
carbonatization of CaO to CaCO3 takes place, it indicates that H2O appears to have only a catalytic role in the
process, otherwise no quantitative CaCO3 formation would have been possible. According to the SEM-images
shown in figure S3 an increasing amount of H2O present during the carbonatization promotes the observable
fragmentation of the particles, facilitating easier access of reactive gas CO 2 to the remaining CaO.
Once a fully reversible reaction, which is potentially suitable for a TCES-process, has been identified another
intriguing aspect is the cycle stability of the process. To assess the reproducibility of the quantitative CaOcarbonatization, the same sample of CaCO3 was calcined at 900 °C for 1 h and re-carbonated in the autoclave at
55 bar in the presence of 0.62 equivalents H2O for 120 minutes in 7 subsequent cycles. The phase composition of
a representative sample after each cycle is shown in Figure 4.

Fig. 4: Phase composition during cycle-stability test of CaCO3 / CaO

For all 7 cycles after 120 minutes the carbonatization was found nearly quantitative, only in the first 3 cycles a
small residue of <4 % Ca(OH)2 could be observed. The reduction of the residual CaO is attributed to an increasing
degree of particle fragmentation with the number of cycles, which in turn decreases the diffusion pathways for
any volatile component. In the SEM-images in Figure 5, a fragmentation of the particles on repeated
carbonatization / calcination process could be observed. In Figure 5a – showing CaO after the first calcination –
a rather uniform particle size distribution is found. With increasing number of cycles also a fraction of smaller
particles is observed, which results from the mechanical stress originating from the volume work accompanying
the transformation from CaO to CaCO3.

Fig. 5: SEM images of various stages of the cycle stability test a) CaO after first decomposition of CaCO 3 b) CaCO3 after 1 cycle c)
CaCO3 after 4 cycles d) CaCO3 after 7 cycles. Image size 9 x 9 μm
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As the reaction CaCO3 ↔ CaO + CO2 revealed an attractive reactivity and cycle stability, subsequent
investigations will focus on determination of the thermochemical parameters and energy density under the applied
low-temperature carbonatization conditions.

2.3 Carbonatization of SrO
A direct comparison of the carbonatization behavior of MgO and CaO suggests an increased CO 2-affinity moving
towards the heavier alkaline earth cations, correlating with the increased ionic radii. Attempted carbonation of
SrO in the absence of H2O failed both under 8 bar and 55 bar of CO2, which could be anticipated based on the
prior experience. In contrast, P-XRD patterns of the sample in the presence of moisture under 8 bar CO 2 reveal
an interesting behavior as shown in Figure 6.

Fig. 6: Time-dependent phase composition of SrO during carbonatization in the presence of moisture at 8 bar CO 2

SrO is very hygroscopic, transforming immediately in the presence of H2O to crystalline Sr(OH)2 (red symbols).
It directly hydrates yielding the monohydrate phase Sr(OH)2∙H2O (green symbols). This hydration process occurs
simultaneously, and after 500 minutes the intermediate Sr(OH)2 completely converted to Sr(OH)2∙H2O. In parallel
to this process after approximately 180 minutes the carbonatization starts at a nearly exact 1:1 ratio of Sr(OH)2 to
Sr(OH)2∙H2O. The XRD pattern provides evidence for the formation of SrCO3 as new phase (black symbols).
Within the next 400 minutes the SrCO3 phase augments slightly up to about 12 %, when suddenly the
carbonatization gets significantly accelerated and the conversion is completed within a short time interval (i.e. 15
minutes). This spontaneous acceleration of the carbonatization rate was found to be reproducible on repeated
experiments.
Apart of this unexpected carbonatization behavior, SrO behaves also different with respect to the role of H2O in
the process. Whereas in the case of CaO H2O seems to have only a catalytic impact – under-stoichiometric H2O
amounts still allow for quantitative carbonatization of CaO, – in the case of SrO the intermediate Sr(OH)2∙H2O is
the apparently critical reactive species. Once enough Sr(OH)2∙H2O had formed, the carbonatization starts from
the surface of the particles, most likely forming a thin layer of SrCO3 on the particle surface. As this SrCO3 layer
is denser than the original hydroxide phase, it acts as a barrier for diffusion of water and CO2 into the inner bulk
of the particles. A likely explanation for the observed sudden acceleration of the carbonatization rate is the
formation of micro-cracks, mechanical changes including fragmentation of the particles as caused by the volume
work and strain occurring at the interface between the hydrous phase and the carbonate.‡ Table S1 provides the
corresponding crystallographic cell-parameters for SrO, Sr(OH)2, Sr(OH)2∙H2O and SrCO3. This interpretation is
supported by SEM-images of SrO material before and after carbonatization (figure 7), as the images reveal a

‡
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notable particle fragmentation during the carbonatization process.

Fig. 7: SEM-images of a) SrO before carbonatization and b) SrCO 3 after carbonatization. Image size 9 x 9 μm

The same carbonatization experiment was repeated under 8 bar of wet CO2, using a mixture of Sr(OH)2∙8H2O (50
%) and Sr(OH)2∙H2O (50 %) as starting material in order to derive, whether a higher hydrate coordination around
the Sr2+-cation would significantly enhance the progress of the carbonatization process.

Fig. 8: Time-dependent phase composition of a mixture of Sr(OH)2∙8H2O (50 %) and Sr(OH)2∙H2O (50 %) during carbonatization
in the presence of moisture at 8 bar CO2

Figure 8 reveals, that within 6 minutes the complete amount of Sr(OH)2∙8H2O and 82 % of the Sr(OH)2∙H2O phase
were converted into SrCO3. The residual Sr(OH)2∙H2O was found inert towards further carbonatization within the
next 120 minutes. This different carbonatization behavior allows for the conclusion, that carbonatization is favored
by the higher hydrate coordination of Sr2+.

2.4 Carbonatization of BaO
Based on the chemical similarity between Sr2+ and Ba2+ and the fact, that both form hydrated hydroxides, the
behavior of BaO reacting with wet CO2 was expected to be similar to that observed for SrO.
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Fig. 9: Time-dependent phase composition of BaO during carbonatization in the presence of moisture under CO 2 atmosphere

Whereas in the case of SrO the carbonate formation initiated after formation of a 1:1 mixture between hydroxide
and hydroxide monohydrate, in the case of BaO already after 2 minutes a small amount of the BaCO 3-phase is
found. This may be attributed to a higher CO2-affinity of Ba2+, but also to the much faster conversion of BaO into
the hydroxide and hydroxide monohydrate. In fact, the conversion of Ba(OH)2 to Ba(OH)2∙H2O is under the
applied conditions so fast, that for the first 15 minutes only the Ba(OH) 2∙H2O – originating from the immediate
hydration of the former Ba(OH)2 – is observed. After that time also the Ba(OH) 2 phase increases, converting to
the Ba(OH)2∙H2O within 90 minutes. The carbonatization seems in the case of Ba 2+ not as strictly related to the
hydroxide monohydrate as in the case of Sr2+. In fact, after the initial formation of around 5 % BaCO3, the
carbonate formation occurs via a two-step process with an intermediate plateau-phase: After 75 minutes the
carbonatization rate increases, decelerating again once 42 % of BaCO3 were formed. After 50 minutes of a nearly
constant BaCO3 content, only slightly increasing towards the end to 52 % BaCO3, within 2 minutes a spontaneous
completion yielding 100 % of BaCO3 occurs. Based on the present data no final explanation of this in the series
so far unique carbonatization process is possible.§
Also for Ba2+ a mixed sample of Ba(OH)2∙8H2O (50 %) and Ba(OH)2∙H2O (50 %) was compared regarding their
carbonatization behavior (Figure 10).

§

Table S2 provides the corresponding crystallographic cell-parameters for BaO, Ba(OH)2, Ba(OH)2∙H2O and
BaCO3.
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Fig.10: Time-dependent phase composition of a mixture of Ba(OH)2∙8H2O (50 %) and Ba(OH)2∙H2O (50 %) during
carbonatization in the presence of moisture at 8 bar CO2

In the case of Ba2+ the carbonatization of both hydroxides is completed already within 5 minutes. Nevertheless,
also in this case a slightly higher reactivity for the Ba(OH)2∙8H2O is found, as after 2.5 minutes the complete
octahydrate phase was carbonated, whereas still 12 % of Ba(OH)2∙H2O were present.

3. Conclusion
In the present study main group II oxides were investigated for their reactivity towards CO2 in the presence of
moisture at ambient temperature and elevated pressures up to 55 bar of CO 2. The aim of this approach was the
investigation of a carbonatization process for main group II oxides regarding their application as long-term
thermochemical storage materials with discharging of the stored energy near to ambient temperature.
From the investigated series of MgO, CaO, SrO and BaO, all oxides apart from MgO were found to carbonate
under the applied conditions at the given time scales. The best performance was observed for CaO, transforming
quantitatively to the corresponding carbonate in the presence of moisture at 55 bar CO 2 within 120 minutes.
Repeated calcination / carbonatization of the material under the same conditions revealed a very appealing cycle
stability of the process, although a concomitant particle fragmentation was observed, which can be attributed to
the volume work involved into the reaction. In case of SrO the hydrate coordination sphere around the Sr2+ seems
to have a notable impact on the calcination behavior. Treated with 8 bar wet CO2, SrO was hydrated immediately
to Sr(OH)2 in a first step and consequently to Sr(OH)2∙H2O, which was then the active phase reacting with CO2 to
form SrCO3. An initial slow conversion rate observed for the carbonatization was suddenly accelerated and is
assigned to particle changes, most likely due to the formation of micro-cracks and fragmentation. Additional
experiments using Sr(OH)2∙H2O and Sr(OH)2∙8H2O in carbonatization further supported the postulated
importance of the hydrate coordination sphere around the cation, as in contrast to the monohydrate the octahydrate
was quantitatively carbonated within 6 minutes. In the case of BaO a much higher carbonatization reactivity than
for SrO, reaching complete conversion after 150 minutes, was found. Although, the reaction involves the
intermediate formation of Ba(OH)2 and Ba(OH)2∙H2O, the carbonatization mechanism seems different, as a twostep carbonatization with an intermediate plateau was observed. Also in the case of Ba2+ the hydrate coordination
sphere around the cation promotes the carbonatization.
Based on the present work regarding a general feasibility of an ambient-temperature carbonatization for main
group II oxides, within a next step the thermochemical data and energy densities for the materials under the
selected process parameters will be established. A further in-depth investigation of the impact of H2O on a
molecular level during the carbonatization process, as well as on the detailed carbonatization mechanisms for SrO
and BaO is currently ongoing.
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4. Experimental
4.1 Material
MgO (calcined from Mg(OH)2,), CaO (calcined from commercially available Ca(OH)2) and the mixed Mg1-xCaxO
were prepared by thermal decomposition of the commercially available (or in the case of Mg 1-xCax(OH)2 freshly
precipitated) hydroxides. All other materials were commercially obtained and used as supplied.

4.2 X-Ray Powder Diffraction
The powder X-ray diffraction measurements were carried out on a PANalytical X'Pert Pro diffractometer in
Bragg-Brentano geometry using Cu Kα1,2 radiation and an X’Celerator linear detector with a Ni-filter. For in-situ
monitoring of experiments an Anton Paar XRK 900 reaction chamber was used. The sample was mounted on a
hollow ceramic powder sample holder, allowing for complete perfusion of the sample with the reactive gas. The
sample temperature is controlled directly via a NiCr-NiAl thermocouple and direct environmental heating. The
diffractograms were evaluated using the PANalytical program suite HighScorePlus v4.6a. (Degen et al., 2014) A
background correction and a Kα2 strip were performed. Phase assignment is based on the ICDD-PDF4+ database
((http://www.icdd.com), the exact phase composition, shown in the conversion plots, was obtained via Rietveldrefinement incorporated in the program suite HighScorePlus v4.6a. (Degen et al., 2014) All phase quantifications
based on P-XRD are accurate within ±5 %. For the carbonization experiments the pressure in the sample chamber
was adjusted to 8 bar, maintaining a constant flow through the chamber of 0.4 L CO2 min-1. To investigate the
carbonation in the presence of moisture, the CO 2 was passed through an external moisturiser. The CO2 was
bubbled through a 20 cm high water tank followed by a droplet-separator before contacting the sample in the
reaction chamber. At the entrance of the reaction chamber the gas had a dew-point temperature of 23.2 °C with a
constant sample temperature of 25 °C.

4.3 Carbonation in the reactor
For the carbonation of the metal oxides at higher CO2 pressure a stainless-steel autoclave with a volume of 0.19 L
was used. A small amount of the metal oxides (around 250 mg) was placed in a glass-vial with perforated cap to
avoid cross-contamination during pressure release and moistened with 200 μL H2O. The reactor was pressurized
with CO2 at 55 bar unless otherwise stated, controlling the internal pressure with the integrated manometer of the
reactor. The carbonation process was stopped after the specified reaction time by releasing the CO2.

4.4 Scanning Electron Microscopy
SEM images were recorded on gold coated samples with a Quanta 200 SEM instrument from FEI under lowvacuum at a water vapor pressure of 80 Pa to prevent electrostatic charging.
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6. Appendix

Fig. S1: Phase composition after reaction time of 2h of the Mg1xCaxO samples in the absence of moisture at 55 bar CO 2

Tab. 1: Cell-parameters of Sr(OH)2, Sr(OH)2∙H2O and SrCO3

SrO

Sr(OH)2

Sr(OH)2
H2O

SrCO3

cubic
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Tab. 2: Cell-parameters of BaO, Ba(OH)2, Ba(OH)2∙H2O and
BaCO3
Fig. S2: Phase composition after reaction time of 2h of the Mg1xCax(OH)2 samples in the absence of moisture at 55 bar CO2

Fig. S3: SEM images of the moisture-dependent CaO
carbonatization. In column A the carbonatization in the
absence of H2O, in column B in the presence of 1.25 equivalents
and in column C in the presence of 2.5 equivalents is shown.
Images are compared for the starting materials (first row),
after 30 minutes (second row) and after 120 minutes (third
row). Image size 9 x 9 μm
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Abstract
Metal oxides providing various, reversibly accessible oxidation states are in the focus as auspicious materials for
high-temperature thermochemical energy storage (TCES) materials. Among all principally suitable metal oxides
due to equilibrium temperature and, in particular, reaction rate and reversibility, only the couple Co3O4 / CoO and
to a smaller extend Mn2O3 / Mn3O4 are considered as suitable candidates. Based on recent studies on isothermal
TCES-cycles, the impact of temperature and increased O2-pressure on the reaction rate was investigated by
varying the O2-partial pressure in the low-temperature oxidation of the reduced oxide. Whereas Mn3O4 was found
to react too slow for a process at lower temperatures, CoO was found suitable. For an increase of the O2 pressure
to 6 bar between 500 – 550 °C an attractive oxidation behavior was observed. At 900 °C Co3O4 / CoO could be
cycled within 4.5 minutes between both oxidation states by changing the atmosphere from N2 to O2 and vice versa.
Keywords: cobalt oxide, manganese oxide, non-ambient pressure, in-situ powder X-Ray diffraction,
thermochemical energy storage

1. Introduction
The different technologies suitable for thermal energy storage are defined according to the storage process as
sensible (Dinker et al., 2015), latent (Zalba et al., 2003) and thermochemical heat storage (Abedin, 2011; CotGores et al., 2012). The latter provides the highest storage densities and has the potential for loss-less storage,
once the material was charged. The necessary smaller amounts of material – related to the higher storage densities
compared to other techniques, – as well as the enormous applicational flexibility due to the large temperature
range being tolerated, are additional advantages of this technique. (Yan, 2015)
The loss-less storage ability of thermochemical energy storage materials (TCES-materials) is an intrinsic feature,
as no discharging of the storage occurs in the absence of the reactive gas. The broad operational temperature
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profile of TCES-materials is given by the equilibrium temperatures of the applied substance classes. By ranking
the materials following to the involved reactive gases such as H2O, NH3, H2, CO2 or O2, the field of application
for TCES-materials ranges from low-temperature storage with temperatures below 100 °C (van Essen et al., 2009;
Knoll et al., 2017) (mostly hydrated salts for e.g. civil engineering applications as in an energy self-sufficient
building) to medium-temperature storage using ammoniates or hydrides and to temperatures between 800-1200
°C (T. Yan, 2015), using carbonates or oxides in combination with e.g. concentrating solar power plants. (Pardo
et al., 2014)
Oxides suitable for TCES require several stable oxidation states of the metal, reversibly accessible via redoxreactions. During the charging of the storage material the metal is reduced, while discharging in the presence of
O2 leads to a restorage of the (initial) higher oxidation state (see equation 1).



MxOy+n + 'H ↔ MxOy + O2
ଶ

(1)

Although, metal oxides are investigated with respect to their thermochemical properties since the 80’s, only a few
suitable oxides are known due to the necessary reversibility of the redox-process. Candidate materials promising
for application are the couple Co3O4 / CoO, as well as Mn2O3 / Mn3O4 considering reversibility, toxicity issues,
temperature range and reaction time. A variety of studies was reported in particular for the cobalt system, covering
cycle stability tests (Agrafiotis et al., 2014), composite materials, (Agrafiotis et al., 2016a), (Agrafiotis et al.,
2015a; 2015b; Karagiannakis et al., 2016) materials optimization via spinel-phases (Babiniec et al., 2015; Block
et al., 2014; LiuPrewitt, 1990), mechanical stress (Karagiannakis et al., 2016), etc. Although, Mn2O3 is also widely
known for TCES purposes, (Carrillo, A. J. et al., 2014) due to the slower reaction kinetics, (Alonso et al., 2013;
Chen et al., 2013) as well as the minor performance compared to the cobalt-system. Most efforts focussed on the
dotation of Mn2O3 with iron (Carrillo, A. J. et al., 2015;Wokon et al., 2017), forming perovskites, or the
combination with Co3O4 for a combined system. (Agrafiotis et al., 2016b)
Theoretically suitable metal oxides such as ZnO, (Palumbo, 2001) Fe2O3 or V2O5 feature equilibrium temperatures
well above 1500 °C (Pardo et al., 2014), hampering both their routine investigation for storage processes, and
their combination with conventional concentrating solar power plants. In order to expand the portfolio of redoxTCES materials, experimental approaches combining TCES with syngas production (Muthusamy et al., 2014), or
the application of peroxide / oxide reactions (Carrillo, A. J. et al., 2016) were reported for energy storage in
literature.
Apart from their potential of bridging non-operational times in concentrating power plants, the interest in oxidic
TCES-materials relates mainly to their high storage density. Recently we could demonstrate (Müller et al., 2017),
that between 830 - 930 °C a regime of coexistence between CoO and Co3O4, depending on the O2-concentration,
allows for isothermal TCES-cycles. Moreover, both CoO and Mn3O4 start oxidation under O2-atmosphere already
below 500 °C. Materials of high storage densities would be highly appreciated for applications around these
temperatures. To enhance the reaction rate and obtain a material, which would combine fast reaction rates with
high energy densities and a broad perspective of applicability, in the present study the impact of temperature on
the isothermal redox-cycle, and the effect of an increased oxygen partial pressure on the oxidation rate was
investigated by an in-situ powder diffraction (P-XRD) study.

2. Experimental
2.1 Material
Cobalt(II,III) oxide (99.995%), cobalt(II) oxide (99.99%), manganese(IV) oxide (99.99%) and manganese(II, III)
oxide (97%) were obtained from Sigma-Aldrich and used as supplied.

2.2 X-Ray Powder Diffraction
The powder X-ray diffraction measurements were carried out on a PANalytical X'Pert Pro diffractometer in
Bragg-Brentano geometry using Cu Kα1,2 radiation and an X’Celerator linear detector with a Ni-filter. For in-situ
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experiments at elevated pressures an Anton Paar XRK 900 reaction chamber, operable between ambient pressure
and 12 bar was used. The sample was mounted on a hollow ceramic powder sample holder, allowing for complete
perfusion of the sample with the reactive gas. The sample temperature is controlled directly via a NiCr-NiAl
thermocouple and direct environmental heating. For the in-situ experiments at ambient pressure an Anton Paar
HTK 1200N sample chamber was used. The sample temperature is controlled via a Pt 10 % RhPt thermocouple
and direct environmental heating. The diffractograms were evaluated using the PANalytical program suite
HighScorePlus v4.6a. (Degen et al., 2014) A background correction and a Kα2 strip were performed. Phase
assignment is based on the ICDD-PDF4+ database ((http://www.icdd.com), the exact phase composition, shown
in the conversion plots, was obtained via Rietveld-refinement incorporated in the program suite HighScorePlus
v4.6a. (Degen et al., 2014) All quantifications based on P-XRD are accurate within of ±5 %.

2.3 Thermal Analysis
For thermal analysis of the redox-reactions a Netzsch TGA/DSC 449 C Jupiter ® equipped with a water vapour
furnace including an air-cooled double jacket was used. The oven operates between 25 °C and 1250 °C, regulated
by an S-type thermocouple. Oxygen and nitrogen gases were 99.999 % and obtained from Messer. For all
measurements under air a mixture of 21 % O2 and 79 % N2 was applied. The gas flow was set to 25 ml min-1,
controlled and mixed with Vögtlin Instruments “red-y” mass flow controllers. A sample mass of 20 mg in an open
Al2O3 crucible was used for all experiments with heating and cooling rates of 10 °C min-1. The DSC was calibrated
according to the procedure suggested by Netzsch, using the In, Sn, Bi, Zn, Al and Ag standards provided by the
manufacturer.

2.4 Scanning Electron Microscopy
SEM images were recorded on gold coated samples with a Quanta 200 SEM instrument from FEI under lowvacuum at a water vapor pressure of 80 Pa to prevent electrostatic charging.

3. Results and Discussion
3.1 Isothermal oxidation of CoO triggered by variation of the reactive gas
Based on the previously identified window of coexistence between CoO and Co3O4, selected temperatures
between 880 °C and 920 °C were chosen to determine the reaction rate by isothermal thermogravimetry /
differential scanning calorimetry (TG / DSC). The isothermal reduction of Co3O4 under N2 with subsequent
oxidation by changing the atmosphere to O2* was investigated at five temperature levels for each two cycles (figure
1).

*
The redox-reaction of Co3O4 under gas-change conditions was confirmed to be highly comparable for 20
consecutive cycles (figure S1).
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Fig. 1: TG / DSC of isothermal redox-cycles of Co3O4, triggered by variation of the atmosphere at 880, 890, 900, 910 and 920 °C.
Reduction occurs under N2-atmosphere, oxidation under O2-atmosphere.

The averaged reaction times for reduction and oxidation, obtained from figure 1, are given in table 1.

Tab. 1: Average reaction times for isothermal reduction of Co3O4 (under N2) and oxidation of CoO (under O2), calculated from the
differential scanning calorimetry data

880 °C

890 °C

900 °C

910 °C

920 °C

Oxidation [min]

3.92 ± 0.40

3.35 ± 0.03

4.54 ± 0.11

4.95 ± 0.03

6.91 ± 0.28

Reduction [min]

7.07 ± 0.15

5.58 ± 0.05

4.62 ± 0.08

3.96 ± 0.08

3.41 ± 0.19

Except the spike for the oxidation time at 890 °C, an apparent linear correlation between reaction time and
temperature is obtained. The oxidation time doubles with increased isothermal temperature almost nearly over the
whole investigated temperature range, whereas the reduction time is exactly halved. Based on the herein obtained
results the most suitable temperature for such an isothermal TCES-process is identified with 900 °C, where
oxidation and reduction of the material are taking equal times.
The presented isothermal redox-cycling between 880 - 920 °C with the optimum at 900 °C represents a notable
improvement regarding the earlier investigations, where oxidation was accomplished within 10.4 minutes at 848
°C and the complete reduction accounted for 23 minutes. (Müller et al., 2017)

3.2 Isothermal oxidation of CoO
The second objective of the current study on isothermal redox-reactions for thermochemical energy storage was
the combination of low-temperature oxidation of CoO at around 500 °C under increased O2-pressure. The
isothermal oxidation under varied oxygen contents at ambient pressure was selected as a starting point. In order
to compare the reactivity towards O2 in the desired temperature regime, samples of CoO were oxidized at 500,
520 and 550 °C using an atmosphere with 21 % O2 (synthetic air) and 100 % O2.
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Fig. 2: Oxidation rate of CoO at several temperatures and O2-concentrations for a) a CoO-sample obtained from thermal
decomposition of Co3O4 under N2 b) a commercial CoO sample

A concentrating plot of the different oxidation rates for CoO – obtained from Co3O4 by thermal reduction of the
material under N2 at 890 °C for 5 minutes – is shown in figure 2a. Especially for the series at 500 °C a notable
difference in oxidation rate between the measurement under air and O2 is found. The impact of the O2
concentration with increasing temperature is superimposed by the thermal contribution, leading to a nearly
identical oxidation rate observed in the experiments at 520 °C under O2 and 550 °C under air.
In principle both a Co3O4 initially reduced to CoO and a CoO prepared on an industrial scale should be feasible
for a Co-based TCES process. For comparison, the same series of oxidation experiments was repeated using a
commercial sample of CoO (figure 2b). Interestingly, a completely different picture is observed in this case. The
chemically identical sample provides much faster oxidation rates with conversions above 80 % under all applied
conditions within the first 15 minutes. The reason for this behavior was found in the SEM-images of both
precursors, showing for the Co3O4 (figure 3a) large sintered agglomerates, whereas the CoO (figure 3b) consisted
of small, isolated particles. The different O2-concentrations, as well as the various temperatures, have no impact
on the initial particle morphology (see figure S2).

Fig. 3: SEM-images of a) commercial Co3O4 b) commercial CoO. Image size 9 x 9 μm
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3.3 Isothermal oxidation of CoO under elevated O2 pressure
In order to facilitate investigations on the impact of an increased oxygen pressure, which is higher than the
atmospheric one, Co3O4 that has been in-situ reduced under N2 was used for the experimental approach. Although,
the commercial CoO sample would provide faster reaction rates, no reliable results would have been obtained
even with a high-end laboratory P-XRD setup.†
The oxidation rates for the experiments under ambient pressure, 3 bar and 6 bar O2‡ are shown in figure 4, which
reveals a rate-enhancing effect of the increased O2 pressure for all three temperature levels. Obviously, the largest
influence on the oxidation is observed for 500 °C (figure 4a). By applying 3 bar O2 the conversion within the first
15 minutes is enhanced about 20 %. 6 bar O2 result in a quantitative Co3O4 formation after 30 minutes, the reaction
rate being only slightly faster than for 3 bar.
In case of the series at 520 °C, O2 oxidation under ambient pressure and 3 bar O2 reveal only slight differences in
the reaction rate. At 6 bar O2 an increased oxidation within the first 6 minutes leads to quantitative Co3O4
formation after 15 minutes. Finally, at 550 °C the temperature increase predominates over the increased pressure,
as both 3 bar and 6 bar O2 yield a complete oxidation - 3 bar after 12 minutes, 6 bar after 8 minutes.

Fig. 4: Oxidation rate of CoO at different pressures and temperatures at a) 500 °C b) 520 °C c) 550 °C

Based on these results a lower oxidation temperature for CoO in a TCES-process seems feasible, increasing the
reaction rate by moderately enhanced pressure. For technological processes elevated pressure is always correlated
with much higher expenditures regarding the process design. Using only 6 bar O2 – for all three temperatures
yielding a notable enhancement of the conversion rate – may be still worth the efforts aiming for an oxide-based

†

This limitation – also slightly affecting the accuracy of the phase-determination for the high Co3O4-contents – is
attributed to the overlap of significant peaks in the diffractograms of the two Co-phases, as well as the high
fluorescence of the Co-containing samples in combination with the available Cu KD-radiation (see figure S3). To
ensure the data quality, a minimum measurement time of 2 minutes per diffractogram was necessary.
‡

Although, the used Anton Paar XRK 900 would tolerate pressures up to 12 bar, applying a higher pressure than
6 bar O2 extends due to radiation absorption and the fluorescence background the measurement time notably, so
within one diffractogram the transformation from CoO to Co3O4 is completed. For similar measurements under
higher pressures a different X-Ray source or a synchrotron would be needed.
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medium-temperature TCES-process.
The only drawback of the increased pressure is the promoted sintering of the material, which is already evidenced
in the SEM-images of the Co3O4 samples, oxidized at 550 °C and various pressures (see figure 5). Nevertheless,
this changed particle morphology so far was not found to decrease the reactivity of the material on repeated
cycling.

Fig. 5: Particle morphology of Co3O4 after oxidation at 550 °C and varied O2 pressures a) Co3O4 starting material b) ambient
pressure c) 3 bar O2 d) 6 bar O2. Image size 9 x 9 μm

3.4 Isothermal oxidation of Mn3O4
Similar to the study on the isothermal oxidation of CoO, a series was carried out also on Mn3O4 which was
oxidized at different temperatures (470 °C, 500 °C, 520 °C, 550 °C) and ambient pressure under synthetic air and
pure oxygen (figure 6).

Fig. 6: Oxidation rate of Mn3O4 at various temperatures and O2-concentrations for a) a Mn3O4-sample obtained from thermal
decomposition of MnO2 under N2 b) a commercial Mn3O4 sample

Similar to the Co-system also for Mn3O4 a notable difference between the in-situ reduced sample under N2 (figure
6a) and the commercially obtained Mn3O4 (figure 6b) was found. For the freshly reduced Mn3O4 at 500 °C under
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air within 330 minutes only 62 % of Mn2O3 are formed, whereas O2 enables complete conversion to Mn2O3. Still
a notable difference is observed at 550 °C, where both air and O2 result in complete re-oxidation.
In the case of the commercial Mn3O4 a clear trend towards faster oxidation rates, both with increased temperature
and O2-content is found. Similar to CoO also for Mn3O4 temperature increases the oxidation rate more efficiently
than a higher O2 concentration. Comparable oxidation rates in this case are found at 550 °C under air and 520 °C
under O2.

4. Conclusion
In the present study the redox-couple Co3O4 / CoO was investigated with respect to an isothermal redox-cycle,
triggered by changing the atmosphere from N2 to O2 between 880 – 920 °C. A reasonably linear correlation was
found between the reduction / oxidation times and the applied temperature. Within the investigated temperature
range the best conditions for an isothermal redox-cycle were found at 900 °C, as both reduction and oxidation
take place quantitatively within 4.5 minutes. This represents an improvement of the so far reported results on
isothermal cycling.
Based on former results an isothermal low-temperature oxidation of CoO between 500-550 °C under increased
O2-pressure was attempted, allowing for the application (only discharging) of a TCES-material featuring a high
energy density at medium-temperatures. Increasing the O2-pressure during oxidation from ambient conditions to
6 bar resulted in an attractive increase of reaction rate, discharging the CoO (oxidation to Co3O4) quantitatively at
500 °C within 24 minutes, at 550 °C within 8 minutes.
Elevated pressures during the oxidation process allow for a shift of the discharging reaction towards lower
temperatures. This enables the application of the per se attractive high energy density of metal-oxide redoxreactions at temperatures, where they so far could not be operated, as the oxidation (discharging) required higher
temperatures. This could be attractive for complementing an existing process with thermochemical energy storage,
when pressurized air / oxygen is already available, or when a storage material with high energy density and a fast
reaction rate is required at lower temperatures.
Mn3O4 was found to be too slow in its oxidation under all investigated conditions to be competitive in comparison
to CoO.
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6. Appendix

Fig. S1: 20 consecutive redox-cycles of Co3O4 under
alternating atmosphere (N2 vs. O2)

Fig. S2: SEM images of different Co3O4 samples after the
oxidation in the P-XRD a) CoO after oxidation under air at
500 °C b) CoO after oxidation under air at 550 °C c) CoO
after oxidation under O2 at 500 °C d) CoO after oxidation
under O2 at 550 °C. Image size 9 x 9 μm

Fig. S3: P-XRD of a mixed CoO / Co3O4 sample, showing the
moderate signal-to-noise ratio for the weaker peaks due to the
X-Ray fluorescence of Co

820

ISES Solar World Congress 2017

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

&"$%-'!%&$%&('$ !. .'
("%&()&'#'!('($&")"
$+("$#'# (&"##$ $*#(&-
 

   

       

   


'(&(
A novel ternary salt mixture composed of sodium chloride, sodium carbonate and sodium hydroxide (Na-ClCO3-OH) was developed for high-temperature sensible thermal energy storage (HTSTES) application. The
melting point and the heat capacity of the Na-Cl-CO3-OH mixture was measured using a differential scanning
calorimeter. The final melting temperature of the blend was estimated as 347.3°C. The average heat capacity of
the blend was calculated as 1.50 J g-1 K-1 by following the ASTM standard E1269. The mass loss of the molten
salt mixture was studied up to 1000°C using a thermogravimetric analyser in three different atmospheres, and
the salt was found to be stable over 700°C. In terms of cost, Na-Cl-CO3-OH mixture costs approximately 4.5
USD/kWh, around 60% less than the commercial “solar salt” nitrate salt mixture.
Keywords: Molten salt, sensible energy storage, thermophysical properties, mixed-anion.
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Thermal energy storage (TES) plays a vital role in the effective and efficient use of concentrated solar power
(CSP) to provide steady output and meet intermittent electricity demands. The storage media is the most
important component in any thermal energy storage (TES) system (Kuravi et al., 2013). Molten salts are
extensively used thermal storage media and heat transfer fluid (HTF) in CSP plants due to their favourable
thermo-physical properties. Current state-of-the-art CSP plants utilise “solar salt” (60 wt. % NaNO3 – 40 wt. %
KNO3) and HITEC salt (53 wt. % KNO3 – 40 wt. % NaNO2 – 7 wt. % NaNO3) for TES due to their acceptably
low melting point and reasonable heat capacity (Ushak et al., 2015). Several recent CSP research programs have
focused on developing high-temperature, and high-efficiency CSP plants incorporating advanced power cycles
such as the supercritical Rankine, supercritical CO2, and air-Brayton cycles. Selection of the HTF and TES
media plays a crucial role in developing a modern CSP plant. The current generation molten salts (solar salt and
HITEC) decompose around 600°C, which is insufficient for high-temperature power cycles (Gil et al., 2010;
Kenisarin, 2010; Medrano et al., 2010), although a slight extension in the operating temperature is possible with
meticulous atmospheric control (Olivares, 2012). Thus, development of new high-temperature molten salts with
high thermal stability, specific heat capacity, reasonable melting point, and low cost is vital to support advanced
power cycles. For the operating temperature range between 500°C and 700°C, mixtures of carbonates, chlorides,
fluorides and hydroxides can potentially be exploited for high temperature sensible thermal energy storage
(HTSTES). Several researchers attempted to develop HTSTES molten salt mixtures with carbonates (Olivares et
al., 2012; Wu et al., 2011), chlorides (Wei et al., 2015), fluorides (Forsberg et al., 2007), and also mixed anions
(Wang et al., 2015). Most of these mixtures had one or all of the following issues: (i) high melting point, (ii) low
heat capacities, and (iii) an expensive salt component.
In this research work, a ternary salt mixture with a mixed anion configuration, and sodium (Na) cation (NaCl –
Na2CO3 – NaOH), was developed based on the FactSage prediction reported by Gomez (Gomez, 2011) for
latent heat storage. To the best of the authors’ knowledge, this mixture has not been investigated as a sensible
heat storage media. In this research work, we assume the thermal storage system is in the ‘two-tank’
configuration, as shown schematically in Figure 1. Note, Figure 1 includes a heat exchanger between the storage
tank and the receiver, which allows for a separate heat transfer fluid (HTF) in the receiver (such as sodium).
This particular mixture is interesting for HTSTES because of three important factors: firstly, low predicted
melting point with inexpensive materials; secondly, the use of sodium (Na+) as the cation for all three salts,
which allows compatibility with an elemental sodium HTF for direct-contact heat exchange (Venkataraman,
2017); and finally, presence of large proportion of NaOH augments the specific heat capacity of the molten salt
mixture. The key thermo-physical properties, such as, melting point, heat capacity, and thermal stability of this
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ternary mixture were experimentally determined, and its commercial suitability for HTSTES application has
been assessed.

Fig. 1: Schematic diagram of proposed next-gen two-tank CSP power plant

 ,%&"#(!%&$)&
A ternary mixture of NaCl – Na2CO3 – NaOH (Na-Cl-CO3-OH) (mass ratio- 24.68:15.67:59.65) was
synthesised. The three salts  NaCl (>99% purity, ACS grade), Na2CO3 (>99.5% purity, ACS grade), and
NaOH (>98% purity)  were procured from Alfa Aesar and stored under nitrogen flow to avoid moisture
absorption. The salt components were weighed in proportion to the FactSage prediction, then blended by handgrinding inside a glove box using a mortar and pestle for 30 min.
The ground mixture was used directly in a Netzsch Pegasus DSC 404 to determine the melting point and heat
capacity. Graphite crucibles with lids were utilised for the DSC experiments to attain faster heat transfer into the
salt mixtures. The melting point and heat capacity measurements were conducted using SiC and Pt-Rd furnaces
respectively at a heating/cooling rate of 10 °C/min and 20 °C/min respectively with 50 ml/min of nitrogen
purge. The heat capacity of the sample was determined by following ASTM standard E1269 with a sapphire
disk as the reference.
The mass loss of the salt mixture was tested using a Q600 SDT TG/DSC (TA instruments). Experiments were
conducted from room temperature to 1000°C at a heating rate of 10°C/min in three different atmospheres
(nitrogen, argon and air), at a flow rate of 50 mL/min. Each sample of about 5-10 mg was placed into an 85 μL
alumina crucible and covered with a perforated lid.

')!('#')''$#'
     
The melting point of the Na-Cl-CO3-OH mixture was predicted as 320°C by FactSage. Fig. 1(a) shows the DSC
curve with onset and peak melting temperatures, and multiple endothermic peaks suggesting that the mixture is
off-eutectic. It is evident from Fig. 2 that complete melting of the ternary mixture takes place around 347.3°C.
The freezing of the salt mixture begins at 325°C, and this difference between the melting and freezing
temperatures is due to sub cooling. Four continuous heating and cooling cycles were run for each sample. The
fusion between the salts in the mixture was achieved during the first heating cycle, and the melting point
determined from the three subsequent cycles.
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.
Fig. 2: Melting point analysis of Na-Cl-CO3-OH mixture in a nitrogen atmosphere









  

The experimental measurement of specific heat capacity, cp in the DSC followed the ASTM E1269 standard
with a sapphire disk as the reference. The specific heat capacity measurement method was validated by
correlating the heat capacity values obtained for a unary salt (NaCl) with the theoretical values (Chase-Jr, 1998)
in the temperature range 400 600°C. The maximum variation between the experimental and theoretical values
was less than ±2%, as presented in Fig. 3. The heat capacity of the mixed anion ternary was measured above the
liquidus temperature between 450 and 600°C as shown in Fig. 4. The experiments were conducted in a nitrogen
atmosphere at 50 mL/min, and measured over 10 heating-cooling cycles. The average heat capacity of the
mixture is 1.508±0.005 J g-1 K-1, which is similar to the commercial ‘solar salt’ mixture. Values for average
specific heat capacity is first averaged across all 10 cycles, and then averaged across the measurement
temperature range. The error value (±0.005) is the standard deviation from the mean of the temperature
averaged values across the 10 heat capacity measurements. The liquid heat capacity values (J g-1 K-1) of Na-ClCO3-OH are fitted into a polynomial function for convenience of use. Polynomial regression is used to fit curves
to the cp data with good agreement, and therefore, within the nominated temperature ranges, specific heat
capacity can be taken as follows:


 

 





(1)

where temperature T is the salt temperature in °C and the coefficients are given in Table 1. The R2 value from
the regression analysis is also given.

Tab. 1: Polynomial coefficients for the heat capacity

Mixture

Validity

a

b

c

d

R2

NaCl – Na2CO3
– NaOH

455 – 600

-3E-7

0.000516

0.281139

52.45630

0.972
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Fig. 3: Validation of heat capacity measurement with NaCl

Fig. 4: Heat capacity measurement of Na-Cl-CO3-OH mixture in a nitrogen atmosphere



      

Both thermal stability and mass loss due to vaporisation of the molten salt are important considerations for solar
thermal application. Here we distinguish between the physical decomposition of the salt (thermal stability) and
mass loss due to vaporisation caused by high vapour pressure. The mass loss of the salt mixture was measured
in three different atmospheres with a flow rate of 50 mL/min using the DSC-TGA equipment. The experiments
were conducted up to 1000°C from room temperature as shown in Fig. 3. An initial mass loss is observed due to
evaporation of absorbed moisture during sample loading process. The tested salt mixture showed excellent
stability over 700°C in inert atmospheres. In the presence of air, the ternary mixture reacts and increases in mass
as shown in Fig. 5. This may be due to the interaction between NaOH and CO2, leading to the formation of
Na2CO3 (Zeman, 2007). Fig. 6 shows that pure liquid NaOH reacts with air at higher temperatures, causing a
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change in mass, which reaffirms the previous statement. It is evident from the tests, that the Na-Cl-CO3-OH
mixture shows promising thermal stability as a HTSTES media for modern high-temperature CSP plants.

Fig. 5: Thermal stability of ternary mixture in three atmospheres

Fig. 6: Thermal stability of NaOH in air

    
The cost of the storage media is one of the important parameter in the selection process. The costs of individual
salt components considered in the study, as well as the reference case ‘solar salt’, are shown in Table 2. All the
values shown in the table are adjusted to December 2016 currency using the PPI (producer price index)
commodity data for industrial chemicals provided by Bureau of Labor Statistics (BLS) (BLS, 2016). The cost of
each salt mixtures was calculated in terms of USD/tonne and USD/kWh, assuming operating temperature range
between 500°C and 700°C. Prices were obtained from industrial suppliers. The total cost of the salt mixture was
390 USD/tonne and 4.5 USD/kWh, which is approximately 60% cheaper than the ‘solar salt’.
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Tab. 2: Cost of individual salts, as in Dec 2016. PPI: average Purchaser Price Index provided by (BLS, 2016)

Material

Cost (USD/tonne)

Source

NaCl

49

52 USD/tonne in Mar’16 (Industrial minerals, 2016). PPI = -6%

Na2CO3

324

320 USD/tonne in Sep’15 (Industrial minerals, 2016). PPI = 1%

NaOH

550

550 USD/tonne in Dec’16 (Alibaba, 2016)

Solar Salt

950

950 USD/tonne in Dec’16 (SQM, 2016)

 $#!)'$#
The current state-of-the-art storage media decomposes around 600°C, and there is therefore a need for new
storage media with thermal stability over 700°C to support modern high-efficiency CSP plants. In this research
work, a new ternary mixture was developed and its thermo-physical properties evaluated for HTSTES
applications. The molten salt mixture displayed acceptable melting point (<350°C), good heat capacity (1.50 J g1
K-1) and excellent thermal stability (>700°C). Most importantly, the ternary mixture was more economical (4.5
USD/kWh) that the nitrate ‘solar salt’ blend used in many current CSP plants. The experimental results indicate
that Na-Cl-CO3-OH mixture is a promising candidate for future HTSTES applications. The corrosion behaviour
of containment materials and interacting surfaces is an important issue which needs to be addressed, before this
mixed anion salt mixture can be recommended for use in high-temperature CSP systems.
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Abstract
High energy densities are one key-feature of thermochemical energy storage materials. Among the substance
classes featuring the highest energy densities are oxides and carbonates, having both operational temperature
profiles between 800 °C - 1200 °C. Comparable high energy contents are provided by the reaction between
ammonia and (transition) metal salts, operable in a medium-temperature range between 150 °C - 450 °C. Due to
the toxicity of ammonia a closed cycle preventing the release of ammonia to the surrounding environment would
be necessary.
Herein, CuSO4 and CuCl2 are investigated in a laboratory scale reactor for their application in thermochemical
energy storage with ammonia as reactive gas. In the current setup after 80 seconds peak temperatures of 312 °C
and 238 °C respectively were measured. To circumvent the notable volume expansion during the reaction with
ammonia, both copper salts were loaded on zeolite 13X, yielding matrix-supported composite materials. Operation
of those materials in the laboratory scale reactor under ammonia revealed, that the rapid temperature increase and
the high peak temperatures could be retained, simultaneously simplifying the handling of the materials.
Keywords: copper salts, copper ammoniates, laboratory scale reactor, thermochemical energy storage

1. Introduction
Increased awareness of a necessary reduction of greenhouse gasses in relation to energy production stimulated an
ongoing reorientation of the energy market. (IEA, 2014, Paris agreement, 2015) Environmentally benign energy
production with increasing percentages of renewable energy, a sustainable energy management and a responsible
use of the produced energy led to a multiplicity of innovative approaches, complying the climate targets. (Keith
Shine, 2005) Related to this development are also the increase of energy efficiency, especially in context of
electricity production, as according to the IEA about 2/3 of the therefore used energy are lost in form of waste
heat. (IEA, 2011)
Optimizing the waste heat management encouraged research to develop recycling methods for so far lost waste
heat. (Bauer et al., 2012; Hasnain, 1998) One auspicious approach due to its broad application profile is the thermal
storage of waste heat by sensible, (Zhang et al., 2016) latent (Zalba et al., 2003) or thermochemical energy storage
materials. (Abedin; A.H. 2011; Cot-Gores et al.; 2012, T. Yan, 2015) Thermochemical energy storage (TCES)
takes a very prominent position amongst these approaches, as highest storage densities, loss-less storage, a broad
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operational temperature profile and fast reaction times allow for a flexible application in domestic and industrial
environments, compatible with waste heat temperatures between 30 °C and above 1200 °C.(T. Yan, 2015)
Depending on the available waste heat source, the suitable materials may be selected from an ample catalogue of
principally suitable reactions, ranked according to their storage density and application temperature.(Deutsch et
al., 2016) On the lower end of the temperature spectrum are located salt hydrates for e.g. application in energy
efficient housing projects,(van Essen et al., 2009) whereas the high temperature end around 800 °C - 1200 °C is
covered by carbonates and oxides, complementing e.g. concentrating solar power plants (CSP) during nonoperational times. (Pardo et al., 2014) For the medium temperature region between 150 °C - 450 °C so far mainly
hydroxide / oxide reactions (Criado et al., 2014) or metal hydrides were considered. (T. Yan, 2015)
A so far widely neglected class of TCES-materials operating in this temperature range are (transition) metal salt
ammoniates, featuring notably high storage densities, comparable to redox-active metal oxides. Although, first
reports on reactions of NH3 with salts for energy storage purposes date back to the 80’s, (Dunlap, 1982) until
today only a handful of publications dealing with the reaction between CoCl2, (AidounTernan, 2001; Trudel et
al., 1999) MnCl2 (Jiang et al., 2016) or ZnCl2 and NH3 (Dunlap, 1982) is known. Concepts for NH3 in energy
storage technology relate mainly on the NH3 formation / splitting in combination with solar power. (Dunn et al.,
2012; Lavine et al., 2016; Lepinasse-Spinner, 1994; Lovegrove et al., 1999; 2004)
One major obstacle of NH3 is its inherent toxicity. Therefore, to enable thermochemical energy storage based on
NH3-metal salt reactions, a closed reactor design, avoiding any release of NH3, would be necessary. For this
purpose, in the present work a feasibility study of a NH3-based storage reaction, using CuSO4 / CuCl2 loaded on
zeolite 13X in a hermetically closed laboratory scale reactor, is presented.

2. Experimental
2.1 Material
CuSO4 was obtained by drying CuSO4∙5H2O for 3 h at 400 °C in an electric furnace. All other materials were
commercially obtained and used as supplied.
The copper-loaded zeolites 13X-SO4 and 13X-Cl were prepared by soaking zeolite 13X for 30 minutes in a
saturated solution of CuSO4∙5H2O or CuCl2∙2H2O. The zeolite was rinsed with water and dried for 2 h at 150 °C
under vacuum, before the soaking procedure was repeated. After rinsing with water, the loaded zeolite was dried
for 2 h at 400 °C and stored after cooling in a desiccator. The Cu-loading was determined gravimetrically and by
X-Ray fluorescence spectroscopy with 0.16 g CuSO4, and 0.09 g CuCl2 per gram of zeolite.
For preparation of the partially reduced copper-loaded zeolites, dried samples of 13X-SO4 and 13X-Cl were
soaked for 15 minutes in a 10 % aqueous solution of N2H4∙H2O. Due to the exothermic reaction no additional
heating was necessary to keep the reaction constantly at 65 °C.

2.2 Thermal Analysis
For thermal analysis a Netzsch TGA/DSC 449 C Jupiter ® equipped with a water vapour furnace including an
air-cooled double jacket was used. The oven operates between 25 °C and 1250 °C, regulated by an S-type
thermocouple. NH3 gas was 99.98 % and obtained from Messer. The gas flow was set to 100 ml min-1, controlled
and mixed with Vögtlin Instruments “red-y” mass flow controllers. A sample mass of 10 mg in an open aluminum
crucible was used for all experiments with heating and cooling rates of 10 °C min-1. The DSC was calibrated
according to the procedure suggested by Netzsch, using the In, Sn, Bi, Zn, Al and Ag standards provided by the
manufacturer.

2.3 Reactor-setup
For the experiments in a closed system a reactor consisting of two separated chambers connected via a tap was
used. Both chambers had an inner diameter of 40 mm and a length of 200 mm. The reaction chamber was fitted
with a manometer to monitor the internal pressure, as well with two K-type thermocouples positioned in the
middle of the chamber (T1 and T2) and a further K-type thermocouple on the outside (T3). The reaction chamber
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was loaded with the dried copper salt / copper-loaded zeolite and the whole system was evacuated for 10 minutes.
The tap between reaction chamber and NH3-chamber was closed, and NH3 liquified in the NH3-chamber being
cooled down to – 50 °C. After 10 minutes the tap to the NH3 cylinder was closed and the NH3-chamber warmed
to room-temperature. Once the reactor had established a thermal equilibrium with the surrounding, the tap between
NH3-chamber and reaction chamber was opened to start the reaction (discharging of the storage material). Due to
the excess of NH3 during all experiments a pressure of 6 bar was obtained in the system.
For all experiments 250 ml of material were charged to the reactor.

2.4 Scanning Electron Microscopy
SEM images were recorded on gold coated samples with a Quanta 200 SEM instrument from FEI under lowvacuum at a water vapor pressure of 80 Pa to prevent electrostatic charging.

3. Results and Discussion
3.1 Reaction between NH3 and CuSO4 / CuCl2
The reaction between NH3 and CuSO4 / CuCl2 – although, mainly in aqueous solutions – is a well-known, colorful
reaction for demonstration of simple coordination chemistry in undergraduate-laboratories. Even in the case of
mixing the aqueous solutions of NH3 and CuSO4 an increase of the reaction temperature is observed.
For the gas-solid reaction between NH3 and CuSO4 / CuCl2 energy-densities of 1.77 MJ kg-1 and 2.20 MJ kg-1
were obtained by differential scanning calorimetry. These values are highly comparable to the benchmark of
metal-oxide redox-reactions, featuring the highest energy densities among the various TCES-materials. Even more
important for a potential TCES-material, thermogravimetry evidenced a full reversibility of the NH3- coordination,
thus by heating the formed ammine-complexes to 350 °C the initial copper salts are restored (see figure S1). Based
on the decomposition of the copper-ammine complexes their composition was determined as [Cu(NH3)4]SO4 and
[Cu(NH3)6]Cl2, thus CuSO4 reacting with 4 equivalents of NH3, CuCl2 with 6.
The experimental setup selected for the gas-solid reaction between NH3 and the anhydrous copper salts on a
laboratory scale is shown in figure 1.

Fig. 1: Laboratory scale reactor for the gas-solid reaction between NH3 and copper salts in a closed system

Based on the necessity of a closed system preventing the release of NH3, a reactor with two chambers, separated
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by a tap, was selected. The copper salt is situated in the reaction chamber (upper part). After evacuation of the
complete system the tap between the two chambers is closed and NH3 is condensed into the precooled NH3chamber. Once the NH3-tap is closed, the NH3-chamber is warmed to room-temperature and the reaction is started
by opening the tap between the two chambers. The temperature gradient during the reaction was monitored by the
3 thermocouples T1-T3, T1 and T2 placed inside, in the middle of the reactor, T3 on the outside to follow the heat
conductance. Due to the NH3-excess used, through all experiments a constant pressure around 6 bar was obtained.
In figure 2 the temperature plots for the formation of [Cu(NH3)4]SO4 (figure 2a) and [Cu(NH3)6]Cl2 (figure 2b)
are given.

Fig. 2: Temperature plots for the formation of a) [Cu(NH3)4]SO4 and b) [Cu(NH3)6]Cl2 in the reactor

For both experiments starting with the opening of the tap between the two chambers an extremely fast increase of
the internal temperature is observed. For CuSO4 the peak temperature of 312 °C* is reached after 80 seconds, after
10 seconds T1 exceeds already 160 °C. In the case of CuCl2 a peak temperature of 238 °C was reached after 90
seconds.
Both experiments are highly encouraging, as such extremely fast reactions with concomitant high temperature
differences are notably rare for thermochemical energy storage materials. Nevertheless, the packed bed using the
pure metal salts in the reaction chamber cannot be considered ideal, as due to the extreme volume work during
the reaction a compacting / sintering process of the material occurs, deteriorating permeability of the packed bed
and thus hampering the completeness of the reaction. In the case of CuSO4 after the reaction the former loose
powder had turned into a solid brick, which had to be removed mechanically from the reaction chamber.
Additionally, from the bottom to the top of the packed bed the completeness of reaction was notably affected:
Whereas, in the bottom the dark blue [Cu(NH3)4]SO4 was formed, on the top only a slight blue color of the former
white material was observed. The kinks and sudden increases in the temperature profile are attributed to the
volume work of the material, varying permeability of the continuously expanding packed bed.
In the case of CuCl2, although with the observed peak temperature of 238 °C the melting point of [Cu(NH3)6]Cl2
was not exceeded, due to partial overheating near to the bottom of the reaction chamber a dark black-bluish molten
residue in the reactor was formed immediately. As the thermocouple T1 was above this molten mass, the observed
peak temperature was lower than in the case of CuSO4 (see figure S2). Additional, nearly 2/3 of the reactors’
content did not react, as the NH3 could not pass the molten salt / ammoniate mass. Therefore, also thermocouple
T2 featured only very low temperatures and the temperature in the reactor had dropped within 25 minutes
significantly.
The slow decrease of the temperature profile, retaining for some extended period temperatures above 100 °C,
followed by a sudden decrease of the temperature is caused by the stepwise reaction of the copper salts with NH3.
As seen from the thermogravimetric decomposition in figure S1, for the consecutive addition or removal of each
of the NH3-ligands different equilibrium / decomposition temperatures are found. Therefore, with the initial
temperature rise the reaction temperature is too high to allow for complete reaction. Coming to lower
*

The difference between T1 and T2 is attributed to the linear progression of the reaction zone and sintering of the
material, notably affecting permeability of the packed bed.

831

D. Müller / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

temperatures, the further coordination of NH3 is enabled, still releasing notable heat and thus keeping the
temperature almost constant unless the reactant is consumed.
In figure 3 a time-dependent series of infrared-images, visualizing the temperature increase and slow decrease
during the reaction of NH3 with CuSO4 at the outside of the reactor is shown.

Fig. 3: Infrared-images of the reactor during the reaction of NH3 with CuSO4 at different time steps as indicated

Already after 30 seconds the temperature of the reactor walls had increased about 23 °C, reaching its maximum
of 70.6 °C after 120 seconds. For the next 50 minutes a nearly constant temperature of 50 °C was observed. The
temperature distribution in the IR-image after 40 minutes clearly shows, that the reaction was still ongoing.
The extreme volume work occurring on coordination of NH3 to both copper salts becomes evident comparing the
crystallographic parameters for the four different materials in table 1 (although, for [Cu(NH3)4]SO4 only the
monohydrate is found in the ICSD-database).

Tab. 1: Crystallographic parameters for CuSO4, CuCl2 and the corresponding NH3-complexes
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CuSO4

CuCl2

[Cu(NH3)4]SO4∙H2O

[Cu(NH3)6]Cl2

orthorhombic

monoclinic

orthorhombic

tetragonal

Space group

Pnma

C 1 2/m 1

Pbnm

F 4/m m m

Nr°

62

12

62

139

Z

4

2

4

4

a [Å]

8.3976(1)

6.9038(9)

12.12

10.375(7)

b [Å]

6.70382(9)

3.2995(4)

10.66

10.375(7)

c [Å]

4.82443(8)

6.824(1)

7.07

9.481(11)

D>q@

90

90

90

90

E>q@

90

122.197(8)

90

90

J>q@

90

90

90

90
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V [Å3]

271.6

131.54

913.44

1020.54

Based on the unit-cell volumes given in table 1, for CuSO4 a 3.4-fold, for CuCl2 a 3.9-fold volume expansion
during the reaction with NH3 is obtained.
To circumvent, or at least decrease the expansion of the material, causing considerable issues on larger (or
applicational) scale, allow for a better permeability of the packed bed and control the temperature release during
the reaction, the impregnation of zeolite 13X with CuSO4 and CuCl2 was chosen.

3.2 Reaction between NH3 and matrix-supported CuSO4 / CuCl2
The CuSO4 / CuCl2 loaded zeolite samples (13X-SO4 and 13X-Cl) were obtained as described in the experimental
section, having a greenish-brown color after drying in the furnace (see figure S3). The copper-loading was
determined gravimetrically and by X-Ray fluorescence spectroscopy with 0.16 g CuSO4, and 0.09 g CuCl2 per
gram of zeolite.
Of course, the better handling and limited volume expansion goes to the expense of a much lower copper content
compared to the pure salts, relating to a lower energy content and thus decreased reaction temperature. Due to the
matrix-support also the heat transfer is affected. Therefore, externally copper-coated samples were prepared by
reducing the external layer of copper-salts on the zeolite by hydrazine hydrate (see experimental), which should
improve the thermal conductivity of the material.
To compare the performance of the various matrix-supported copper salts in the reactor, the same approach as
described for the pure copper salts was chosen. In figure 3 the temperature plots of the experiments using 13XSO4 (figure 4a) and 13X-Cl (figure 4b), and their partially reduced equivalents 13X-SO4_Cu (figure 4c) and 13XCl_Cu (figure 4d) are shown.

Fig. 4: Temperature plots for the reaction of NH3 with a) 13X-SO4 b) 13X-Cl c) 13X-SO4_Cu d) 13X-Cl_Cu in the reactor

The prior observed temperature rise after opening the tap between the two chambers was also found in the present
experiments, in all cases reaching the maximal temperature within 90 seconds. This finding is very promising,
stating, that although the copper salts was heavily ‘diluted’ by loading on the matrix, its performance is still
outstanding for a TCES-material. In these experiments also the temperature difference between T1 and T2 was
reduced, as a notably better permeability of the packed bed was achieved. It should be emphasized, that due to the
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particle shape of the zeolite the contact between thermocouple and material was less efficient as in the previous
experiments. In this respect, the partial reduction of the copper salts on the zeolite matrix, yielding a better thermal
conductivity was found quite efficient, as in the experiments with 13X-SO4_Cu (figure 4c) and 13X-Cl_Cu
(figure 4d) notably higher peak temperatures were observed. Especially, in the case of 13X-SO4_Cu (figure 4c)
the impact of the external Cu-coating increased the measured temperature about 60 °C. The discontinuities in the
temperature plots of 13X-Cl and 13X-Cl_Cu are attributed to slight movements of the packed bed, affecting the
contact between thermocouple and zeolite particles.
A control experiment with a mixed packed bed loading of 13X-Cl and 10 % copper turnings (figure S4) showed
a decreased temperature output (figure S5) even compared to the experiment using unmodified 13X-Cl. It seems,
that in the case of the matrix-loaded copper salts even a further 10 % dilution has a negative impact on the highest
achievable reaction temperature.
The use of matrix-supported copper salts in the reactor experiments turned out to be quite promising, as still the
fast temperature increase and notably high peak temperature was retained, at the same time avoiding the volume
expansion of the material during the reaction.

4. Conclusion
The reaction between NH3 and CuSO4 / CuCl2 was investigated for their feasibility as thermochemical energy
storage process. Initial requirement was the operation in a closed system to prevent release of NH3 to the
surrounding environment due to its toxicity. For this purpose, a two-chamber reactor setup with the reaction
chamber and the NH3-chamber – loaded by condensation of NH3 at -50 °C – was chosen.
For the pure copper salts 80 seconds after beginning of the reaction the peak temperatures of 312 °C (CuSO4) and
238 °C (CuCl2) were obtained. Such an abrupt and remarkable temperature increase is quite outstanding and very
promising for a high-end technological applicability of thermochemical storage materials. The reaction
temperature is kept for about 40 minutes around 100 °C, as the stepwise coordination of NH3-ligands to the copper
salts continuously releases heat until the reaction is complete. The only and major drawback of such an operation
is the extreme volume work during the reaction accounting up to a 3.9-fold volume expansion in the case of CuCl2.
This causes a sintering and condensing of the packed bed, affecting completeness of the reaction due to very
limited permeability of the bed and complicates the handling, as the reacted material needs mechanical force to
be removed from the reactor. In the case of CuCl2 due to initial high reaction temperatures, exceeding locally the
melting point of the [Cu(NH3)6]Cl2 the reaction product is obtained as massive solid.
To allow for a better handling, but retain the promising reactivity, both CuSO4 and CuCl2 were loaded on zeolite
13X, resulting in matrix-supported copper salts. In this case the volume expansion during the reaction is nearly
eliminated, concomitantly retaining high initial peak temperatures and fast energy release on reaction with NH3.
To ensure a better heat conductivity, partial reduction of the copper on the outside of the zeolite particles was
accomplished by treatment of the composite materials with hydrazine hydrate. The thereby obtained externally
copper coated, copper salt loaded materials revealed a much better thermal conductivity, leading to the observation
of higher peak temperatures.
As the main objective of the present work was a feasibility study on the reaction of NH3 with copper salts,
respectively matrix-supported copper salts, the main subject of continuative studies will be the optimization of
the heat output / heat transfer. Design and operation of the reactor / process will need some improvement to
efficiently use and transfer the released heat.
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6. Appendix

Fig. S1: Thermogravimetric decomposition of [Cu(NH3)4]SO4
and [Cu(NH3)5]Cl2

Fig. S4: A mixed packed bed loading of 13X-Cl and Cuturnings

Fig. S2: Molten residue of [Cu(NH3)6]Cl2 after the reaction a)
molten residue on the bottom b) unreacted CuCl2 on the top
with thermocouple T2

Fig. S5: Temperature plot for the reaction of NH3 with a
mixed packed bed loading of 13X-Cl and Cu-turnings

Fig. S3: Images of copper-impregnated zeolite 13X a) 13X-SO4
b) 13X-Cl, c) 13-X-SO4 after reaction with NH3, c) 13-X-Cl2
after reaction with NH3
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Abstract
The thermal performance of locally available oils in Uganda have been experimentally investigated to determine
their suitability for heat transfer and solar thermal energy storage. Sunflower oil and palm oil, both local
vegetable vegetable oils and Shell thermia B, commonly used in the local industries as a heat transfer fluid were
used in the study. The oils were heated in an insulated tank until temperatures close to their smoke points were
attained and then heating was stopped; the tank temperature was recorded for 24 hours during the cooling. The
second experiement involved charging the oil in a self-circulating system without the aid of a pump. It was
observed that the vegetable oils gained heat faster than thermia B. Sunflower oil retained heat for a longer period
compared to palm oil and thermia B. The total amount energy stored by sunflower was equally higher than palm
oil while thermia B had the least energy stored. The results show that sunflower oil is the most suitable oil for
solar thermal storage and heat transfer.
Key words: vegetable oil, sunflower, palm oil, thermia B, solar energy storage, cooking.

1. Introduction
Solar thermal storage systems for rural cooking applications require suitable heat transfer fluids capable of
transferring heat to the storage during charging and to the cooker during discharging (Lovseth 1997; Heetkamp
2002). The choice of fluid for heat transfer depends on the storage medium and the choice for heat extraction.
There are industrial fluids available for heat transfer in large scale solar thermal plants. However, such fluids are
expensive for rural applications and therefore will increase the cost of the system. Air and water have been used
as heat transfer media with rock bed storage systems as reported by (Okello et al. 2016; Nyeinga, et al. 2016).
However, air has low heat capacity and water may pause high risks since it vaporizes at high temperatures and
therefore not suitable for rural cooking application.
Vegetable oils can be used as both heat transfer fluid and heat storage medium for solar cooking applications.
The advantage with vegetable oils is that they are not risky even if there are leakages in the system. Mawire et al.
(2014) explored the use of sunflower as heat transfer medium; they studied the charging of the oil using high and
low flow rates. For cooking applications, the interest is in oils which are capable of attaining temperatures of
about 200o C . In this paper, thermal properties of selected oils were investigated

2. The Experimental set-up and procedure
2.1. Oil samples
Local vegetable oils namely refined sunflower oil and refined palm oil were used in this study in addition to
thermial B, a mineral oil but readily available in the country. Table 1 shows the thermo-physical properties of the
selected oils. It can be observed that the vegetable oils have high densities and specific heat capacities compared
to thermia B.
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Tab. 1: Thermo physical properties of the selected oils adapted from Mawire et al. (2014)

Density kgm 3

Specific heat capacity
Jkg 1 K 1

Refined sunflower
oil
Refined palm oil
Thermia B

Thermal

conductivity

Wm 1 K 1

930.62  0.65T

2115.00  3.13T

0.061  0.018e  T 26.142

925.00  0.66T

1861
1798.00  3.58T

0.1721
0.118  0.018e T 168.660

870.00  0.65T

3.2. Determination of heat retention capacity
A cylindrical tank of about 4.5L fitted with a 1.5kVA electrical heater was used to heat 4L of the selected oil
samples in turn. Three K-type thermocouples fitted in the tank at a distance of 5cm apart were used to measure
the temperature along the tank. The thermocouples were connected to a TC-08 data logger interfaced with
computer as shown in figure 1. The heater was connected to a 240V a.c main and the oil in the tank was heated to
a temperature close to its smoke point and the heater switched off. The temperature of in the tank was recorded
for about 25 hours.

Fig. 1: Showing the experimental setup. The oil is heated in an insulated tank and thermocouples connected to a data logger and a
computer were used to monitor and record the temperature during heating and cooling.

The quantity of heat energy, Q stored in oil at any time is expressed as:

Q
where

U vc T  To

(eq. 1)

U , c , v are average density of the oil, average specific heat capacity of the oil and volume respectively.

T is the average temperature at time, t and To is the initial temperature. The average temperature of the oil in the
storage tank was considered in the computation of the energy content of the tank since the storage tank was short.
3.3. Self circulating charging unit
Figure 2 shows a storage tank of internal diameter 18cm and height 40cm made of steel and a boiler of internal
diameter 18cm and height 20cm made of mild steel oriented at 60o to the horizontal. The storage tank was
charged based on self-circulating system. The main advantage with a self-circulating system is that you avoid the
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use of pumps. A continuous copper pipe of internal diameter 0.9cm and total length measuring 150cm was
inserted from the top of the storage tank to the bottom through the boiler.

Fig. 2: A self circulating system consisting of a storage tank and a boiler. Sunflower oil was used in the boiler and the three types of
oil where put in the storage tank one after the other. The storage was filled with each type of oil and this got heated in the boiler and
thereby charging the storage.

Seven k-type thermocouples each at an interval of 5cm were placed at the central axis of the storage tank. The
storage tank was filled with 10 litres of sunflower oil followed by palm oil and finally thermia B as a heat storage
fluid respectively. The boiler was filled with 4 litres of refined sunflower oil. An electrical heater of 1.5 kVA
was used for heating the oil in the boiler. The temperature of the boiler was maintained in the range of
230o C  240o C (just below the smoke point of sunflower oil) manually, by switching the electrical heater on and
off. The storage tank was charged for 6 hours.
The total energy, E stored in a tank of, n segments during the charging process is given by

E
where

n

U c ¦ i 1 vi 'Ti

(eq. 2)

U , c are the density of the oil and the specific heat capacity of the oil respectively; vi is the volume of

oil in the ith segment and Ti is temperature difference between two adjacent nodes of the ith segment of a
stratified tank.

3. Results and discussions
4.1 Heat retention
Refined sunflower oil and palm oil were both heated to a maximum temperature of about 236o C ; these
temperatures are slightly below their smoke points. Thermia B was heated to a maximum temperature of 220o C .
After heating the oils to their maximum temperatures, the heater was switched off and the tank allowed to cool.
Figure 4 shows the temperature profiles during heating and cooling. Refined sunflower oil and refined palm oil
showed a rapid increase in temperature during the heating while thermia B gained heat slowly.
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Fig. 4: Temperature profile of the various oils during heating and cooling with the tank insulated. A rapid increase in temperature of
sunflower oil and palm oil are observed during heating. After 24hours, the temperature of sunflower oil can be seen to be higher than
for palm oil and thermia B.

Fig. 5: a magnified version of figure 4; results shown for the first 5 hours of cooling.

Both refined sunflower oil and refined palm oil reached a maximum temperature of about 236o C in 30 minutes.
This high increase in temperature is attributed to fact that both refined sunflower oil and refined palm oil have
high densities and specific heat capacities. However, thermia B took longer to attain its average maximum
temperature of 220o C in about 45 minutes because it has low density and specific heat capacity and this can be
clearly seen in figure 5 which is an amplified version of in figure 4.
For solar thermal storage systems with cooking applications, we are interested in charging the storage in the
shortest possible time since the solar radiation keeps varying with time. Fluids which can retain the heat for a
longer period are to be preferred since this allows cooking to be done even after sunset. Both refined sunflower
oil and refined palm oil absorbed heat faster than thermia B; but refined refined sunflower retains heat better than
palm oil.
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4.2 Energy distribution
Figure 6 shows the energy distribution during heating and retention computed using equation 1. The maximum
energy attained by refined sunflower was 1.6MJ in 30 minutes, while for refined palm oil was 1.4MJ in 30
minutes, and thermia B attained the maximum energy of 1.2MJ in 45 minutes.

Fig. 6: energy distribution over time for oils heated for 30-45 minutes and thereafter the heater was switched off and allowed to cool
for about 24 hours in an insulated tank.

From figure 6, it can be observed that at the end of the 24 hours, sunflower oil had much more energy than both
palm oil and thermia B. This furthers shows that sunflower oil is more suitable for solar thermal energy
applications.

4.3. Temperature profiles during charging
Figures 7 shows the temperature profiles in the storage tank based on the self-circulating charging system for 6
hours.
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Fig. 7: Temperature profiles during charging of the storage tank using a self-circulating system for 6 hours using a self-circulating
system. T1 is temperature at the top of the storage while T6 is at the bottom. The storage tank was not insulated since the aim was to
compare the temperatures during charging of the three different oils under the same conditions.

In the first one hour, sunflower oil and palm charged very fast and attained temperatures of about 50o C at the top
of the tank; however, in the same period thermia B had a temperature below 30o C at the top. The observed high
rate of charging attained by sunflower oil and palm oil is attributed to their high densities and specific heat
capacities which agrees with similar findings by Mawire et al. (2014).

4.4. Thermal energy profiles during charging
Figure 8 shows the energy distribution in the storage tank for the three different oils during charging by a selfcirculating system. The energy profiles for both refined sunflower oil and refined palm oil increased rapidly in
the first one hour until their peak values were attained.The maximum energy for refined sunflower oil was
0.13MJ attained in about 1.5 hours while for refined palm oil was 0.12MJ attained in about 2 hours. The energy
profile for thermia B increased gradually until it attained a peak value of 0.10MJ in about 3 hours. The high
energy gained in sunflower in a short time is again associated to its high density and specific heat capacity.
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Fig.8: thermal energy stored in the tank by refined sunflower, refined palm oil and thermia B during charging for 6 hours using a
self-circulating system. Sunflower oil the highest energy and thermia B had the least energy.

The drop in energy after 2.5 hours can be attributed to the fact that the density and specific heat capacity for oil
decreases and increases respectively with increasing temperature; but the decrease in density overrides the
increase in specific heat capacity as cited by Esteban et al. (2012).

5. Conclusion
The thermal performance of refined sunflower oil, refined palm oil, and thermia B was experimentally studied.
The results show refined sunflower oil and palm oil gained heat faster than thermia B. However, refined
sunflower oil retained more heat than palm oil. For solar energy applications, the solar radiation may be available
over a period of time and therefore sunflower oil would be more suitable since it can absorb the heat faster and
retain it longer. Further studies should be carried out on a hybrid storage system consisting of rock pebbles and
sunflower oil. This will cut down the cost of the storage since rock pebbles are readily available and cheap. We
also recommend further work on the number of cycles the sunflower oil can be heated and cooled without any
major changes in its properties.
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Abstract

A modified spiral plate heat exchanger for its use as thermal energy storage (TES) has been selected using Hitec ®
salt as storage medium within the activities of the REELCOOP project (7th Framework program of the European
Union Ref N. 608466, www.reelcoop.com). After its installation at one of the storage test facility at PSA
(Plataforma Solar of Almería) and its commissioning, the test campaign has been performed. The testing
procedures and the results evaluation are presented in this paper. For a better understanding of the phase change
process, thermal analyses of the commercial Hitec® salt have been carried out.
Keywords: Latent storage, spiral heat exchanger, Hitec® as phase change material.

1. Introduction
A modified design based on a spiral plate heat exchanger used as latent thermal energy storage module was
proposed in the Prototype #3 of the REELCOOP project. In this project an organic ranking cycle (ORC) using
parabolic trough solar collectors is to be driven with direct steam generation combined with a biogas boiler. In
order to keep producing power in the necessary transient time to change from solar field to biomass boiler a latent
storage module was included as part of this plant. The reliable phase change material (PCM) used to meet the
temperature range needed for both ORC and solar field is the Hitec ® salt.
Previous results regarding the phase change material selection were presented by Rodriguez-Garcia et al., 2016a,
where several candidates PCMs in the range of 130 ºC to 170 ºC were studied. The commercial Hitec® salt was
selected because it was the only one that showed chemical stability under cycling and despite its relatively low
phase change enthalpy.
In the EuroSun congress (Rodriguez-Garcia and Rojas, 2016b) the settlement of the problems addressed during the
commissioning was presented: mainly the filling of the spiral thermal energy storage module and the presence of
water remaining from a previous mandatory pressure test.
In this paper the test campaign of the spiral storage module with Hitec® salt as PCM and a preliminary evaluation
of the results are presented. Moreover, further thermal analyses of Hitec ® like differential scanning calorimetry
(DSC) measurements, melting/freezing cycles in the oven under air down to 40 ºC together with the analysis of salt
composition after the cycles are presented as well.

2. Facility description
Patented by Rivas et al. (2011), the module tested in the REELCOOP project is an adaptation of a commercial
spiral plate heat exchanger, due to limitations in budget and project time frame. With 825 mm external diameter
and 1000 mm height, the spiral heat exchanger used as TES module has volume at the water/steam channel of 205
liters, and 230 liters at the molten salt channel. For more information see Rodriguez-Garcia and Rojas, 2016b.
The testing facility was designed to operate in both charging (see Fig. 1(a)) and discharging modes (see Fig. 1(b))
with water as heat transfer fluid (HTF). In nominal conditions, for the charging (discharging) mode a steam
generator (water heater) provides saturated steam (warm water) to the storage module where energy is transferred
to (from) the PCM. The storage module provides a mixture of steam and liquid water in an undetermined ratio or
steam quality. This water-steam flow is later mixed with liquid water at known temperature and flow. The resulted
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water-liquid flow and its temperature are measured and the thermal cycle is closed.
(a)

(b)

Fig. 1 Charge (a) and discharge (b) operation mode schemas of the test facility at Plataforma Solar de Almería. The facility is
composed by: a water tank; a steam generator that provides saturated steam; an electric water heater; two pumps; a mixer; and a
water cooler.

The pressure in the whole loop is given by the steam generator in charge or by the boiler in discharge and
controlled by a pressure regulating valve situated at the mixed inlet. A 0.5 MPa pressure drop was calculated.
Theoretically, during the charge operation saturated steam at 150 °C enters the storage module prototype (TES)
through the A2 conduction (see Fig. 2) and, once the heat is transferred to the PCM, saturated water at 140 °C exits
the TES module through the A1 pipeline. During the discharge, the operation takes place in the contrary flow
direction: saturated water at 130 °C enters the TES through the A1 conduction and, after evaporating in the TES,
saturated steam at 130 °C leaves the module through A2. Tab. 1 shows a summary of the nominal operation
conditions for both charge and discharge modes.
Tab. 1: Nominal operation conditions for the charge and discharge modes at TES module.

Charge mode
Temperature [°C]

Pressure [MPa]

Flow [kg/s]

Water phase

Inlet (A2)

150

0.47

0.04

Saturated steam

Outlet (A1)

140

0.36

0.04

Saturated water
Water phase

Discharge mode
Temperature [°C]

Pressure [MPa]

Flow [kg/s]

Inlet (A1)

130

0.27

0.05

Saturated water

Outlet (A2)

130

0.26

0.05

Saturated steam

Fig. 2: TES module temperature sensors.
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While water flow is measured with vortex flowmeters, steam flow is measured with a Coriolis-type flowmeter. The
storage module tested here did not allow including temperature gauges at different radial positions, but at the center
and outer radius of the equipment. The final distribution is shown in Fig. 2.

3. Storage module test campaign
After commissioning, test campaign took place from 23/11/2016 to 15/01/2017. The most remarkable aspects of
the preoperational tests and the TES module filling with the selected PCM where presented in Rodriguez-Garcia
and Rojas, 2016b. In this section, the thermal performance tests are presented, comparing the results with that
theoretically expected. While January, 9th has been taken as reference day, the most important results are also
observed in the rest of the days. A further work will present the details of repeatability and quality of the whole test
campaign.

3.1. Charge mode
In this operation mode water should go into the storage module as saturated steam through the lateral upper
entrance (A2 in Fig. 2) and flow through the spiral channel from the largest diameter to the smallest one. Along its
way, water is expected to loss energy by melting the solid PCM, placed in the alternate spiral channel, and to
condensate. The saturated water should be drained by gravity to the bottom.
During the commissioning testing days, some experience had to be acquired to control pressure and temperature
inside the TES module. PCM temperature gauges showed the PCM did not melt when operating at nominal
conditions, and hence, a change in the operation strategy had to be adopted by having 170 °C set point for the
steam generator and adjusting the circuit pressure to the corresponding saturated steam pressure (0.89 MPa).
Nominal mass flow was not achieved due to limitations in the steam generator.

Peaks due to bubble
formation

Fig. 3: Charging and discharging operation

In charging processes the steam generator continuously provides steam at 170 ºC and at a much lower pressure than
0.8 MPa, which is the saturation pressure at that temperature. Therefore, the mean HTF temperature within the
module at its entrance increases with time as expected (TA1 and TA2 in Fig. 3). When the loop pressure was
adjusted to get up to 0.8 MPa, the system reacts by changing the temperature at the outlet pipe of the module (TE015) with a sudden drop down. Temperatures close to the outlet but within the module (TA1 and TA2) show a
certain decrease, but not so important. When the gauge pressure becomes 0.4 MPa, the initial 0.025 kg/s steam
decreases to 0.01 kg/s, which is in the range of the minimum steam mass flow the flowmeter can detect. ‘State(T1)’
variable shows if the water at the temperature (TE-001) prior to enter the storage module is steam (associated to
value 2) or liquid (associated to a value 1). Working at pressures so close to saturation ones, implies that it may
happen, as shown in Fig. 3, that steam is easily condensed prior to be supplied to the storage module.
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Fig. 4: Charging and discharging operation (flow, pressure and temperature/10)

3.2. Discharge mode
During the discharge, the operation takes place in the contrary flow direction: according to specifications saturated
water at 130 °C enters the TES through the A1 conduction; being constant the power provided to the TES and
producing, after evaporating in the TES, saturated steam at 130 °C. In this last case particular problems were found
due to the electrical water heater used to preheat the water up to 130 °C, and finally, its set-point temperature had
to be reduced to 85 °C in order to avoid an undesirable bubbles formation around the electrical resistance in the
water heater. Temperature in the storage module was 160 °C, with a corresponding saturation pressure of
0.61 MPa, which is 0.2 MPa lower than the pressure in the circuit. Due to the imposed pressure loop, the water
exiting the TES during the discharge is in liquid phase, even after exchanging enough energy with the PCM to be
evaporated. Therefore, the foreseen methodology of testing and evaluation for discharging could not be applied.

3.3. Temperatures in the PCM
In the PCM channel of the storage module there are 6 thermocouples installed (see Fig.2): three in the central PCM
channel (purple lines in Fig. 5) and another three close to the outer module surface at the opposite side at the
horizontal entrance/exit of the HTF to the module (yellow lines in Fig. 5). These temperatures should reflect the
fact that the PCM changes phase at a certain point.
According to the HITEC® study reported at 4.2 below, during charging (melting process) two phase transitions
should be observed in the PCM: one at 90 ºC –which may correspond to a solid to solid transition- and another one
at 140 ºC –corresponding to solid to liquid phase change-. The transition at around 90 ºC is observed in all these 6
thermocouples by a change in their profile slope. The 140 ºC transition is clearly observed only in TE-024. TE-027
may show a short of changing slope at that temperature but due to the fluctuations in the data it cannot be assured
with certainty. TE-022 shows a transition but at around 130 ºC and TE-023, TE-025 and TE-026 seem to have no
more transition but the one at 90 ºC.
During discharging (freezing the PCM) the above mentioned study supports to have two transitions: one at 140 ºC
(liquid to solid) and another one at 60 ºC (corresponding to solid to solid phase change). The difference in the
temperature at which the solid to solid transition takes placed is due to the supercooling effect. In discharging is the
solid to liquid transition the one that is clearly identified in all the thermocouples that achieved 140 ºC. TE-024,
TE-025 and TE-026 in the 9/1/2017 test, which is being used as example, do not reach but 160 ºC when the
recording of experimental data stopped.
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Fig. 5: PCM temperatures for charging and discharging on 9/1/2017.

During charging, temperature at the bottom (TE-022) and the top (TE-024) show the same profiles up to around
90 ºC, from which the steam boiler starts providing non-continuous steam at low mass flow and the value of the
temperature gauges at the top began to increase more slowly than the bottom ones, reaching the solid to liquid
transition temperature –around 140 ºC- 36 minutes later. This delay can be explained by considering that the steam
supplied to the module stagnates at the upper part and, since steam has a poor heat transfer coefficient without
changing phase, the PCM at this upper part requires more time to reach the same temperature level than at the
bottom part when it condensate.
This inhomogeneous melting of the PCM within the storage module imposes a problem when determining the end
of charging process. Depending on the period of time considered for charging, one of the following situations can
occur at that point: part of the PCM at the top is still solid; part of the PCM at the bottom is superheated; or part of
the PCM at the top is still solid and part at the bottom is superheated.
Looking at the temperatures or the state of the HTF at the exit of the storage module during charging (TE-016), this
question is not clarified either. The end of charging may be assumed when steam is detected at the exit of the
storage module; in this case the PCM gauges show a superheating behavior coming close and to around 170 ºC.
Discharging is assumed to start after a transition time, in which valves are closed/open to change to discharging
HTF loop. In the case of the tests performed on 9/1/2017, at 15:37 pressure at the loop reaches 0.7 MPa but the
cold mass water flow does not stabilized till 15:58 (see Fig. 4), thus discharging is assumed to start at that time. As
mentioned in 3.1, due to the affordable loop pressure the water during discharge cannot be converted to steam,
therefore the state of the corresponding HTF at the storage module exit does not give any clue on the end of
discharging process.
Looking at PCM average temperatures, we can see that the three average profiles decrease their values with a
different velocity as it happens during charging. While the PCM at the bottom of the storage module achieved the
solidification temperature, 140 ºC, the PCM at the top of the module did not achieve such temperature when we
stopped recording experimental data.

3.3. Thermal losses analysis
Idle thermal losses were expected to be calculated by the difference in discharged energy from a fully to a partially
charged TES module situation, coming the partially charged situation from leaving the TES module for a certain
time without any manipulation. As already mentioned, stablishing the end -and thus the associated energy- in a
discharge process is not reliable due to the inhomogeneous behavior of the PCM. Thus, another procedure has to be
applied.
One method for calculating idle thermal losses is to turn off all heating sources and track the rate of temperature
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decay in average along certain time. By knowing the mass and enthalpy of storage media in the vessel, an
estimation of the heat losses can be made by calculating the enthalpy variation in water and PCM from the starting
time to the final time.
In Fig. 6 experimental results of the evolution of temperature during one week is shown. In those testing days some
adjustments to the data acquisition system were performed so data is not continuously recorded along the whole
day. These experimental data (- markers) is linked between them by an interpolation line. In this Figure, several
“plateaus” at different temperatures can be observed for both water and PCM. It has been assumed that these
plateaus are the result of a phase change occurring in the influence volume of the corresponding thermocouple.
When the thermocouple is inserted in the PCM, the plateaus do not correspond necessary to its expected solid to
liquid (around 140 °C) nor to its solid to solid (around 60 ºC) transitions, but keeps its temperature constant
because some PCM around changes phases in spite that the PCM directly in contact does not. This assumption is a
certainty with the thermocouples placed in water: no phase change takes place in the water at certain time period,
but a plateau can be observed due to the phase change occurring in the adjacent PCM.

Fig. 6: Temperature evolution of water and PCM during the thermal losses test.

From these data, an estimation of 1.45 kW power thermal losses mean value has been found. This value is
calculated by adding the thermal losses associated to the stainless steel conforming the TES module (25.6 kWh),
the thermal losses of the PCM (23 kWh), those of the water (127.871.05 KWh) and knowing that these thermal
losses have occurred along 121.78 hours. For sake of simplicity, ambient temperature has been considered the
mean ambient temperature during the experiment (20 °C).
According to the authors, this method of calculating idle thermal losses by adding the idle thermal losses of the
different components of the tank along a long period of time is the only possible way of calculating thermal losses
of the while system, since it is not possible to define a representative temperature nor of the prototype nor of its
surface in contact with ambient. This fact implies that it is not possible calculating a heat lost coefficient for a
given TES module temperature (or time step) but just a mean value along a long period of time.

3.4. Charging and discharging power and stored energy
As already mentioned there is not a clear definition of the points at which charging and discharging processes end,
since the storage module does not behave as a whole.
In Figure 7 the charging power for 9/1/2017 is shown. It is calculated by the mass flow measurement and the
enthalpy change given by the HTF outlet conditions and HTF inlet conditions. Keeping in mind that the steam
boiler provides steam at pulses, the obtained shawtooth profile is expected. The very low values from 11:25
onwards are due to the already mentioned decrease in steam mass flow production due to pressure loop and the
limitations of the steam boiler. If there were not these disadvantages, a constant charging power would be
expected.
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Fig. 7: HTF charging power, energy supplied by the HTF and estimated energy used for sensible heat.

In order to calculate the energy supplied by the HTF to the storage module, the above mentioned curve has been
integrated in time (QHTF(T16), [kWh]). At the end of charging process, the HTF has supplied around 94.4 kWh to
the whole system. Part of this energy has been used for increasing the temperature of the storage module (Qsensible),
[kWh], part for dealing with thermal losses (Qlost),[kWh], and part has been stored in form of latent heat, by
changing the phase of the PCM from solid to liquid (Qlatent), [kWh], i.e.,
 ୌ ൌ   ୱୣ୬ୱ୧ୠ୪ୣ    ୪୭ୱ୲   ୪ୟ୲ୣ୬୲

(eq. 1)

The sensible energy required to increase the temperature, Qsensible, takes into account that the storage module is
made of 1410 kg stainless steel (cp=500 kJ/kgK) and 410 kg of HITEC (cp=1560 kJ/kgK), which means that steel
mass is more than 3 times PCM mass, while its heat capacity is around three times lower, giving similar thermal
losses for both materials.
Considering that, as mentioned above, that mean heat loss power is 1.45 kW, the resulting energy for the latent heat
is 1 kWh, which implies 9 kJ/kg specific latent heat of the PCM, which is much lower than the one expected up to
now. This result makes Hitec salt not the most appropriate candidate for its use as PCM.
The main conclusion obtained is that with a module of this type it is necessary to know with certain accuracy a
thermal map of the PCM. The storage module tested here did not allow including temperature gauges at different
radial positions, but at the center and outer radius of the equipment. This would allow a better definition of the
phase change moment for the different parts of the TES module, since one of the main conclusions of this work is
the difficulty in defining ends of charging and discharging processes when inhomogeneous phase change processes
take place.

4. Performance studies of Hitec® salt
As stated in a previous work (Rodríguez-García and Rojas, 2016), the selected PCM implemented in the spiral
storage module was the commercial eutectic salt mixture Hitec ® (NaNO3-KNO3-NaNO2; 7/53/40 % w)
(http://www.coastalchem.com/). This salt mixture has the melting point at 142 °C with a reported enthalpy of
fusion of about 83 kJ/kg and is expected to be thermally stable up to 535 °C (http://stoppingclimatechange.com).
Despite its relatively low phase change enthalpy, this salt was finally selected because its melting temperature fits
the operating temperature range of the storage module but also because it has proven to be chemically stable upon
daily melting/freezing cycles under inert atmosphere (Rodríguez-García and Rojas, 2016).

4.1. DSC measurements
For a preliminary stability study a Hitec® sample previously dried at 120 ºC for 48 hours was subsequently cycled
between 130 ºC and 150 ºC at 2 ºC/min except for the first heating that was performed at 10 ºC/min. The resulting
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curves are plotted in Fig.8 and the temperatures and enthalpies calculated for each cycle are recorded in Tab. 2.

Fig. 8: Three DSC melting/freezing cycles performed from 130 ºC to 150 ºC for Hitec® commercial mixture dried at 120 ºC for
48 h.
Tab. 2: Results of DSC measurements displayed in Fig. 8

Cycle
Tmelt-peak
ΔHmelt
1st
142 ºC*
56 kJ/kg*
2nd
141 ºC
57 kJ/kg
3rd
141 ºC
60 kJ/kg
(*) Performed at 10 ºC/min

Tfreez-peak
136 ºC
136 ºC
136 ºC

ΔHfeez
51 kJ/kg
49 kJ/kg
47 kJ/kg

As we can see thermal behavior is maintained during cycling and not only in terms of temperatures but also in
terms of enthalpies. In this way, the mean melting temperature obtained is about 142 ºC while the freezing
temperature is 136 ºC. This small difference between melting and freezing is usually observed in DSC
measurements and does not correspond to any supercooling phenomenon. As for the enthalpy values they remain
constant for all cycles being the values slightly higher for melting (57 kJ/kg) than for freezing (49 kJ/kg). It is
important to remark that the melting enthalpy obtained experimentally is no higher than 60 kJ/kg and hence rather
lower than the expected theoretical value of 80 kJ/kg. On the other hand the peak of the first heating cycle is much
larger than the other peaks because this run was performed at 10 ºC/min and the others at 2 ºC/min. However the
thermal result of this run is similar to the results of the other ones.
DSC measurements were also performed for Hitec® salt previously dried at 120 ºC for 48 hours in the temperature
interval 50 ºC-160 ºC at 10 ºC/min rate. The curves obtained for the first heating and the second heating /cooling
runs are displayed in Fig. 9. During the first heating run, we observe a sharp peak at around 131 °C that could
correspond to adsorbed water evolution together with a broad peak corresponding to the melting of the bulk salt
powder. During the first DSC run not much information about sample thermal properties can be obtained since the
main goal is to make it homogeneous. During the second heating/cooling runs, if temperature is decreased down to
50 ºC, in addition to the melting/freezing process at a140 ºC other transition is observed at 93 ºC upon heating and
at 119 ºC upon cooling. It is interesting to note that the additional transition observed in the heating run (at 93 ºC)
has an enthalpy almost in the range of the melting process. This would explain the plateau displayed by some of the
thermocouples recording temperatures inside the REELCOOP P#3 storage prototype at a temperature lower than
the melting one.
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Fig. 9: DSC curves for 1st heating and 2nd heating/cooling runs for HITEC® mixture previously dried @ 120 ºC for 48 h.

4.2. Thermal cycles under air
In order to confirm that Hitec® has a transition that takes place at a temperature lower than the melting one, various
daily heating/cooling cycles between 40 ºC and 170 ºC were performed under air in an oven with forced ventilation
and hence with strict temperature control. Fig. 10 displays one of these cycles where it can be seen not only a
shoulder at around 140 ºC that corresponds to the eutectic phase change but also other shoulder at lower
temperature with apparently similar size. The shoulder associated to the melting/freezing transition appears at the
same temperature during both heating and cooling processes, which confirms that Hitec ® does not present
supercooling. For the shoulder at lower temperature we can see that it appears at 90 ºC during the heating and at
60 ºC during the cooling. This is in agreement not only with the plateaus observed at around 90 ºC in the
temperature curves recorded during the charging of REELCOOP P#3 storage prototype (Fig. 1.b) but also the DSC
heating scan of Fig. 9. The fact that this transition appears at a lower temperature (60 ºC) during the cooling can be
due to a supercooling phenomenon. This can be the reason why it was not observed in DSC scans since they were
only performed down to 50 ºC and usually supercooling effect is larger in this kind of measurements due to the
small amount of sample they use. On the other hand, since the oven has forced ventilation and Hitec ® remained
melted at 170 ºC for about 10 h and hence enough time and temperature to evolve any adsorbed water, this low
temperature shoulder can be more likely associated to a solid to solid transition than to water exchange.

Fig. 10: Close view of a temperature-time curve for a daily heating/cooling cycle of a Hitec ® sample between 40 ºC and 170 ºC.
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4.3. Studies of thermal degradation
Hitec® salt is not a medium chemically stable since its components can react between them or with their
environment (atmosphere or metallic walls) through processes strongly temperature dependent. One of the widest
studies of Hitec® thermal degradation was published by Roche in 1980. This author observed that the main
indicator of Hitec® degradation is the decrease of nitrite ions which leads to an increase of melting temperature in
the salt mixture. Actually if all nitrites were converted in nitrates the final salt composition would be the eutectic
mixture NaNO3-KNO3 47/53 %-w whose melting point is 220 ºC.
According to Roche 1980, the main degradation reactions of Hitec ® mixture are the following:
ଵ
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The first one (eq. 2) is the oxidation of nitrite to nitrate by the oxygen, which is expected to take place in open
systems exposed to air, whereas the second one (eq. 3) is the so called nitrite thermolysis in which nitrate, oxide
and nitrogen are produced. In this case the presence of oxygen is not required and hence this reaction can take
place in closed systems.
Assuming that only these two reactions are involved in Hitec® degradation, Roche (1980) obtained the
thermodynamic equations governing the equilibrium and with them he calculate the mole percentage of all species
involved in the equilibrium (nitrites, nitrates and oxides) as function of temperature for different environments. In
this way, when molten Hitec® is kept under air at temperatures below 500 ºC, the predominant species are the
nitrates and hence the risk of nitrite oxidation is very high. However, at temperatures above 500 ºC, nitrites become
more stable and reaction (2) can even be reversed with the corresponding evolution of oxygen. For the case of
oxides they start only appearing above 850 ºC. In contrast, if molten Hitec® is kept under N2 with a very little
amount of oxygen (0.001 atm) the amount of nitrites at 500 ºC increases dramatically (from 2.6 % in air to 27.3 %
in N2), which are good news, whereas oxides can appear already at 600 ºC increasing the corrosion risk and the
possibility of other degradation reactions (Roche, 1980). It must be taken into account that these results correspond
to the equilibrium composition of the molten Hitec but thermodynamic equations do not give any information
about how long it takes until such equilibrium state is reached. For that information the kinetics of these
degradation reactions must be studied.
In this way Olivares (2012) performed kinetic studies of Hitec® thermal degradation under different gas
atmospheres by means of thermogravimetric analysis. In general it can be said that Hitec ® seems to be stable under
any gas atmosphere for temperatures lower than 370 ºC and this stability range is extended to about 470 ºC if it is
kept under inert atmosphere (Ar or N2). Under either O2 or air atmospheres nitrites undergo slow oxidation at
370 ºC-390 ºC through eq. 2 but this process is not observed when inert gases are used. However, for all
atmospheres once 450-500 ºC is reached, gas emission is produced although the strong weigh loss begins at about
610 ºC. The gases evolved during weight loss are NO, NO2, O2,, N2, which are the expected products of both
nitrate and nitrite thermal degradation. Roche 1980 also performed various test for determining Hitec® degradation
rate under different atmospheres by monitoring the variation of NO2- molar percentage versus the number of days it
had been kept at a certain temperature. Again they obtained that degradation of Hitec ® starts to be important at
temperatures above 300 ºC not only under N2 but also under air atmosphere. However, due to the operating
conditions of the storage module of REELCOOP P#3 prototype, the highest working temperature of molten Hitec®
is not expected to exceed 180 ºC. Therefore kinetic results of Olivares 2012 and Roche 1980 are not valid in our
case. Moreover, the degradation experiments performed by both authors were not correlated to any kinetic equation
and hence their extrapolation to low temperature region cannot be done directly.
Fortunately, it has been found in the literature that Freeman described the degradation kinetics of both
NaNO2/NaNO3 (Freeman 1956) and KNO2/KNO3 systems (Freeman 1957) with similar equations. Therefore we
can assume that the same expressions could be used for describing the thermal degradation of Hitec® mixture. By
combining the experimental results of Roche (1980) and the kinetic equations of Freeman (1956 and 1957) for
nitrites degradation, it was possible to obtain the dependence of the kinetic constant with temperature and hence
estimate the degradation of Hitec® under air at temperatures close to the melting point. As displayed Fig. 11.a, in
the time scale of a year, Hitec® mixture undergoes strong degradation under air when kept at temperatures higher
than 400 ºC whereas for operation temperatures of 300 ºC, nitrite mole fraction remains at its initial value (0.49).
When degradation curves of Hitec® are calculated for lower temperatures (see Fig. 11.b), degradation time scale
has to be increased to several years. In this case we can see that for temperatures below 200 ºC, Hitec® shows no
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decrease in nitrite content and hence no significant degradation should be expected for at least 10 years of
operation in that temperature range.

Fig. 11: Expected Hitec® degradation under air in the temperature range: 600 ºC-300 ºC (a) and in the range: 300 ºC-200 ºC (b).

From these calculations we can conclude that Hitec® mixture can be kept under ambient air without any risk of
degradation due to nitrite oxidation when used as PCM for latent storage in the range of its melting temperature.
However, although salt degradation is not expected in the presence or air, the metallic container might not behave
in the same way and hence undergo corrosion due to the presence of air or to the molten salt itself. This could
change the behavior of Hitec® salt and promote its degradation. This was one of the reasons why REELCOOP P#3
prototype inner cavity was kept under N2 in order to avoid any atmosphere undesirable degradation process either
in the salt or in the material container. The other reason was preventing moisture to be in contact with Hitec®
mixture since we observed that it is quite hygroscopic in solid state.
In order to confirm that no degradation happened in Hitec® salt upon short-term cycling, we analyzed the
composition of some samples by ionic chromatography before and after either consecutive or daily cycles
performed under air or inert atmosphere (N2 or Ar). The results in terms of ionic weight percentage are recorded in
Tab. 3. The analysis of ionic composition of Hitec® showed a slight decrease of nitrite concentration after 50-60
daily melting/freezing cycles. However, the increase in nitrate composition is not so clear especially if we take into
account that cation percentages do not remain constant. Hence, since the values are close to the theoretical ones,
these variations could be within the limits of the experimental error specially if we take into account that the results
for the cycles under air are the same as the results for the cycles under inert atmosphere.
Tab. 3: Results of Hitec® analysis by means of ionic chromatography.

Theoretical composition
As received Hitec® salt
After 5 consecutive cycles in air
After 25 consecutive cycles in air
After 60 daily cycles in air
After 50 daily cycles in N2
After 53 daily cycles in Ar

Na+[w-%]
15.2
17
16
16
17
17
17

K+[w-%]
20.4
18
20
19
20
20
20

NO3-[w-%]
37.6
33
36.5
35.8
37.4
37.5
37.3

NO2-[w-%]
26.7
31.7
28.7
28
26.7
25.8
26

5. Conclusions
In this article the experimental results of the REELCOOP project have been evaluated. In this project a PCM
thermal energy storage with a spiral geometry is used. In terms of the behaviour of the storage prototype, it can be
said that inhomogeneous melting/solidification processes of the PCM takes place due to the stagnation of steam in
the upper part of the module. This inhomogeneous melting/solidification processes implies that the charging and
discharging processes are difficult to be defined and limited in time, which results in not very accurate charge and
discharge power and thermal losses calculations.
The obtained values for power and stored energy are much lower than the expected ones: 50 kWth as the lowest
expected power against the 13 kWth as the largest experimentally calculated; 6 kWh expected thermal capacity
against 1 kWh experimentally observed. This mismatch may be due to a lower specific latent heat of the PCM
(9 kJ/kg) than the expected from DSC measurements (around 50 kJ/kg).
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In spite of a well-designed insulation not only around the prototype but also by reducing thermal bridges by having
two well-isolated storage module supports, thermal losses are 1.44 kW. Thermal losses related to the steel (tank
and channeling) are of the same order as the ones of the PCM.
Considering the above, we have to conclude that neither the module design nor the PCM are appropriate options
for storing latent energy.
The performance studies carried out Hitec® have shown that this salt does not display supercooling while its
corresponding melting enthalpy is much lower than the reported value (55 kJ/kg vs. 80 kJ/kg). Hitec also displays
an additional transition at a temperature lower than the melting temperature which is most probably associated to a
solid-solid and not to water evolution. Kinetic calculations and salt analysis after short-term cycling have
demonstrated that Hitec® was not expected to degrade due to nitrite to nitrate conversion during the prototype
testing period.
The mismatch between the results obtained of the PCM at laboratory level -with small amounts of PCM and well
controlled ambient conditions- and those obtained in a medium size storage module shows the importance of
manufacturing prototypes and avoid claiming feasibility of materials for storing energy just by laboratory results.
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Abstract

This paper evaluates whether a net-zero energy building (NZEB) can be attained by implementing on-site
renewable electricity production when renovating to Passive House level. The assessment is based on the
Swedish single-family housing stock constructed between 1961 and 1980, using two case study houses and three
locations. Specific conditions of the houses, such as the type of heat generation and available roof area for
installation of a photovoltaic system, determine whether a NZEB renovation is possible. Overall, the assessment
showed that it is not cost-effective to aim for NZEB when implementing a PV system, based on the alternatives
in this study.

Keywords: energy renovation, NZEB, single-family houses, renewable energy

1. Introduction
Single-family houses (SFHs) constructed between 1961 and 1980 account for approximately one-third of the
total energy use, 31 TWh, for space heating and domestic hot water (DHW) in Swedish SFHs. These houses
account for about 40 percent of the total energy use in buildings (Swedish Energy Agency, 2015b). There are
roughly 715,000 houses from this period (Statistics Sweden, 2015) and they are largely homogeneous in
technical terms, with low levels of thermal insulation, and ventilation with heat recovery is rare (Boverket,
2010a). The average energy use for houses from this period is about 40 percent higher than SFHs constructed
between 2011 and 2013 (Swedish Energy Agency, 2015a). Many of these houses need to be renovated
(Boverket, 2010b), providing an excellent opportunity to incorporate energy efficiency measures, to reduce both
operational cost and greenhouse gas emissions related to energy use. A continuation of this is to also implement
local renewable energy production to further reduce energy use.
National and international goals for a sustainable future are part of the overall objective to reduce greenhouse
gas emissions and mitigate global warming and climate change (European Commission, 2011, SOU, 2016). The
Swedish Government has set a target of a 50 percent reduction in total energy use per heated floor area by 2050,
compared to the level in the reference year 1995 (Sahlin, 2006). Because of limitations in existing buildings,
such as limited space, economic considerations, or preserving cultural heritage values, a 50 percent reduction of
energy use is not possible in all buildings. To compensate for this, energy use must be reduced by more than 50
percent in some buildings to achieve an average of 50 percent energy use reduction. One way to achieve this is
to renovate existing buildings to net-zero energy buildings (NZEB) whenever possible.
The purpose of this study was to determine whether a net-zero energy building (NZEB) could be attained for
SFHs from 1960s and 1970s by implementing on-site renewable electricity production when implementing an
extensive renovation package to Passive House level, based on the Swedish Passive House standard, FEBY 12
(Erlandsson et al., 2012).
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2. Method
A photovoltaics (PV) system for local renewable electricity production was installed on two reference houses to
ascertain the viability of a NZEB renovation. The assessment involved comparing the electricity production
from the PV system to the energy demand of the buildings after implementing extensive renovation packages to
Passive House level. The reference houses were evaluated in three different locations in Sweden – from Malmö
in the south (55.52 N, 13.37 E) to Kiruna in the north (67.82 N, 20.33 E).
When the Passive House standard is applied, thermal transmission and ventilation losses are reduced by about
70 percent (Ekström and Blomsterberg, 2016). The renovation measures used to achieve the Passive House level
renovation are presented in Table 1. Based on the type of heat generation commonly used in Swedish SFHs
from this period, the reference houses were evaluated with two alternatives: electric heating and a ground source
heat pump. Non-electric heating such as pellets and district heating were excluded because of their reliance on
other energy sources. Three locations were chosen to determine whether the difference in solar radiation and
ambient conditions, such as temperature, impacted the possibility of achieving NZEB. These locations were
Malmö in the south, Östersund located in central Sweden, and Kiruna in the north.
Table 1. Description of the Passive House renovation level with renovation measures and the required performance level.

DHW

Installations

Building envelope

Renovation level

Passive House

Facades

New

External walls

0.10 ±0.02 W/(m²ÂK)

Roof

0.10 ±0.02 W/(m²ÂK)

Foundation

Improved, see Table 3

Cellar walls

+200 mm thermal insulation

Windows

0.80 W/(m²ÂK)

Doors

0.80 W/(m²ÂK)

-

Thermal bridges

Calculated

Airtightness, at ± 50 Pa

0.3 l/(sÂm²)

Drainage

New

Ventilation system

Balanced, with heat recovery

Ducts

New air ducts

Heating system

New, depends on heat generation used

Heat generation

New, depends on evaluated heat generation

Heater

New

Pipes

New

Fixtures

New

Household purpose electricity

Not included, new energy efficient appliances and lighting assumed

Two case study buildings represented the SFH building stock from the period (Table 2). These houses were used
in earlier studies of energy savings potential (Ekström and Blomsterberg, 2016) and cost-effectiveness (Ekström
et al., 2017) of renovations aimed at reaching Passive House level. More detailed information about the
renovation measures can be found in those papers. The impact of renovation measures on the building envelope
of the reference houses is shown in Table 3.
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Table 2. Description and visualization for the two case study buildings before renovation.

Reference house 1
Year built:

1965

Roof area:

169 m², inclination < 5 °

Atemp:

230 m2

Ventilation:

Passive stack ventilation

Description: One-storey house with a cellar and a pent roof,
lightweight concrete walls and a concrete slab foundation.
Reference house 2
Year built:

1977

Roof area:

80 m² + 80 m², inclination 45 °

Atemp:

142 m2

Ventilation:

Balanced ventilation, with heat
recovery

Description: One-and-a-half storey house with a ridged roof,
45°, wood frame structure walls insulated with mineral wool
and a concrete slab foundation.

Table 3. Section drawings of the reference houses before and after implementing the passive house renovation packages.

Reference house 1
Before renovation

After renovation

Reference house 2
Before renovation

After renovation

The building simulations include detailed models of the reference houses, with zones for each room. A specific
building model was used for each alternative in the assessment. The input data regarding structures, thermal
transmittance, airtightness, inhabitants, internal heat gains and shading was gathered from and prioritised as
follows: 1) specific data for reference house; 2) Passive House requirements (Erlandsson et al., 2012); and 3)
Sveby (Levin, 2012) was used for normalised user-related input data. The reference houses were assumed to be
inhabited by two adults and two children. Weather data files included in the building energy simulation program
(IDA ICE 4.7) from SMHI (Swedish Meteorological and Hydrological Institute), with long-term measurements
of climate and weather, were used for each location in the simulations. In Swedish conditions cooling is not
commonly used in residential buildings, so is excluded from the analysis.
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On-site production of renewable energy was evaluated by simulating the performance of the PV system, to
ascertain whether it could cover the annual energy demand of the houses. A validated dynamic building energy
simulation tool, IDA ICE 4.7 (EQUA, 2016) was used to simulate energy demand, and the simulation program
SAM 2017.1.17 (NREL, 2017) was used to simulate the production from the PV system. The nominal efficiency
of the PV panels was assumed to be 20.6 percent and an expected service life of 25 years (Lindahl, 2014), with a
temperature coefficient of -0.3 percent per degree increase and an inverter with a maximum conversion
efficiency of 96 percent. The PV panels were placed with the same tilt as the existing roof. The simulations used
hourly values to compare self-consumption of the electricity from the PV system. The definition and equation
for calculating the self-consumption, or solar fraction, used in this study is presented in equation (1):
Solarfraction(%) =

energyfromPVtoload
(1)
energyload

0.12

1.40

0.10

1.20
Monthly distribution

Daily hot water consumption

The total energy demand that production from the PV system needs to cover is the demand for household
electricity, space heating, domestic hot water and facility electricity. The demand for household electricity is
based on the annual average use in Swedish SFHs, 5900 kWh, and the domestic hot water demand is based on
the normalised annual use in Swedish SFHs of 20 kWh per heated floor area, Sveby (Levin, 2012). The energy
demand for space heating and facility electricity was simulated in IDA ICE 4.7 for the specific case study
buildings at the different locations and with the different types of heat generation. The assumed variation in the
domestic hot water demand for the evaluation is presented in Figure 1 and Figure 2. Variation in household
electricity demand was assumed as shown in Figure 3 and Figure 4.
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Figure 2. Annual variation of DHW consumption based on
FEBY12 (Erlandsson et al., 2012).
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Figure 1. Daily variation of DHW consumption based on a
simplification (Bernardo et al., 2012).
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Figure 3. Assumed daily profile for household electricity use
based on measurements of Swedish passive houses. This is not
included in specific energy use (Nilsson and Westberg, 2012).
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Figure 4. Assumed yearly distribution of household electricity
use based on measurements of Swedish passive houses (Nilsson
and Westberg, 2012).

The economic analysis, using the software “Investment calculation for photovoltaics” (Stridh, 2016), calculated
the life cycle cost as net present value and internal rate of return. The investment cost of the system is based on
the average prices, €1850 per installed kWp including VAT, presented in the software. A Government grant is
available for installation of a PV system on a SFH, covering 20 percent of the investment costs (Svensk
författningssamling 2016:900, 2009), which was included in the economic calculation. It was assumed that a
loan was taken to cover the investment cost. The interest rate of the loan was assumed to be two percent higher
than inflation, so the real interest rate used in the calculations of net present value was two percent.
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The total price per kWh for bought electricity in Sweden is based on several parameters. In addition to the
electricity price, there is also the grid service price, electricity certificate (Swedish Energy Agency, 2016),
electricity tax (Swedish Tax Agency, 2017) plus VAT. The fixed fees were not included since they do not
change with the energy demand, so they are not impacted by the reduced energy use from the renovation
measures.
To determine the electricity price, information was gathered regarding average annual grid service price per
kWh and monthly electricity prices per kWh for the variable price rate for SFHs (Statistics Sweden, 2017). The
average electricity price depends on the electricity demand of the house – if the heat generation is based on
electricity, electricity demand is higher and price per kWh lower, and if non-electric heat generation is used,
electricity demand is lower and price per kWh higher. Only houses using electric heating were included in this
study, so only electricity prices for such houses were included. Average electricity prices are about €0.13 per
bought kWh for houses using electric heating (Figure 5). The price increase above inflation was assumed to
zero.
The selling price for electricity sold to the grid, presented in Figure 6, was estimated based on the average price
of €0.05 per kWh in “Investment calculation for photovoltaics”. Also included is the electricity certificate of
€0.013, compensation for the grid owner of €0.005, certificate of origin of €0.0005, and a tax subsidy of €0.06
available for the first 15 years of production. All costs were estimated in Swedish Crowns (SEK) and converted
to Euro (€) with a conversion rate of SEK 10 for €1.
0.14

0.14
VAT

0.10

Grid service price

0.08
Electricity
certificate

0.06
0.04

Electricity tax

0.02

Tax subsidy

0.12

€ per kWh

€ per kWh

0.12

Certificate of
origin

0.10
0.08

Compensation
for the grid
owner
Electricity
certificate

0.06
0.04
0.02

Electricity price

0.00
With electric heating

Figure 5. Average annual price for electricity bought from the
grid for houses using electricity for heat generation.

Selling price

0.00
With electric heating

Figure 6. Average annual price for electricity sold to the grid
for houses using electricity for heat generation.

3. Results and discussion
Results are presented, in Table 4 for Reference house 1 and in Table 5 for Reference house 2, as annual
electricity demand (including space heating, domestic hot water, facility electricity and household electricity),
annual electricity production from the PV system and self-consumption, based on the hourly demand and
production. The aim was for the annual electricity production to equal that of the energy demand, to attain the
NZEB level. The results are shown per location and type of heat generation. Also presented are the system size
and the peak power of the evaluated systems. Alternatives presented in red do not attain the NZEB level.
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Table 4. Results from simulation of the PV system production for Reference house 1 with roof tilt of < 5 degrees. Alternatives
presented in red do not attain the NZEB level.

Heat generation

Electric heating

Ground source heat pump

Location

PV system

Peak

Annual

Annual

Self-

size

power

demand

production

consumption

m²

kWp

kWh

kWh

%

Malmö

114*

23.5

18 400

19 000

31.1

Östersund

114*

23.5

25 400

16 900

25.0

Kiruna

114*

23.5

30 600

14 200

21.3

Malmö

65

13.4

10 200

10 900

34.6

Östersund

90

18.4

12 600

13 200

30.1

Kiruna

114*

23.5

14 900

14 200

25.4

*Maximum available roof area.
Table 5. Results from simulation of the PV system production for Reference house 2 with roof tilt of 45 degrees and east-west
orientation. Alternatives presented in red do not attain the NZEB level.

Heat generation

Electric heating

Ground source heat pump

Location

PV system

Peak

Annual

Annual

Self-

size

power

demand

production

consumption

m²

kWp

kWh

kWh

%

Malmö

90

18.4

12 800

13 200

33.1

Östersund

131

26.8

16 100

17 000

29.0

Kiruna

163*

33.5

18 700

18 000

26.3

Malmö

57

11.7

8 600

8 700

35.9

Östersund

82

16.8

9 800

10 700

32.8

Kiruna

98

20.1

10 800

10 800

29.6

*Maximum available roof area.

The results show that fulfilling the aim of a NZEB building depends both on location and type of heat
generation. In the case of Reference house 1, the PV system was limited by the size of the roof in three cases:
for electric heating in Östersund and Kiruna, and for the ground source heat pump in Kiruna. For Reference
house 2, this was only the case for electric heating in Kiruna. The results reflect both the increased demand for
space heating in the colder climate and the reduced production from the PV system in the northern parts of
Sweden.
The results from the life cycle cost calculations are presented, in Table 6 for Reference house 1 and in Table 7
for Reference house 2, with the investment cost for each system and as net present value and internal rate of
return. The results are shown per type of heat generation and location. Alternatives presented in red are not
profitable.
Table 6. Profitability calculations for the implementation of PV systems on Reference house 1, presented with investment costs, net
present value and internal rate of return. Alternatives presented in red are not profitable.

Heat generation

Electric heating

Ground source heat
pump

Location

Investment cost

Net present value

Internal rate of return

(€)

(€)

(%)

Malmö

35 250

680

2.2

Östersund

35 250

- 4 300

0.7

Kiruna

35 250

- 10 200

- 2.4

Malmö

20 100

710

2.4

Östersund

27 600

- 3 100

0.8

Kiruna

35 250

- 9 900

- 1.2

863

T. Ekström / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Table 7. Profitability calculations for the implementation of PV systems on Reference house 2, east-west orientation, presented
with investment costs, net present value and internal rate of return. Alternatives presented in red are not profitable.

Heat generation

Electric heating

Ground source heat
pump

Investment cost

Net present value

Internal rate of return

(€)

(€)

(%)

Malmö

27 600

- 2 900

0.9

Östersund

40 200

- 9 300

- 0.5

Location

Kiruna

50 300

- 17 200

- 1.9

Malmö

17 600

- 1 100

1.4

Östersund

25 200

- 5 500

- 0.4

Kiruna

23 000

- 11 000

- 2.2

The cost-effectiveness is also shown to be dependent on both the location and type of heat generation. It is only
cost-effective to install a PV system with a size to attain NZEB for Reference house 1 in Malmö in the south of
Sweden. This is the case with both types of heat generation, although the investment cost for the electric heated
house is higher.

4. Conclusion
Overall, the assessment showed that it is not cost-effective to aim for NZEB when implementing a PV system,
based on the alternatives in this study, assuming a lifetime of 25 years and no electricity price increase above
inflation. In many cases, the NZEB level could be attained with the roofs available, but this depended on the
location and type of heat generation of the houses.
In this study, the aim was to maximise annual PV production, therefore the PV panels were installed flat on the
roof for Reference house 1. The tilt of the PV system could be optimized to increase production per panel and
cost-effectiveness. However, by doing this, the total annual PV production is reduced because of the limited
space, so the NZEB level would not be attained.
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Abstract
This work presents the performance analysis of the very first Energy+ building in Dubai certified by the
German Passive House Institute. The analysis is presented as comparison between numerical predictions and
the first available monitored data. Trnsys is the software used to create the energy model, including both
thermal envelope and HVAC system. The use of highly insulating materials, together with a design aimed to
reduce the solar heat gains, allows for minimizing cooling loads. A 40 kW PV field, coupled to a 25 kWh
battery storage and to a high-efficiency air-cooled electric chiller, fulfills the electric and cooling demand,
making the building energy-autonomous. The study demonstrates the high accuracy of the energy model, able
to predict precisely the building cooling loads, the energy production and the cooling system performance. The
Energy+ building, inaugurated in November 2016, is a pioneering pilot-project and it represents an advance in
the field of sustainable construction for all Arabic area.
Keywords: energy+ building, solar cooling, PV, monitoring system, dynamic simulation.

1. Introduction
In many developed countries, buildings and their use are responsible for approximately one-third of the total
primary energy consumption and carbon emissions. Governments and scientific communities are aiming for
new paradigms for energy-efficient buildings: the goal is to reduce the environmental impact of the
construction sector (Nejat et al., 2015). Many authors investigated the design principles for high-efficient
buildings in cold climates (Thalfeldt et al., 2013; Justo Alonso et al., 2015). More recently, the interest in the
development of passive buildings has grown also for hot regions (Fokaides et al., 2016; Schnieders et al.,
2015).
The development of sustainable solutions goes through the construction of more and more efficient buildings.
At this regard, new concepts have gained wide international attention, such as Passive Houses, Nearly Zero
Energy Buildings, Net Zero Energy Buildings and Energy+ Buildings (Marszal et al., 2011). The first step in
order to comply with all high-efficiency standards is to reduce the energy consumption in buildings. Passive
design strategies contribute to improve the interior comfort conditions, reducing the requirement of energy
supply from active systems (Rodriguez-Ubinas et al., 2014).
Besides the development of well-insulated thermal envelopes, an improvement of the building sustainability
can be achieved by using high-efficiency cooling technologies coupled with renewable energy sources. Several
types of solar cooling systems have been investigated in the open literature (Nanda and Panigrahi, 2016; Ghaith
and Abusitta, 2014). Among the available technologies, the option based on compression chiller driven by a
PV field assisted by a battery pack is highlighted. A remarkable comparison between this solution and thermal
solar cooling systems was done by Lazzarin (2014). The results show that the performance is today comparable
but the PV has a greater adaptability. Recently, huge investments in the electric storage technology have led
to the spread of batteries for building applications and to the development of off-the-grid or stand-alone houses
(Okoye and Solyalı, 2017; Fara and Craciunescu, 2017).
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In the Gulf area, the United Arab Emirates is one of the most active countries in the promotion of actions
aiming to ensure a sustainable development while preserving the environment. The UAE Vision 2021 National
Agenda focuses on improving the quality of air, preserving water resources, increasing the contribution of
clean energy and implementing green growth plans. The UAE Energy Plan 2050 is an ambitious strategic plan
aiming to cut carbon dioxide emissions by 70 per cent, to increase clean energy use by 50 per cent and to
improve energy efficiency by 40 per cent by the middle of the century. Within this framework, the Government
of Dubai is implementing policies and strategies in order to promote the energy efficiency and the use of
renewable energy resources (Al-Amir and Abu-Hijleh, 2013). Recently, in the construction sector the
Mohammed Bin Rashid Space Centre (MBRSC), a Dubai government R&D organization working in various
fields of the scientific research including aerospace projects, started a Sustainable Energy Program. The goal
was to build an autonomous house representing a model for the real-estate sector in the region. This project is
the result of the collaboration of different players: the team of MBRSC engineers and scientists, University of
Bergamo (modeling, simulations and scientific supervision), Casetta & Partners (executive design) and Wolf
System (builder company). The present paper reports the modeling and simulation activities carried out to
dictate the design choices for the building construction. All technologies used in this house are presented and
the preliminary results of the monitoring data are shown. The building construction was completed in a record
time of less than 100 days and was inaugurated in November 2016 by H.H. Sheikh Mohammed bin Rashid Al
Maktoum, Vice President and Prime Minister of the United Arab Emirates, and ruler of the Emirate of Dubai.

2. Building description
The building is a two-floor office structure, with geometry and orientation aiming to reduce as much as possible
the primary energy consumption. To do that, the surface to volume ratio is minimized. The solar irradiation on
the walls during the day and across the seasons is accurately evaluated. A small patio shrinks the radiation on
the glazed elements and keeps shaded the office areas. This solution allows for avoiding window shields even
in daylight hours. The diffuse light naturally illuminates the 550 m2 floor surface and – at the same time – the
solar gains are minimized. A timber trimmed structure is designed to support a photovoltaic field (see Fig, 1),
to promote the ventilation on PV modules and to shade the flat roof. The outline elements of the windows are
protruding to limit direct radiation.

Fig. 1: The Energy+ Building unveiled in November 2016.

A lightweight load bearing structure made by wood supports timber walls and roof. The walls are designed to
reduce as much as possible the building cooling load. The balance between mass and insulation improves the
energy performance: the insulation thickness is designed to minimize thermal transmittance and the phase shift
is controlled by adding mass layers. Walls are painted with a special reflective paint to curtail the absorption
of solar radiation on the outer layer. Similarly, the roof is treated with a reflective film and infrared reflector
films are inserted inside the walls. Windows are specific for warm climates with very low U and G values to
limit the solar gains (see Table 1).
The prefab European timber platform frame technology made possible to realize the building in less than 100
days. The building envelope has been designed according to the Passive House standard and the energy systems
have been selected to reach the level of Energy+ Building. Power supply is ensured by the rooftop PV field. A
battery pack is available to store electricity during light hours and to supply electricity after sunset. The
building is virtually off-grid (power import is possible for emergency) and the electric overproduction is
delivered to the grid.
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Table 1. Envelope thermal properties.

Uwall
Wall thickness
Wall solar absorptance
Uroof
Roof thickness
Roof solar absorptance
U-value,w
G-value,w

unit
W/(m2 K)
m
%/100
W/(m2 K)
m
%/100
W/(m2 K)
%/100

value
0.063
0.603
0.3
0.061
0.566
0.2
0.7
0.294

A high-efficient air-water reversible heat pump - specifically designed for hot-humid climates - meets the
cooling and dehumidification demand, and the production of domestic hot water. The cooling system is based
on a combination of three different technologies: floor cooling, mechanical ventilation and fan-coils. The
radiant floor cooling maintains a high level of comfort, the air handling unit with high-efficient heat recovery
controls temperature and humidity of the inlet air, and the fan-coils fulfill the cooling peak loads. The
integration of high-efficient technologies both in the thermal envelope and energy systems is the key of the
project performance.

3. Building model
The design of high-efficiency buildings in hot climates requires the accurate prediction of the cooling demand
and of the energy plant performance. Fundamental is the development of simulation tools for assessing the
building energy performance (Harish et al., 2016; Mihai et al. 2017). In a well-insulated building, the internal
loads play a crucial role. The prediction of the energy consumption due to the electrical equipment is very
important, as documented by Widen (2014). Moreover, Hoxha and Jusselme (2017) showed the relevance of
using efficient lights and appliances adapted to new high-efficiency buildings. Furthermore, the analysis of
occupancy reveals its relevant impact on the energy performance (Blight and Coley, 2013).
In the energy-efficient buildings a primary interest is the comfort perception: predictive techniques for
quantifying and qualifying the indoor comfort are included in several building models (Wang et al., 2017;
Satake et al., 2016). Frequently the goal of a high level of comfort perception is achieved through radiant floor
cooling systems (Zhao et al., 2016).
The models developed for the simulation of building envelop and solar cooling system performance are based
on Trnsys v.17. Weather data with hourly resolution have been provided by the Mohammed Bin Rashid Space
Center.

3.1

Envelope model

The detailed architectural building model is based on Trnsys Multizone Building Type and developed by the
3D cad software Google Sketch Up®, with the plug-in Trnsys3D for geometry and shading. The building
model includes 10 homogeneous thermal zones and all main comfort parameters are listed in Table 2.
Table 2. Comfort settings and internal gains.

Set point temperature
Set point RH
Mean ventilation ratio
HX efficiency
Infiltration
Lighting (peak)
Internal gains (peak)
Occupancy
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unit
°C
%
Vol/hr
%
Vol/hr
W/m2
kW
Nr.

value
24
50
0.60
80
0.06
5
6
20
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In the computer model the technical data of all the construction materials have been included, thus allowing a
realistic prediction of the building envelope behavior. Internal loads due to lights and appliances have been
carefully evaluated. The occupancy is considered as an average attendance including random occurrence of
overload events.
The Trnsys model allowed to predict the cooling demand all over the year. This is crucial for a correct sizing
of the energy plants. The simulation results show the strong impact of latent loads due to high relative humidity
levels. The dehumidification demand influences both the peak load and the annual demand respectively by
60% and 30% (Table 3). The total cooling load and the latent load are shown in Fig 2: the peak cooling demand
is about 27 kW. The short load duration curve (limited to 4000 hours per year) testifies the high performance
of the building envelope.
Table 3. Building cooling loads.

Peak Load
unit
Air Load - sensible
kW
Air Load - latent
kW
Floor Load
kW
Total Load
kW

value
6.83
20.49
8.42
27.03

Annual Load
unit
Air Load - sensible
kWh
Air Load - latent
kWh
Floor Load
kWh
Total Load
kWh

value
7954.6
11920.7
13844.5
33719.9

Fig. 2: Cooling load and duration curve.

In addition to the calculation of the global building performance, the Trnsys model permits to carry out detailed
analysis of the thermal behavior of each single wall. For instance, Figure 3 reports for two consecutive summer
days the temperature trends of a portion of flat roof not shaded by PV modules. It can be noted that, in spite of
a strong temperature variation in the external side (with peak higher than 42°C), the temperature level on the
internal side is predicted to be stable at 25°C.

Fig. 3: Roof temperature.
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Fanger's comfort parameters were also considered to improve the design quality. Table 4 shows the calculated
comfort indexes: the excellent level is achieved thanks to the integration of different air conditioning systems.
The predicted mean vote is very near to the ideal value (0) and the maximum deviation (0.27) is very small
compared to the comfort region (-0.5 to 0.5) range. Furthermore, the value of the percentage of person
dissatisfied is close to the minimum value.
Table 4. Building comfort parameters.

Mean Radiant Temperature
Operative Temperature
Predicted Mean Vote
Percentage of Person Dissatisfied

3.2

Unit
°C
°C
[-3 ; 3]
% [5 ; 100]

Max
24.23
24.11
0.26
6.51

Min
22.34
22.25
-0.27
5.00

Average
23.66
23.75
0.16
5.69

Energy system model

The energy system is based on multi-crystalline PV panels coupled to a battery pack. Power PV-generated
drives an air-cooled reversible heat pump and all technical devices. An electric energy storage (battery pack)
has been designed to ensure the autonomous operation, assuring 24/7 power supply to A/C system, lighting
and appliances. The electricity overproduction is exported into the grid when batteries are at full capacity. An
additional small thermal energy storage (1 m3 cold tank) compensates for cooling load fluctuations. The
specifications of the PV system are reported in Table 5.
Table 5. PV field and battery specifications.

Area
Nominal efficiency
Efficiency modif. temp.
Voltage at Pmax
Open circuit voltage
Battery capacity

unit
m2
1/°C
V
V
kWh

value
268
14.9%
-0.0041
30.5
37.6
25

The cooling plant model includes the heat pump performance map provided by the manufacturer. The chiller
is designed to operate with an outdoor temperature up to 50 deg. C and the cooling capacity was selected to
fulfill the peak demand of the building. The chiller specifications are reported in Table 5.
Table 6. Chiller specifications.

Chiller capacity*
COP*
Power input*
Cold tank volume
Tank insulation (EPS)

unit
kW
kW
m3
m

value
27.51
2.38
11.55
1
0.2

* Ambient temperature 30 deg. C; chilled water 7-12 deg. C.

The results of the transient simulation carried out for a one-year period are shown in Table 7. It can be seen
that power consumption for air conditioning is about half of the total electricity consumption. The electricity
production to meet the off-the-grid requirement results to be more than twice the Net-Zero Energy standard
(export = import over one-year period). This has a heavy impact on the design of the photovoltaic field.
Because the energy import must be zero at any time, PV system must be large enough to ensure the energy
autonomy of the building.
Table 7. Electric production and consumption.

Chiller consumption
Light and appliances
Total electric load
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unit
kWh
kWh
kWh

value
11400.3
11914.7
23315.0

PV production
Grid import
Grid export

unit
kWh
kWh
kWh

value
56460.2
0.0
33123.7

G. Franchini / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

The simulation results document that the battery charge level (see Fig. 4) is always above 60% of the full
capacity (25 kWh), even in the peak periods. The power demand exhibits a daily peak of about 3 kW in the
winter months, whilst the annual peak taking place in August (when the cooling demand is maximum) is 10
kW. The daily curves of power production and consumption are shown in Figure 5. The energy demand is met
according to the following priority order: by PV (when available and sufficient), by batteries and, in the last
case, by import from the grid (emergency only). Power consumption for appliances and lighting depends on
the occupancy and the activities in the thermal zones. The PV field drives the heat pump as priority and the
surplus recharges the battery pack. The electricity overproduction, when the battery level is full, is delivered
to the grid according to a net-metering scheme. Figure 6 shows the annual energy fluxes: PV production, total
power consumption (heat pump, lighting and appliances) and the export to the network on a monthly basis. In
winter months, when the cooling request is low and the heat pump efficiency is high thanks to the low ambient
temperature, the electric energy delivered to the grid is around 70% of the global PV production. During the
warm season this ratio decreases to 50%.

Fig. 4: Power demand and battery level.

Fig. 5: Power demand and production.

Fig. 6: Monthly energy production, consumption and export.
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4. Comparison model prediction vs. monitoring data
The Plus-Energy building has been fully instrumented. A monitoring system has been installed for a remote
real time access to all collected data (with a frequency of 1 sample per second). This equipment makes possible
to monitor with high level of detail the building energy performance under real operating conditions. The
monitoring system includes thermocouples in the wall layers, thermo-hygrometers in the rooms, power meters
on the PV field, the battery package and all electric boards, temperature and flow rate sensors in all circuits of
the HVAC system. Table 8 summarizes the main monitoring data.
Tab. 8: Monitoring System Equipment

Weather

Ambient temperature, Ambient humidity, Global solar radiation

Building Envelope

Room temperatures, Humidity, CO2, External/Internal side Walls/Roof temperature

PV Field & Grid

PV production, Grid Import/Export, Appliances and auxiliary consumption

Cooling Plant

Cooling production, Chiller electric consumption, AHU in/out temperatures, Floor
cooling in/out temperatures

It has to be reminded that this building is a pioneering pilot-project. The goal is to prove that new sustainable
construction standards are possible in the UAE and that this is a viable solution to reduce the carbon footprint
in the region. The monitoring activity is fundamental to demonstrate that the predicted performance is
confirmed under real operating conditions. Moreover, the measurement campaign is important also for the
model validation. Currently, the monitoring activity is going on and some weeks of collected data are available
for analysis. This paper reports the comparison between the model predictions and the first available data.
Figures 7-10 show the simulation results and the experimental data for two consecutive days in September.
Figure 7 refers to the cooling demand. The curves related to the model prediction (dashed line) and the
measurements (solid line) exhibit a very good superposition: the model appears able to estimate the peak
values, the hourly trend and the daily integral value. As mentioned before, in addition to the overall thermal
loads the Trnsys model can predict the trend of detailed parameters, like wall and roof temperatures. Figure 8
shows the trend of internal and external temperatures for the well-insulated roof. The daily pattern for the outer
side temperature (influenced by the incident solar radiation and the ambient temperature) is well predicted, in
spite of a small time shift. The inner side temperature is perfectly estimated.
Moving to the energy systems, Figure 9 reports the 48-hour trend of the PV production and the power
consumption due to light and appliances and for the chiller operation. The chart shows a small underestimation
of the PV power output (-9.5% as integral value), whilst the power consumption for lighting and electrical
equipment is very well predicted. A far as the chiller consumption is concerned, the monitored data show
slightly different patterns during the day and higher peak levels. The hourly variation of the power input is
related to the trend of the real cooling demand documented in Fig. 7, while the higher peak levels and the
higher daily integral values indicate a lower-than-expected chiller efficiency (-12.8%).
As mentioned in the previous paragraphs, when the batteries are full charged the electricity surplus is supplied
to the grid. Figure 10 shows the power export compared to the PV production. The model exhibits a good
capability to predict the amount of electricity delivered to the grid and the time interval of the power exchange.
When the battery package is full (at 11.30 a.m.) the model predicts an instantaneous shift to the exportation
mode, whilst monitoring data show a soft ramp starting 2 hours before achieving the full capacity condition:
this is due to the control system of the electric storage that is not implemented in the model. Nevertheless, the
integral value of the exported electricity is well predicted: the error model vs. monitoring is only 2.0%.
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Fig. 7: Cooling demand (model vs. monitoring).

Fig. 8: Roof temperature (model vs. monitoring).

.

Fig. 9: Power production and consumption (model vs. monitoring).
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Fig. 10: PV production and electricity export (model vs. monitoring).

5. Conclusions
This work presents the very first Energy+ building certified by the Passive House Institute in the Dubai area.
The building is a pioneering pilot-project aiming to prove that high comfort levels can be achieved by using
solar energy as unique energy source. A 40 kW PV field, coupled to a 25 kWh battery storage and to a highefficiency air-cooled electric chiller, fulfills the electric and cooling demand, making the building energyautonomous. A preliminary activity of modeling and simulation dictated the design of the building envelope
and of the energy systems. Trnsys is the software used to create the energy model and to predict the building
performance. Starting from its inauguration, the building has been monitored to measure the actual
performance under real operating conditions. The first available measurements confirm that the model
predictions are very accurate and very close to the monitoring data. Therefore, it can be concluded that the
expected targets in terms of energy savings and carbon footprint reduction have been successfully achieved.
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Abstract
Thermal response of building envelope exerts a substantial influence on the formation of overall indoor comfort
conditions as well as on the energy performance of buildings. For the majority of Central and Northern
European countries it can be said that legislators as well as designers focus primarily on the optimization of
building performance in heating season. Nevertheless, predictions for the future show the potential for large
increase in cooling demand due to overheating of buildings. In this context, the focus of the presented work was
to evaluate the non-stationary performance of different façade walls (lightweight and heavyweight construction
systems) during typical Central European summer conditions. In addition to the influence of wall composition,
the impact of orientation and high intensity passive cooling on thermal response was also investigated. The
results showed differences in the summer time performance of lightweight and heavyweight envelopes, whereas
lightweight façade walls had worse summer time thermal response. Furthermore, substantial differences in
thermal behaviour of east, south and west faced walls were identified, with wall orientation having greater effect
in the cases of walls with higher thermal transmittance and when constant ventilation regimes were used.
However, among all the analysed parameters, high intensity passive cooling was identified to have the greatest
influence on the summer time thermal behaviour of façade walls.
Keywords: external façade walls, transient thermal performance, night-time ventilation, thermal mass, FEM
thermal analysis, Central European climate

1. Introduction
Indoor thermal environment in buildings during cooling season is becoming an ever more increasing concern in
EU due to projected increase in the application of active cooling in the decades to come (STRATEGO, 2015).
Current statistical data for EU (RESCUE, 2014) show that active cooling systems are installed in 7% of the total
floor area in case of residential buildings, while the share for the tertiary sector is 40%. In the light of increasing
influence of climate change and ever-higher demands for indoor occupant comfort, the growth in space cooling
applications and their potential influence on energy consumption could be substantial. As an alternative, less
energy demanding solutions for providing adequate indoor thermal conditions during summer time should be
investigated in order to evaluate their overall efficiency. Best results can be attained by passive solutions on the
level of building envelope, such as high thermal mass, and on the level of building functioning, for example
night-time ventilation (Santamouris et al., 2010). Both approaches have a large potential in reduction of
overheating occurrence, especially in temperate (i.e. Central Europe) and cold (i.e. Northern Europe) parts of
Europe. In order to evaluate the potential influence of such passive solutions during free-run conditions (i.e.
building is not mechanically cooled), a non-stationary analysis must be used due to the dynamic nature of the
thermo-physical problem.
Several studies have investigated summer time thermal response of different construction types, with most of
them studying lightweight constructions (i.e. constructions that lack or have low thermal mass). The overheating
of buildings during cooling season most likely occurs in timber buildings (Adekunle and Nikolopoulou, 2016),
in buildings located in highly urbanized environments (due to the occurrence of heat islands) (Paolini et al.,
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2016), in hot climates (Stazi et al., 2017) or in the case of a combination of all the stated. Pekdogan and Basaran
(2017) investigated thermal performance of external walls during winter and summer. They emphasized that
heat loss and gain values were significantly reduced with thicker insulation and that different thermal insulation
positions (external, internal, sandwich) and wall orientations influenced the heat flow through the wall. Similar
study was also conducted by Tzoulis and Kontoleon (2017), which highlighted that varying wall orientation has
lower effect on the value of decrement factor compared to the time lag. Therefore, the composition and
orientation of building’s external wall are extremely important in the context of overheating prevention.
The objective of the analysis presented in this paper was to evaluate the thermal response of selected typical
external façade walls under Central European (i.e. Ljubljana, Slovenia) summer time climatic conditions. The
importance of thermal insulation position and wall composition, especially the presence or absence of thermal
mass, was already emphasized by Al-Sanea and Zedan (2011). In this context, the executed study focused on
the investigation of the influence of multi-layer wall composition on its non-stationary thermal response and
consequential indoor conditions. Special focus was on the performance of walls with low U values (U = 0.20
Wm–2K–1), which are becoming a standard in Central Europe for the newly constructed as well renovated
buildings. Simultaneously, the effect of high intensity passive cooling (i.e. night-time ventilation) and façade
orientation was included in the analysis and their effect on thermal response of walls was evaluated.
Calculations were conducted by an in-house developed finite element method.

2. Methodology
2.1. Selection of wall construction systems
The selected heavyweight (HWC) and lightweight (LWC) external wall construction types were analysed. As a
representative construction of typical LWC envelope systems, a wall used in timber-framed buildings was
selected. Such wall construction consists of an external thermal insulation and additional thermal insulation
between elements of the wood load-bearing construction. Both the internal and external surfaces are finished
with a construction board (e.g. OSB board). For a HWC, multiple materials, such as brick, reinforced concrete
(RC), stone and hollow brick as a load bearing construction layer were investigated (Hudobivnik et al., 2016).
Nonetheless, for the purpose of the presented analysis only the HWC with RC load bearing construction will be
presented. In the case of RC, HWC thermal insulation is placed on external (RCE) or internal surface (RCI) of
the load bearing construction. Because all the analysed façade walls and results of their thermal performance
simulation have to be directly comparable, each construction system was, unless otherwise specified, insulated
with appropriate thermal insulation thickness in order to have identical overall thermal transmittance of 0.20
Wm–2K–1.

2.2. Climate data and time interval of analysis
Calculations were made using climate data for the city of Ljubljana (46°03’N, 14°30’E), Slovenia. Necessary
weather parameters (i.e. hourly air temperatures and solar radiation data) were obtained from EnergyPlus
weather files (EnergyPlus, 2016) and were directly transferred into the numerical model. Ljubljana has a typical
Central European climate with slight influence of northern Mediterranean due to the relative proximity of the
Adriatic Sea. According to Köppen-Geiger climatic classification, it is classified as Cfb and can be described as
a fully humid, warm temperate climate with cold winters and warm summers. According to ASHRAE Standards
90.1 and 90.2 (ASHRAE Standards 90.1-2004, 2004; ASHRAE Standards 90.2-2004, 2004) the climate of
Ljubljana may be designated as type 5A. The average monthly air temperature (Tavg) varies between 20.4°C in
July and – 1.2°C in January, while the average monthly maximum air temperatures (Tmax,avg) reach up to 26.4°C,
and minimum monthly average air temperatures (Tmin,avg) reach down to – 4.9°C. The average daily global
horizontal solar irradiation (Gsol) varies between the maximum values of 359 Whm–2 (July) and 73 Whm–2
(December). The climatological averages of Ljubljana for the period between 2005 and 2014 are presented in
Figure 1. If the historical overview of trends in the average yearly values of Tavg, Tmax,avg and Tmin,avg are observed
for the last 54 years (Fig. 2), it becomes evident that ambient air temperatures are on the rise. In regards to the
observed trend it can be concluded that for the location of Ljubljana the importance of overheating protection is
on the rise, while the duration of heating period is being reduced (Pajek and Košir, 2017). The stated underlines
the importance of the proposed study.
The executed analysis was conducted for the summer period between the 21st of June and 11th of August with a
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model’s 10 days warm up period. In order to clearly present the calculated results, only a short period between
the 2nd and 10th of August will be presented. During this time the external air temperatures were extremely high
with daily maximums reaching above 30°C, while the last three days mark the beginning of a cooler period.

Fig. 1: Climate characteristics of Ljubljana (2005-2014 period).

Fig. 2: Historical (1961-2015) overview of increase in average temperatures in Ljubljana.

2.3. Model and boundary conditions
The numerical model used to study the non-stationary response of the selected wall constructions was modelled
in computer algebra system Mathematica (Wolfram Research, Inc., 2013) with finite element code derived using
AceGen (Korelc, 2011) and finite model solved by AceFEM (Korelc, 2011). The model represents a 1 m2 (i.e. 1
m by 1 m) of the external wall with an associated building interior of 2 m3 and a 3.6 mm thick air boundary
layer. The mass of internal partitions and furnishing as well as all internal heat gains were appropriately scaled
in order to represent a typical residential house. The numerical model characteristics are presented in Figure 3
and in more depth also in a paper by Hudobivnik et al. (2016).
Additional model boundary conditions were defined in order to accurately study the non-stationary thermal
behaviour of selected wall types. Solar radiation heat gains on wall’s external surface were calculated, and the
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constant solar absorptivity of the exterior surface was set as α = 0.40 (solar reflectance ρ = 0.60), as suggested
by Al-Sanea and Zedan (2011) for light-coloured surfaces (e.g. beige, cream, sand, etc.), commonly used in
External Thermal Insulation Composite System (ETICS) façade renderings. In addition, the radiation losses to
the environment were considered. Heat gains from occupants and appliances (including their intensity and
timetable of occurrence) in internal space were defined in accordance with the values stated for residential
buildings (living rooms and kitchens) in EN ISO 13790, Annex G (EN ISO 13790:2008, 2008, p. 137). Natural
ventilation (0.7 ACH) as well as high intensity passive cooling (0.7/7.0 ACH) were taken into account, because
ventilation regime has a significant impact on internal thermal conditions, consequently affecting heat flow
through wall construction. When high intensity passive cooling is used, it is presumed that, during periods when
external air temperatures are higher than internal, lower values of ventilation rates are applied (i.e. 0.7 ACH).
The value of minimal ventilation rate in the simulations was defined in accordance to EN 15251 (EN
15251:2010, 2010) standard recommendation for residential buildings. In addition to the above, the orientation
of façade walls was modified as well in order to evaluate the influence of received solar radiation on the thermal
response of analysed walls. Orientations from east-northeast (azimuth 75°) through south (azimuth 180°) to
west-northwest (azimuth 285°) were calculated in 15° steps (Fig. 3).

Fig. 3: Numerical model and boundary conditions with representation of analysed wall orientations.

3. Results and discussion of non-stationary analysis
The objective of the executed study was to evaluate the thermal performance of three different external façade
walls (i.e. LWC, RCE and RCI) in relation to their loadbearing construction system type and thermal insulation
position as well as wall orientation and the influence of ventilation regime (i.e. constant or high intensity passive
cooling natural ventilation). The numerical model used to simulate the thermal response of the analysed external
walls was run under summer climatic conditions in Central Europe (Ljubljana, Slovenia) with presumption that
the building is not actively cooled and is therefore in a free-run mode. The latter enabled a study on the
influence of the analysed passive strategies (i.e. wall composition, orientation and ventilation mode) on the
internal temperatures. Specifically, the internal wall surface temperature was monitored (Tsurf).

3.1. Influence of high intensity passive cooling on the internal temperatures
The results (Fig. 4) showed that indoor air change intensity has a significant impact on heat flow through
external multi-layer building envelopes and the corresponding internal surface temperatures. Therefore, the
effect of (natural) ventilation should not be neglected in the evaluation of the thermal response of building
envelopes, especially when high intensity night ventilation is used as a passive cooling strategy (i.e. buildings in
a free-run mode). When using constant ventilation rates (i.e. 0.7 ACH) for the south faced wall (i.e. azimuth
180°), the highest average Tsurf, during the analysed period of 28.9°C was reached equivalently in the case of
LWC and RCI (Fig. 4). In the case of RCE the average Tsurf is 1.8 K lower (i.e. 27.1°C). In the case of externally
insulated wall RCE the average daily surface temperature fluctuations are the lowest (ΔTsurf_mean,RCE,0.7ACH = 0.82
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K), which is the consequence of high thermal mass positioned on the internal side of the building envelope. In
the other two cases, where thermal mass is positioned on the external side (RCI) or there is overall lack of
thermal mass (LWC), the average daily surface temperature fluctuations are higher and are ΔTsurf_mean,LWC,0.7ACH =
1.58 K and ΔTsurf_mean,RCI,0.7ACH = 1.68 K for LWC and RCI, respectively.

Fig. 4: Impact of high intensity passive cooling (0.7/7.0 ACH) in comparison to constant ventilation (0.7 ACH) on the internal
surface temperatures for RCE, RCI and LWC at U = 0.2 Wm–2K–1 and azimuth 180° (south).

Observing the thermal response of the same three constructions under high intensity ventilation regime (i.e.
0.7/7.0 ACH) in Fig. 4, it can be noticed that the maximum Tsurf in each case drops by approximately 7 K,
compared to the case with constant ventilation. Nonetheless, all three constructions exhibit higher average
fluctuations of surface temperature under high intensity ventilation regime, which amount to
ΔTsurf_mean,RCE,0.7/7ACH = 0.96 K, ΔTsurf_mean,LWC, 0.7/7 ACH = 2.23 K and ΔTsurf_mean,RCI, 0.7/7 ACH = 2.39 K. However, the
mentioned increase in ΔTsurf_mean is most pronounced in the cases of LWC and RCI constructions, which lack
thermal mass on the internal side. The comparison between LWC (i.e. timber framed wall), RC E and RCI façade
envelopes with and without the application of high intensity passive cooling demonstrated that, although passive
cooling is beneficial in all cases, its absolute effectiveness on the indoor thermal conditions is, however,
primarily still dependent on the selection of building envelope type. For example, observing Fig. 4 it can be seen
that RCE exhibits lower surface temperature fluctuations in both cases, whereas the maximum Tsurf is always
reached in the case of LWC, which is 33.3°C and 26.2°C without and with high intensity ventilation,
respectively. This means that passive cooling was far more efficient in the case of RC E than it was with LWC as
well as RCI façade walls, as a result of internally positioned thermal storage capacity in case of RCE.

3.2. Influence of wall orientation on the internal temperatures
In the next stage of the analysis the influence of wall orientation was investigated for each of the three wall
compositions using constant and high intensity ventilation mode. The main point of interest was to study how
the combination of external temperatures and received solar radiation influences the internal surface
temperatures with respect to the ventilation mode. Wall orientation as a variable was altered from east-northeast
(i.e. azimuth = 75°) and west-northwest (i.e. azimuth = 285°) in steps of 15°. The results for each of the
constructions are presented in Figs. 5–7.
The results in Fig. 5 represent variations of Tsurf for RCE wall construction as a function of orientation and
ventilation regime. During the entire analysed period, the maximum Tsurf in the case of RCE with constant
ventilation (i.e. 0.7 ACH) was reached at azimuth 255° and amounted to 33.5°C, while the minimum Tsurf of
29.1°C was achieved at azimuth 75°. The mentioned orientations define the upper and lower boundary of a
family of curves defining the extent of Tsurf for all analysed orientations. The average difference between the
upper and lower boundary of the defined envelope is 1.7 K. Moreover, several orientations presented in Fig. 5
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give similar results. For instance, such orientations are western azimuths between 240° and 270° and eastsoutheast to south azimuths between 105° and 180°. In the case of RCE with high intensity ventilation (0.7/7.0
ACH), the overall maximum and minimum Tsurf of 25.3°C and 22.4°C are reached at different orientations of
240° and at azimuths between 90° and 150°, respectively. The average difference between the upper and the
bottom line of a family of curves during the entire analysed period is 0.2 K. From the results presented in Fig. 5
it becomes evident that in the case of high intensity ventilation the impact of wall orientation is no longer
significant.

Fig. 5: Impact of wall orientation and ventilation mode (0.7 or 0.7/7.0 ACH) on the internal surface temperatures of RCE with U
value of 0.2 Wm–2K–1.

Fig. 6 shows the results for the RCI construction, where variations of Tsurf as a function of wall orientation and
ventilation regime can be examined. During the entire analysed period, the maximum and minimum reached
temperatures for RCI in the case of constant ventilation (0.7 ACH) and at different orientations are 35.0°C (at
azimuth 240°) and 27.1°C (at azimuth 75°), respectively. The average difference between the upper and the
bottom line of a family of curves for RCI during the entire analysed period is 2.0 K. In the same manner as it
was observed in the case of RCE, several orientations for RCI construction presented in Fig. 6 give similar
results. These orientations are again western azimuths between 240°and 270° (maximum Tsurf) and easternsouthern azimuths between 105°and 180° (minimum Tsurf). In the case of high intensity ventilation (0.7/7.0
ACH), the maximum and minimum reached temperatures at different orientations for RCI are 26.6°C (at
azimuths 240° and 270°) and 21.4°C (at azimuth 90°), respectively. The average difference between the upper
and the bottom line of a family of curves is 0.4 K, effectively making orientation irrelevant when high intensity
ventilation is used.
Finally, the results for the LWC wall construction are presented in Fig. 7, where variations of Tsurf as a function
of wall orientation and ventilation regime can be observed. During the entire analysed period, the maximum and
minimum reached Tsurf for LWC in the case of constant, 0.7 ACH ventilation and at different orientations are
35.1°C (at azimuth 255°) and 27.7°C (at azimuth 75°), respectively, while the average difference between the
upper and the bottom line of a family of curves for LWC during the entire analysed period is 1.9 K. The same as
in the cases of RCE and RCI, several orientations for LWC construction presented in Fig. 7 give similar results.
These orientations are western azimuths between 240° and 255° and eastern-southeastern azimuths between
105° and 180°. In the case of high intensity ventilation (0.7/7.0 ACH), the maximum (i.e. 26.5°C) and minimum
(i.e. 21.4°C) Tsurf are reached at azimuths between 240° and 255° and at azimuth 105°, respectively, while the
average difference between the upper and the bottom line of a family of curves is 0.3 K. Altogether, the results
for LWC and RCI are almost identical.
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Fig. 6: Impact of wall orientation and ventilation mode (0.7 or 0.7/7.0 ACH) on the internal surface temperatures of RC I with U
value of 0.2 Wm–2K–1.

Fig. 7: Impact of wall orientation and ventilation mode (0.7 or 0.7/7.0 ACH) on the internal surface temperatures of LWC with U
value of 0.2 Wm–2K–1.

The influence of wall orientation plays a role in performance of the analysed constructions as clear differences
in internal surface temperatures can be identified at different orientations (Figs. 5–7). In general, for cases with
constant natural ventilation (0.7 ACH), eastern orientations (i.e. azimuths 75–90°) exhibited up to 3 K lower
Tsurf in comparison to western oriented walls (i.e. azimuths 240–270°), while southern orientations fall between
the two extremes. The orientation plays an insignificant role when high intensity passive cooling is used (Figs.
5–7) as average differences between minimum and maximum Tsurf for all three analysed cases do not exceed 0.3
K, which is a tenfold reduction in comparison to constant ventilation mode. In general, the externally insulated
wall with internally positioned thermal mass (i.e. RCE) outperforms both lightweight (i.e. LWC) as well as
internally insulated (i.e. RCI) wall constructions in regards to their thermal response. Despite this fact, it should
be stressed that constructions with higher thermal mass on the internal side cool down much slower when
constant ventilation is applied. This effect can be observed if the results for RCE and RCI (or LWC) are
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compared (Figs. 4–7) for the days from 8th till 10th of August. Such thermal behaviour is in this case
unfavourable. However, if high intensity ventilation is used, the RCE wall construction outperforms LWC and
RCI even in this respect.
In the case of well insulated envelopes, solar gains through façade walls generally have moderate impact on the
overall thermal performance. The results presented above were made for constructions with thermal
transmittance of 0.2 Wm–2K–1. However, thermal response would be different if higher thermal transmittance of
the wall was used, as was demonstrated by a study conducted by Corrado and Paduos (2016). Therefore, section
3.3 discusses this issue on the example of RCE.

3.3. Discussion
Because the analyses presented in previous chapters were made with a fixed U value of 0.2 Wm–2K–1, it was of
further interest to investigate how higher U value would influence the thermal response of the wall construction
in regards to its orientation and ventilation mode. Therefore, an additional study was made with the RCE wall
construction, where its U value was set to 0.6 Wm–2K–1. The results presented in Fig. 8 are plotted as an
envelope of a family of curves made for the wall orientations with azimuths between 75° and 285° for U values
of 0.2 and 0.6 Wm–2K–1. The results in Fig. 8 show that wall orientation plays much greater role, when thermal
transmittance of the construction is higher and even more so, if constant ventilation regime (i.e. 0.7 ACH) is
used. In particular, the average difference between the upper and the bottom line of a family of curves for
constant ventilation and U = 0.6 Wm–2K–1 is 3.3 K, while for U = 0.2 Wm–2K–1 this value is equal to 1.7 K. In
the case of high intensity ventilation (i.e. 0.7/7.0 ACH) the average difference between the upper and the bottom
line of a family of curves for U = 0.6 Wm–2K–1 is 0.8 K, while for U = 0.2 Wm–2K–1 this value is equal to 0.2 K.
Comparing RCE constructions in Fig. 8 at azimuth 180° (i.e. south) it can be said that in the case of constant
ventilation higher U values of walls can results in lower Tsurf and faster thermal response (e.g. the Tsurf is reduced
faster during the cooling down period from 8 th to 10th of August). However, the situation is reversed when high
intensity ventilation is used.

Fig. 8: Comparison of wall orientation envelopes of internal surface temperatures for RCE at different ventilation modes (0.7 and
0.7/7.0 ACH) and different U values (0.60 and 0.20 Wm–2K–1).

Observing Fig. 8 it can be concluded that in temperate climate it would be better to use higher thermal
transmittance of walls in order to better control indoor wall surface temperatures during summer. Conversely,
buildings in such climate zones are mostly optimized for the winter conditions, thus having low or extremely
low U values. The latter is also prescribed by the legislation. Therefore, high intensity cooling can play a vital
role in enhancing the summer time thermal performance od wall constructions with low U values, as using it
results in a better performing construction (i.e. lower Tsurf) (Fig. 8). This specifically applies to all the considered
orientations under the presumption that high intensity ventilation (passive cooling) is used.
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The results of the conducted study showed that even in cases with low U values of the walls, orientation of the
façade has an impact on the thermal response of non-transparent building envelope elements. In particular,
substantial differences between east, south and west orientations were identified. Especially the south-west
orientation of the façade was shown as extremely unfavourable in the case of LWC and RCI. Although wall
composition (especially thermal mass) and orientation play a role in the thermal response of the analysed façade
walls, high intensity passive cooling proved as the most decisive factor, whereas the potential of diurnal
temperature fluctuations is used to passively cool down buildings. Nevertheless, even here the effectiveness is
linked to the configuration and type of the façade wall.

4. Conclusions
The trend of using lightweight building envelope components, especially in residential buildings, will probably
continue during the forthcoming years (Kitek Kuzman et al., 2013). The biggest growth is expected in the
market of timber framed and cross-laminated construction systems. Consequentially, the importance of assuring
satisfactory thermal response of such envelope systems during summer conditions will become crucial. The
latter is highlighted through the presented study as LWC external façade wall systems have been shown to
exhibit inferior thermal performance in comparison to externally insulated heavy weight envelopes (HWCs). In
the light of EU policies for the reduction of building stock’s influence on the energy consumption and the
decrease of environmental impact, it is crucial to develop and implement passive solutions for the reduction of
cooling loads. Results of the conducted analysis show that lack of thermal mass in lightweight construction
systems should be addressed. In addition, it was shown that, although both wall composition and orientation
influence the thermal response of the façade envelope, the greatest effect can be achieved by using appropriate
passive cooling ventilation technique. After all, prospective solutions can be found in applications of materials
with high thermal storage potential and relatively small thickness in the form of interior cladding (Jeanjean et
al., 2013). However, in this context the appropriate use of PCMs (Kheradmand et al., 2016) and/or other
efficient enhancements of thermal performance of lightweight constructions (Pajek et al., 2017) can be a viable
alternative as well. The findings of the conducted study can represent guidelines for design decisions when the
objective is to design better performing buildings. Although each building is unique, set in its individual
environmental context, the general performance principle of selected wall constructions remains the same.
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Heat loss through windows of buildings is one of the significant causes of high-energy consumption that require
intervention to advance their thermal performance in a move towards net-zero energy buildings. Highperformance triple vacuum glazing features ultra-low heat loss that maintains the transparency, regardless of
tiny pillar spots, and slimness due to its narrow evacuated cavities. This study reports the design and
development of high-vacuum system with the modified vacuum cup which provides an effective pump-out hole
sealing and has an achievable vacuum pressure of 4.02·10-5 Pa. A new dual-edge seal (low temperature melt
186˚C) consists of Cerasolzer CS186 alloy as a main and J-B Weld epoxy steel adhesive as a support seal is
developed and the triple vacuum glazing (area of 300·300mm) samples are fabricated, in which the vacuum
pressure of 4.8x10-2 Pa is achieved. A 3D FEM of the fabricated triple vacuum glazed is developed and the
centre-of-pane and overall U-value of 0.33Wm-2K-1 and 1.05 Wm-2K-1, respectively, are predicted.
Keywords: Smart Window, Vacuum Glazing, High-Vacuum System, Finite Element Modelling, Sustainable
Building, Solar Energy, Energy Efficiency.
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An increase of global annual average surface temperature to 0.99˚C in 2016 (Lee et al, 2017) is due to the CO2
level that reached 400 ppm, breaking the 1950’s level threshold of 300 ppm (Andric et al, 2017). More than
30 % of the total global final energy consumption is in the building sector (Piccolo and Simone, 2015).
Advanced insulation technologies and retrofitting measures have already minimized the building energy
consumption but yet require more energy-efficient technologies that bring the building sector towards zerocarbon sustainable buildings (Memon and Eames, 2017). To achieve this, glazed windows are of particular
interest in this paper specifically in cold arid climate. It’s one thing a need of high visual light transmittance,
above 70%, and reasonable solar heat gain coefficient, G-Value, range from 0.4 to 0.7 through glazed windows
and another thing a significant heat loss through glazed windows. The heat loss through glazed windows is the
result of the heat transfer by conduction, convection and radiation and is determined by the thermal
transmittance value (U-value). Smart glazing technologies such as thermotropic glazing or double air-filled
glazing have identical U-values of 2.7 Wm-2K-1 (Allen et al, 2017). A smart double glazing with low-e glass and
a photochromic coated glass achieved a G-value of 0.26 and U-value of 1.58 Wm-2K-1 (Wu et al, 2017). Glazed
windows with cavities filled with heavy gases (Argon, Krypton or Xenon) improves thermal performance from
3.5 to 1.4 Wm-2K-1, depends on the cavity thickness, e.g. the best predicted U-value of the Xenon-gas filled
double glazing at the cavity width of 20mm was reported to be 1.4 Wm-2K-1 (Manz, 2008). Aerogel-gas filled
double glazing made of granular aerogel sandwiched in a 16mm wide polymethyl methacrylate (PMMA) double
skin-sheet and two 12mm layers of krypton gas between two glass sheets (total cavity thickness of 38 mm)
achieved the best possible U-value of 0.5 Wm-2K-1 (Baetens et al, 2011). Due to its semi transparency, greater
thickness than conventional glazing and high cost of aerogel materials, they were not deployed in the UK.
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Vacuum glazing has the potential to provide a clear transparent view except for tiny dots due to support pillars,
narrow width of about 8.3 mm and the space between the two glass sheets is evacuated to a pressure of less than
0.1 Pa rather than including any medium or material (Memon, 2014). With vacuum glazing, the centre-of-pane
U-value can be reduced down to 0.8 Wm-2K-1 (Eames, 2008) when evacuating the space between two low-e
coated glass panes, e.g. tin-oxide coating emissivity of 0.15. A pressure of less than 0.1 Pa reduces gaseous
conductive and convective heat transfer to a negligible level (except heat conduction through support pillars and
edges) and radiative heat transfer can be reduced using soft low-e coatings, e.g. silver coating emissivity of 0.02.
To reduce the U-value below 0.5 Wm-2K-1, a concept of triple vacuum glazing was reported by Wuethrich
(2005). In this paper, the design, development, fabrication methods and U-value predictions of a new dual-edge
sealed triple vacuum glazing are reported. A dual-edge seal is hermetic and it consists of Cerasolzer alloy
CS186 as a main seal and J-B weld epoxy steel resin as a support seal (Memon et al, 2015). A triple vacuum
glazing consists of three SnO2 coated k-glass sheets, air-tight sealed around the edges, with evacuated two
narrow (0.15mm high) cavities having a pressure of 0.01 Pa. A regular square array of stainless steel support
pillars, typically 0.15mm high and 0.3mm diameter spaced at 24mm, maintains the separation of three glass
sheets under the effects of atmospheric and vacuum pressure.
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A high-vacuum system was designed for the fabrication of ultra-low heat loss triple vacuum glazing as shown in
Fig. 1. A dry type turbo-molecular with backing pump with an achievable pressure of 5·10-6Pa was chosen. This
is because the vacuum pump should be of an oil free/dry type as the contamination in the oil type with oil
molecules could occur on the surfaces of tubes, valves, hose and/or vacuum cup preventing an effective vacuum
level from being achieved. A turbo-molecular vacuum pump has a pumping speed of 200-300litre/min. The
ATV (Atmosphere to Vacuum) transducer type 979, connected to the PDR 900 digital pressure measurement
readout, is used in the present study for the measurement of vacuum pressure in the designed vacuum system.
This pressure gauge is located at the closest possible location to the vacuum cup to measure the approximate
pressure in the cavity/cavities of the triple vacuum glazing as illustrated in Fig. 2. The ATV transducer enables
measurement of a wide pressure range from ultrahigh vacuum (1.33·10-8 Pa) to atmospheric pressure
(101.33·103Pa). In order to regulate or isolate the gas load either from the vacuum pump or Nitrogen gas
cylinder, a Swagelok adapter is assembled; angle valves were located at the two positions of U joint as shown in
Fig. 1.
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Fig. 1: A schematic diagram of the vacuum system showing the turbo-molecular pump connected via hose to the vacuum cup.
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The laboratory vacuum glazing fabrication system developed as shown in Fig. 2. This is based on the design
presented in Fig. 1. The vacuum system was experimentally tested and the minimum achievable vacuum
pressure was recorded to be 4.35·10-5 Pa. This deviates by 7.7% with the ultimate vacuum pressure of the turbo
molecular pump due to the internal space conductance.

Fig. 2: A photograph of the vacuum system developed based on the design presented in Fig.1.

The vacuum cup was designed and constructed with dimensions of 100 mm diameter and 150 mm height for
evacuation and pump-out hole sealing of the triple vacuum glazing as shown in Fig. 3. CF (conflat) metal seal
flanges were used to provide an ultra-high vacuum (more than 1·10-7Pa) seal between the two components. Only
two CF flanges were used on the vacuum cup with an O ring seal on other joints. The modified pump-out
mechanism, as illustrated in Fig. 3, requires a square cover slip (around 10·10mm) pre-soldered with Cerasolzer
alloy (CS186) to be placed over the pump-out hole. Heating block, cartridge heater and thermocouple mounted
on a metallic rod controlled through a supporting Y shaped block provides up and down motion of up to 10mm.
A K type thermocouple fixed to the heating block measures the approximate glass disc/square temperature. Heat
transfer at high vacuum occurs through both radiation and conduction due to the contact of the heating block
over the glass disc. The required temperature should be approximately 40˚C more than the melting temperature
of the pump-out sealing material to seal the pump-out hole. In this modified design, the risk of dislocation of the
heating block and the degradation of O rings due to continuous heating in the vacuum cup was reduced.
Different types of materials such as silicone, Buna-N, Teflon or Viton are available, among which the Viton
type is capable of sustaining temperatures up to 250˚C. The Viton O ring decomposes at temperature above
250°C causing ingress of gas molecules from the atmosphere, to reduce this the O ring was selected to be
around 100mm in diameter, placing the O ring sufficiently away from the heating element to avoid degradation.
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Fig. 3: Photographs of the vacuum cup system for the evacuation and sealing of the pump-out hole of a triple vacuum glazing.
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A multiple stage fabrication method was developed, in which a number of samples were fabricated by using a
newly developed dual-edge (low melt-temperature i.e. 186˚C) seal. It consists of 10mm wide Cerasolzer CS186
as a main hermetic seal and a 4mm wide J-B Weld epoxy steel resin as a support seal. This is because, under
temperature gradients and high internal compressive and external tensile stresses, such support seal provides
mechanical strength to the main seal. The fabrication method developed is as follows: (a) the glass sheets and
glass-square cover slip for pump-out hole sealing were prepared by drilling a pump-out hole on the upper glass
sheet, cleaning all three glass sheets with water, isopropanol and acetone and shaping the glass-square cover slip
(Zhao et al, 2007); (b) the main seal around the periphery of bottom and middle glass sheet and on the glasssquare (18mmx18mm) was uniformly soldered; (c) the support pillars (0.15mm in height and 0.3mm in
diameter) in the square array spaced at 24mm on the middle and lower glass sheets were placed (d) the three
glass sheets were joined together by heating at 186˚C for up to 2 hours in the oven (e) the assembly was allowed
to cool down to ambient temperature of around 21˚C followed by the use of epoxy J-B Weld to form the support
seal (f) Two cavities between three hermetically sealed glass sheets were evacuated, using the high vacuum
pump-out system, shown in Fig. 1; and (g) after the evacuation of ~ 6 hours at 50˚C the pump-out hole was
sealed by heating the glass square using the cartridge heater located inside the vacuum cup pump-out assembly.
The hot plate was used to maintain the narrow temperature gradients on the glass surfaces to avoid glass facture.
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A fabricated sample of size 300 mm·300 mm, shown in Fig. 2a, is a result after four repeated trials and the
sealing characteristics were found similar where the stress patterns, due to internal compressive and external
tensile stresses, across the support pillars were observed indicated a vacuum-tight seal. The evacuated pressure
achieved was 4.8·10-2 Pa when subjected to the hot-plate temperatures set to 50˚C as it improved the outgassing and avoided any damage to the glass sheets due to temperature gradients. However, temperature control
has significance as when it increases above 50˚C a high level of internal compressive stresses and external
tensile stresses were observed that may cause a glass fracture. The evacuation pressure and hot plate temperature
readings were recorded with respect to time at which the diaphragm and turbo-molecular pump achieves its
ultimate pumping speed of up to 61 litres/sec as illustrated in Fig. 2b.

(a)

(b)
Fig. 2: (a) Fabricated dual-edge sealed triple vacuum glazing (300mm·300mm) and (b) the evacuation pressure and hot plate
temperature readings with respect to the increment of pumping speed with diaphragm to the full-load pumping speed with turbomolecular pump.

890

S. Memon / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

# *&% *!(*&' * $,$('+
A 3D finite-element model was developed, initially reported in Memon et al (2015), to predict the thermal
performance based on the achievable vacuum pressure of 4.8·10-2 Pa of the fabricated sample of size 300
mm·300mm. In order to reduce the computational time, only one quarter (150 mm·150 mm) of the triple
vacuum glazing sample was modelled and simulated. The ASTM weather indoor and outdoor boundary
conditions were employed in which the indoor and outdoor surface air temperatures were set to be at 21.1˚C and
-17.8˚C respectively in winter conditions. The internal and external surface heat transfer coefficients were set to
8.3 Wm-2K-1 and 30 Wm-2K-1 respectively. The total U value and centre-of-pane U value equations employed
are expressed in eq. 1 and eq. 2.
 

 

  

  

    


    
















 


Where, Rsi and Rso are the indoor and outdoor glazing surface thermal resistances, in m2KW-1. Acentre (m2) is the
total glazing area minus the edge of glass areas (Fang et al, 2007). The thermal conductivity of Cerasolzer CS186(Primary seal) and J-B Weld (secondary support seal) employed in the 3D finite element model are 46.49
Wm-2K-1 and 7.47 Wm-2K-1, respectively. The details of the experimental measurements of thermal
conductivities of the edge sealing materials are reported elsewhere (Memon, 2017).
The centre-of-pane and overall U-value of 0.33 Wm-2K-1 and 1.05 Wm-2K-1 for the fabricated triple vacuum
glazing sample were predicted at the evacuated pressure of 4.8·10-2 Pa having three k glass sheets (thermal
conductivity of each 4mm thick glass 1 Wm-1K-1) coated with SnO2 layer on the inner glass surfaces (emissivity
of 0.15). The G value was predicted to be 0.71. It was predicted in (Manz et al, 2006 and Fang et al, 2010) and
demonstrated here that the glazing size, due to edge effects, influences the total U-value. A typical cold side
isotherm of the model is shown in Fig 3a and the temperature distribution across support pillars is shown in Fig.

3b.
(a)

(b)

Fig. 3: The isotherms on the cold glass surface illustrates (a) the temperature changes from the edge sightline towards the centre of
glass and (b) the temperature changes around support pillars on the centre of glass area of the triple vacuum glazing.
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The experimental testing results have shown the achievable vacuum pressure in the vacuum system to be
4.35·10-5 Pa. This deviates by 7.7% with the ultimate vacuum pressure of the turbo molecular pump due to the
molecular air flow conductances through the vacuum system. A vacuum cup designed to reduce the risk of
dislocation of the heating block and the degradation of O rings due to continuous heating with the pump-out
hole evacuation. The outcome of the design and development of high-vacuum system was the successful
fabrication of ultra-low heat loss triple vacuum glazing with a pump-out hole sealing material using Cerasolzer
CS-186. A new method of fabricating triple vacuum glazing based on a low melt temperature (186ºC) dual-edge
seal was designed and experimentally validated, consisting of Cerasolzer CS186 alloy as a main seal and J-B
Weld epoxy steel resin as a support seal. A vacuum pressure of 4.8·10-2Pa was achieved. A 3D FEM of the
fabricated design of triple vacuum glazing was developed in which the centre-of-pane and overall U-values of a
triple vacuum glazing (300mm·300mm) were predicted to be 0.33Wm-2K-1 and 1.05 Wm-2K-1, respectively,
based on three SnO2 coated K-glass sheets, these results are in agreement with the preceding reported results.
Triple vacuum glazing has the potential in future, if manufactured at the mass production level, because of its
slimness (12.6 mm) compared to the conventional glazings and due to its lowest achievable thermal
transmittance value.
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Abstract
The development of modern nearly zero-energy buildings (NZEB) has become possible due to the combination
of high quality architecture design and the addition of renewable energies (especially solar thermal and
photovoltaic). The Renewable energies can cover all the energy consumption of the year. Solar thermal with
Heat Pump and photovoltaic (PV) systems for buildings have been designed to achieve different values of the
fraction of primary energy saving. The Flat Plate Collectors (FPC) for Solar Thermal (ST) and Solar
Photovoltaic (PV) have to be used in order the system to have higher efficiency with zero energy consumption.
13 different combinations have been studied in order to obtain higher savings with minimum investment.
Keywords: Zero Energy Buildings, Solar Thermal, Photovoltaic, heat pump, combisystems,

1. Introduction
The Article 9 of the European Union Directive 2010/3 which was incorporated in Spanish legislation requires
that by the 31st December 2020, all new constructions must be nearly zero-energy buildings. This requires a new
concept and a big effort to be made by the construction sector, mainly engineers and architects.
Recently, increasing efficiency of the heat pumps for Heating, Cooling and Domestic Hot Water with decrease in
electric PV costs have provided a new model: solar-electric heat pumps. The ST energy has lost installed power
during the last few years against other technologies, like PV. The development of modern net zero-energy
buildings (NZEB) has become possible not only through the progress made in new renewable energies and
construction technologies and techniques, but as well it has also been significantly improved by the combination
of heat pump and solar systems (Moià-Pol et alt 2012). There are some simulation programs that can be useful to
simulate different combinations of technologies and make it easy to choose the best in each case in order to
archive the highest efficiency and renewable energy usage. (fraction). Counting that a modern compression
machine with an evaporator up to 7ºC (usually at Mediterranean weather), has a 3-5 Coefficient of Performance
(COP), with a Seasonal Coefficient of Performance over 5, and according to the Directive 2010/31/EU it’s
considered to be similar to another kind of Renewable energy. The actual cost of thermal production with Heat
Pump is similar to the Solar Thermal, depending on the working temperatures, refrigerant and quality of the
machine (ASHRAE). In Mediterranean areas almost all the villa houses have a swimming pool, Heating
Ventilation and Air Conditioning system for a higher comfort. Some of these houses need to warm the outdoor
pool in order to extend the swimming period in autumn and spring months, which is translated into a higher
energetic demand. This kind of houses according to the Spanish law (CTE) have to use waste energy or
renewable energies for the heating system of Domestic Hot Water (DHW) and the pool. For this it´s necessary a
bigger installed surface of solar collectors which will allow to take profit of the solar collectors all the year, with
a low overheating. However, in order to avoid a big energy consumption, it´s necessary to insulate and cover the
pool, and not use it during the coldest Mediterranean months (December, January and February), when the
average temperature is lower than 10ºC. The energy of the solar collectors can be used to help the heating
system.
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Fig. 1: Thermal system with Polysun
Tab. 1: Annual average temperatures, global horizontal irradiation and Heat Pump C.O.P.for Mallorca

H kWh/m²
Temp.°C
C.O.P.

Jan. Feb. March April May June July August Sept. Oct. Nov. Dec. Year
65
79
126
159
196
208
214
188
140
106
66
57
1604
9.4
10
11.1 12.8 16.7 20.6 23.9
24.4 21.7 17.8 13.3
10.6
16.1
3.22 3.26
3.33
3.42 3.54 3.53 3.41
3.39
3.50 3.55 3.44 3.30
3.41

2. Simulation and Results
The study case house has a built surface of 400 m2, of which only 300 m2 require heating and cooling: the
simulation has been made supposing a need for simultaneous heating for 150 m2 with Fan coils and Radiant
system. The pool has a surface of 80m2 with a volume of 120 m3. There is a limitation of useful surface for the
installation of Solar Collectors -only one roof of 160 m2 is available. However we have to take into account
shadows and the distance between the Solar Collectors which leave us with a useful surface of nearly 80 m2.
This limitation has been taken into account in all the scenarios. The PV system has been designed with
monocrystalline panels equivalent to an efficiency of 166 W/m2 (η =16,60 %) and the solar thermal with good
Flat Plate Collectors ( A0 = 0,807, A1= 3,075, A2= 0,022) .
The FPC sends the excess of energy to the pool, increasing the set point temperature, and consequently
extending the swimming season. In the investment cost there have only been considered the solar collectors,
structure, pipes and cables, without storage tank, heat pump and batteries, in order to be able to compare without
auxiliary systems or other necessary elements for the basic system. However, PVT system wasn’t analyzed due
to limited roof surface; the results showed that it was better to use PV and ST systems with higher efficiency.
The cost of the PV in Spain for medium systems ( 5- 20 kWp) is about 1500 €/kWp (including installation work,
cable, structure and inverter without storage), similar to other EU countries, like Germany and Italy (source EIA
and REN21, 2016), with efficient solar panel (15 to 20%) the price in square meter will be near 300 €/m2.
Solar Thermal cost varies greatly according to the installation peculiarities (distances, roof,..) and other factors
(labor, components,..) . In Spain a pumped system of FPC can cost from 300 to 600 €/m2 (including pipes, pump
and control system). Apart from that we have to add the storage. For Spain a storage system between 50-180
L/m2 is recommended. Pumped systems until 6 m2 are very expensive with the thermosiphon being cheaper. For
larger systems the bigger the surface the cheaper are the prices per square meter.
The best scenario is a combination between Solar Thermal and Photovoltaic: in our case between 12-16 m2 of
FPC will provide the 16% of all the thermal energy, with almost 100% of the DHW and 31% of the pool and
heating system. The PV will provide a 70% of the electricity for the heat pump. PV system has a peak power
near 9-11 kWp in order to provide the electricity for the HVAC and use the excess for the rest of the
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consumption. The FPC has a surface of 16 m2 and the PV of 58 m2, almost four times bigger.
The designers are working in two scenarios: the first one connected to the grid with batteries and the other a grid
system without batteries in order to have the maximum energy production and less CO2 emissions. The batteries
increase a 33% the cost of the PV system (Gallo et al. 2014). Solar thermal technology has to be designed with
storage and the advantage in Spain is that PV doesn’t need storage, the excess can go to the grid free or with a
low charge. For this reason the storage is a better option which offers higher savings.

Fig. 2: Cost of Energy Storage Batteries vs. Thermal Storage water (Spanish prices from local suppliers)

In our case, it´s better to increase the storage with thermal energy (water tanks and pool) and install a few
batteries in order to increase the self-consumption: the installation cost is 5 times cheaper. Grid parity has been
achieved in Spain and the integration of PV systems in nearly ZEB is feasible today (Gallo et alt 2014). The
system doesn´t overheat or waste electricity if we provide a good control system. The available roof limits the
solar fraction so for higher solar fraction we need a bigger surface or most efficient heat pumps, for instance
shallow geothermal or other combinations could be 100% with renewable energies. The PV has a better
perspective, for two reasons: the simplicity of systems and the possibility to share the punctual excess (some
days or months) to the grid with the net metering policies. Figure 3 has the results of 13 combinations and two
different qualities of FPC and PV, Invest (high quality-first brand) and Invest 2 (lower quality-second brand).
The Invest and savings are higher when we use the best quality brands. The efficiency of the solar system is the
main difference, the initial investment has an average of 18% of difference and the savings are nearly a 47%.

Fig. 3: Energy invest of the solar system (without components) with savings for 13 scenarios and 2 prices
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Table. 2: Different studied scenarios with ST ,PV, investment, savings and solar fraction for ST and PV for a Villa in Mallorca

ST(m2)
PV(m2)
Invest
Savings
Invest 2
Savings 2
ST (Fraction)
PV(Fraction)

0
84
25410
8471
21600
4370
0%
86%

8
65
23668
7749
19200
4182
8%
72%

12
63
24672
8176
19950
4491
12%
73%

14
60
24539
8143
19800
4510
14%
71%

16
59
24805
8209
19980
4422
16%
70%

18
54
24273
7897
19500
4362
17%
66%

20
51
24140
7470
19350
4370
19%
60%

22
48
24006
7995
19800
4375
23%
62%

24
45
23873
7946
19650
4373
26%
59%

26
42
23740
7667
19500
4373
25%
57%

30
41
24236
8094
20430
4466
29%
58%

36
35
24654
8110
20775
4477
34%
54%

64
0
24200
5418
20400
2904
66%
0%

Fig.4: Annual energy simulated results in Final energy [kWh]

The total investment is less than a 5% of the total cost of the villa, which is technically and economically feasible
so as to arrive to almost zero energy buildings.

3. Conclusions
The two solar technologies, Photovoltaic and Solar Thermal, are necessary for NZEB from a technical and an
economic point of view. The investment cost and savings are better according to the monthly demand. In these
cases the best scenario is 14 m2 of Solar Thermal and 9 kWp of Photovoltaic. Limited space for solar systems
make it necessary to use more efficient systems, however with a good control strategy, batteries and overheating
systems are not necessary.
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Abstract
In the city of Innsbruck, the project Vögelebichl of the social housing company Neue Heimat Tirol (NHT), consists
of two multi-family houses (MFH) in Passive House (PH) Standard and aims at operation with minimum CO 2
emissions for heating and domestic hot water (DHW) preparation. Net zero energy building (NZEB) was the goal of
NHT for this project. The heat emission system, a floor heating with very low flow temperature, together with very
well insulated heat distribution network allows a high performance of the ground water sourced heat pump (HP). The
separate DHW distribution with flat-wise fresh water preparation is also designed for minimum possible flow
temperature. DHW preparation is covered by solar thermal (ST) to a large extend. The electricity demand of the HP
should be covered as much as possible by on-site PV. The optimum configuration of ST and PV with respect to
energetic and economic performance was determined by means of simulation in a previous study Ochs et al. 2014.
This paper presents the technical details of the two MFHs, the hydraulic concept and monitoring results after the first
two years of operation, and a monthly primary energy evaluation.
Keywords: nearly zero energy building, Passive House, Multi-Family House, Heat Pump Solar Thermal, PV

1.

Introduction

1.1 EPBD - Heat pump and PV for nZEBs
The recast of the European building directive (EPBD Recast, 2010) defined the path to nearly zero energy buildings
(nZEB). Three aspects are addressed:
x

New buildings will have a very high energy performance.

x

The remaining very low energy demand will be provided to a very significant share by renewable energies
and

x

Cost-optimal levels for minimum energy performance are requested.

Hence, the aim of the EPBD recast is the minimization of the residual energy demand and achieving maximum
reduction of CO2-emissions considering economics. Hence, future buildings should have a very high-energy
performance, such as Passive Houses and should be operated with a heat pump together with significant amount of
energy from cost-effective renewable energy sources (PV and/or solar thermal).
However, the implementation of the EPBD in the member countries is far less ambitious (see BPIE 2016). The more
important is it to demonstrate best practice examples and highlight non-renewable primary energy and CO2-savings.
A dominating concept to reach the zero energy balance over an annual period for a nearly Zero Energy Building
(nZEB) is the combination of solar PV systems and heat pumps. In the IEA HPT Annex 49, a follow-up of the Annex
40 heat pump integration options for nZEBs are investigated as well as the design and control for heat pumps in
nZEB and the integration into energy systems. Solar thermal can be relevant as it is technically and economically
less challenging to store heat compared to storage of electricity. Storage is relevant in order to reduce the remaining
electricity usage in winter, which has generally a higher fossil (and/or nuclear) share. Hence, nZEBs should be
evaluated considering the time of electricity usage from the grid.
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1.2 nZEB vs. NZEB
The goal of both, nZEBs and NZEBs are comparable in the sense that CO2-emissions and non-RE primary energy
use shall be minimized, nevertheless, the definitions differ quite much in detail and the performance might be quite
different eventually.
nZEB: nearly zero Energy Building according to EPBD, 2010, see above. Each member state has a national
definition, with significant differences with respect to the energy use considered (heating, cooling, DHW, auxiliary,
appliances), the maximum limits, the conversion factors etc. (see BPIE, 2016).
NZEB: Net Zero Energy Building, generally a NZEB is a "grid-connected building which produces the same amount
of energy on-site by renewable energy sources as it consumes on annual basis." (IEA SHC Task 40, IEA HPT Annex
40). There is a fuzziness in this definition regarding the interpretation of the system boundary, the energy flows, the
weighting/conversion factors etc.
Usually, Net Zero includes
x

Heating (and cooling)

x

DHW

x

aux. energies (MVHR, pumps, control, etc.)

but excludes appliances. Even though appliances, have a large contribution to the overall electricity consumption
(1500 kWh/a to 4500 kWh/a depending on the number of persons per household for a typical central European
household, Statistik Austria 2016, BEDW 2013).
According to this definition, a NZEB can consume relative high amount of (electric) energy in winter, when
correspondingly a large PV area produces this amount as excess electricity in summer. This means, that according
to the NZEB concept, the electric grid is considered as a loss free seasonal storage, which is obviously not the case.
In order to account for this weakness in this concept, additional performance indicators such as the load match factor
or fraction of PV own consumption are suggested.
Remark: „net-zero“ as a goal can be a misleading concept, anyway as optimization for net-zero may lead to one
storey buildings, because reaching the net zero balance is more difficult compared to a multi-storey building (with
smaller roof and façade area related to treated area). However, MFHs, which are more compact, are favorable from
the overall energetic and macro-economic point of view, compare also Feist et al. 2014.

1.3 Monthly primary energy values
A possible approach of balancing primary energy demand and CO2 emissions of a building with renewable energy
generation is shown schematically in Fig. 1.Solar thermal (ST) energy is used to reduce the energy demand (heating,
DHW + storage and distribution losses) that has to be covered by e.g. a heat pump (HP). Onsite PV can be used
directly for appliances and auxiliary energies or to drive the HP, for higher own consumption a battery storage is
required, which is subject to losses.
For the electricity mix, the share of renewables within the time frame of consideration (e.g. 20 years) should be
included and not as usually done the current or past status. A significantly increased share of renewable electricity
can be expected in the near future in particular in summer (PV), while in winter only a moderate increase is likely
(further extension of wind power) unless seasonal storage capacities are strongly build up.
If a large number of buildings use heat pumps (and ST) for space heating and DHW preparation and produce
electricity (with PV), both, the purchased electric energy and the share of renewables in the electricity mix and thus
the CO2 conversion factor of the electricity are dependent. Electricity that is used on site is not available in the grid
and an increased share of fossil fuels in the energy mix have to be considered. PV electricity sold to the grid will
replace fossil fuels more likely in winter, spring and autumn than in summer.
Heating and DHW preparation do not yet contribute significantly to the electric grid load in central European
countries such as Germany and Austria (electric heating and heat pumps have a share in the range of 5 %, BEDW
2013, Statistik Austria, 2016)
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Fig. 1. One of different possible approaches for the energy balance for the calculation of the net energy balance with Heating (H) and
domestic hot water (DHW) demand covered partly by ST; the remaining demand is covered by a heat pump (HP), which is partly
powered by onsite PV, the remaining electricity demand for the HP auxiliary energies (and appliances) is covered by the grid with
volatile shares of renewable electricity

Due to the volatile share of renewable energy in the grid (see e.g. the energy balance for Germany in 2015 (e.g. data
from ENTSO-E), a net energy balance to evaluate different efficiency and energy concepts can be misleading.
National conversion factors for PE/CO2 are not purely based on facts, but are partly politically motivated. They differ
significantly between the EU member states and are subject to change, e.g. Germany (ENeV) 1.8 since 2016 (2.4
before), Austria 1.91 since 2015, 2.62 before (OIB-6, 2015, (OIB-6, 2011). Seasonal variations are not considered at
all. Instead, a monthly evaluation based on monthly primary energy factors is proposed, which can be used to
calculate a more representative environmental impact. The specific primary energy ePE is

݁ா  ൌ ݂ா ή ݓ

(eq. 1)

With different shares of hydro, wind, PV and fossil energy the primary energy conversion factor can be calculated
on monthly basis.

݂ா ൌ ݂ாǡ௬ௗǤ ή

௪ǡǤ
௪

 ݂ாǡ௪ௗ ή

௪ǡೢ
௪

 ݂ாǡ ή

௪ǡುೇ
௪

 ݂ாǡ௦Ǥ ή

௪ǡೞǤ

(eq. 2)

௪

Tab. 1: Monthly primary energy factors calculated exemplarily for two cases, A: a share of 10 % hydro, 10 % wind and 10 % PV,
and the load of a PH with a HP for heating and DHW preparation as shown in Fig. 2 and B a share of 10 % hydro, 10 % wind and 10
% PV; fPEhyd. = 0.01 kWhPE/kWhel; fPEwind = 0.05 kWhPE/kWhel; fPEPV= 0.1 kWhPE/kWhel; fPEfos. = 2.4 kWhPE/kWhel

A:
10-10-10
B:
10-30-30

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

av.

2.01

1.96

1.89

1.60

1.33

1.20

1.18

1.28

1.53

1.78

1.92

2.01

0.8

1.53

1.42

1.23

0.50

0.08

0.08

0.08

0.08

0.33

0.98

1.33

1.54

1.6

Remark: A more detailed paper showing in detail the approach and the method of the PE-model and discussing the
assumptions and implications is under preparation. The method can be applied to CO2-emissions in the same way.
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Fig. 2. Monthly share of renewables (hydro, wind, PV, fossil) and corresponding primary energy conversion factor, example of a PH
with a HP for heating and DHW preparation with a share of 10 % hydro, 10 % wind and 10 % PV in the electricity mix
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2.

NZEB Project NHT Vögelebichl in Innsbruck

For the Passive House project Vögelebichl in Innsbruck (two multi-family houses with together 26 flats of the social
housing company NHT see Fig. 3 and Fig. 4) the optimum share of PV and Solar Thermal (ST) was determined for
the given boundary conditions. One roof of the multi-family houses is covered by PV (16 KWp) only. The other roof
space was partly used for PV and partly for solar thermal (ST). The primary energy demand was determined for
different shares of solar thermal collectors with regard to the maximum available unshaded roof space. For the
optimal performance of the ground water heat pump a low temperature distribution system (floor heating) and
separate DHW loop with decentral heat exchanger was proposed. Compared to the 2-pipe system, the 4-pipe system
allows better performance of the HP and offers the possibility for some cooling in summer. Instead of the initially
proposed 4 pipe system a 3 pipe system with common return pipe of the DHW and the heating loop was installed.
By means of a simulation study the share of PV (max 19 KWp) and solar thermal collectors (ST) was varied in order
to determine the maximum possible energy yield considering PV and ST system efficiencies including heat pump
performance and distribution losses. The optimal design (from energetic point of view) was found to be 74 m² ST
and correspondingly 53 m² PV on the north roof, see Ochs et al. 2014.
Tab. 2: Characteristic data of the two buildings NHT Vögelebichl (as planed)

North

South

No. of Flats

16

10

Treated area

1269.8 m²

818.8 m²

Heating Demand (PHPP)

13.5 kWh/(m² a)

17.0 kWh/(m² a)

Heating Load (PHPP)

12.0 W/m²

13.9 W/m²

PV size

8.5 kWp

16 kWp

ST area

50 m² (ca. 35 % of roof area)

-

10,25

Sonnenkollektoren

9,58

9,50

1,31

8,93

7,07
6,80

6,65
6,07

2,47

5,37

3,75

3,75

6,72

3,75

8,18
WANDHOHE

5,37

10,92

WANDHOHE

1,28

6,65

1,62

8,27

2,47

1,02

0,00
-1,35

0,00

+575,73 = -1,35
-1,38

Fig. 3. West view of the two multi-family houses in Innsbruck Vögelebichl, NHT Tirol; two multi-Family PHs with ground water heat
pump and PV (and opt. ST for DHW) with 4 pipe distribution system, low temperature system and fresh water modules in each flat

Fig. 4: Photos of the two MFHs in PH Standard (source: NHT)

During the final design process and the construction of the two buildings, some parameters changed with respect to
the original planning. The treated area is 1295.6 m² (North) + 853.2 m² (South). The ST area is 73.6 m² (North) and
the PV area is 52.5 m² (North) + 99.8 m² (South). The floor heating flow temperature is 30 °C (30/26 °C instead of
28/24 °C) and DHW flow temperature is 55 °C. A 3-pipe system (common return flow of floor heating and DHW)
was realized (instead of the proposed 4-pipe system).
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Fig. 5 shows a simplified hydraulic scheme including the GW heat pump (two stage), solar thermal collector field
(SC) as well as the low temperature heat distribution and the separate decentral fresh water preparation (DHW plate
HX). The double stage heat pump is equipped with a hydraulic circuit enabling hot gas (HG) de-superheating.
Depending on the operation mode (heating or DHW preparation), the flow of the heat pump enters the buffer store
(BS) at the top or at 1/3 of the height from the top. The combined return of the heating and DHW loop enters the
large 6 m³ buffer store depending on the temperature level either at the bottom or at about 1/3 of the height of the
store in order to enhance stratification. The electric backup heater (BH) is currently not used.
DHW plate HX

HW (53 °C)

DHW (50 °C)

BS (6 m³)

SC

(BH)

CW (10 °C)

(ca. 40 kW per flat))

HXSC
FH 28/24 °C

2 stage HP

HX

with hot gas
de-superheating
GW-HP
Fig. 5: Simplified Hydraulic Scheme with Solar Collectors (SC), Buffer Store (BS), 2-stage ground water heat pump (HP) with hot gas
HG) de-superheating in heating mode with floor heating (FH) and decentral heat exchanger (HX) for domestic hot water (DHW)
preparation

3.

Monitoring Results

3.1 Climate
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IG,Solar / [kWh/(m² month)]

The climate during the monitoring period was rather typical. However, there was a relative cold January in 2017.
The other months were in the range of average years. During the heating period in average the measured ambient
temperature was 2.6 K higher than the design climate used in PHPP. The measured global horizontal solar radiation
was with 1192 kWh/(m² a) very close to the design values.
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Fig. 6: Measured and design (PHPP) global horizontal solar radiation (left) and ambient temperatures (right)

3.2 Indoor Temperatures
The monitoring system is connected to the building management system (BMS), data of every relevant flow and
return temperature, mass flow and energy flow is stored every 15 min. In addition, the temperature is recorded in
each flat of the south building. The average temperature of the north building can be estimated by comparing the
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measured extract air temperature of the south and the north building. The monthly temperatures are reported in the
following figure:
28

reduction of flow temperature was tested

27
26

south indoor max.
south indoor min.

- / [°C]

25
24
23
22
South indoor average
South Extract

21

North Extract
20

Jan
1 16 2

3

Apr
4 16 5

6

Jul
7 16 8

9

Oct 16 11
10
month

12

Jan 17 14
13

15

Apr 17 17
16

18

Fig. 7: Measured average, max. and min. indoor temperatures of 9 (of 10) flats of the south building and the corresponding extract air
temperature as well as the extract air temperature of the north building

By comparing the average south building temperature and the extract air temperature of the south building and seeing
that the extract air temperature of the north building is in winter about 0.5 K higher than the extract air of the south
building, it can be expected that the average indoor temperatures were also slightly higher in the north building. In
winter 2017, the average indoor temperature of the south building was in the range of 23 °C, while it can be expected
that the temperature of the north building was in the range of 23.5 °C, which is 3.5 K higher than the design value.
The difference between maximum and minimum indoor temperature of the flats of the south building was reduced
significantly in the second winter (with 1.1 K compared to 2.4 in the first months).
In early winter 2017 (month 13 in Fig.7) the flow temperature of the floor heating system was reduced in order to
reduce distribution losses. However, at least this sudden change in the indoor temperature together with the fact that
January 2017 was a very cold month (average temperature -3.8 °C) was not accepted by most of the tenants and as
consequence the flow temperature had to be increased again. It remains an open question, whether a smoother change
of the temperature would have been recognized or not.

3.3 Energy Balance
The thermal energy balance for both buildings is shown in Fig. 8 for 2016. The HD for both buildings is with
31.1 kWh/(m² a) higher than design value of 12.2 kWh/(m² a) acc. to PHPP calculations (14 kWh/(m² a) for the
south (853.2 m²) and 11 kWh/(m² a) for the north (1295.6 m²) building).
The main reason for an increased heating demand in the first year of operation is usually the construction moisture.
Hence, it can be expected that the average annual heating demand decreases with respect to the first year of operation
and will settle within the second year. In addition, the influence of the actual climate (compared to the reference
climate) and the elevated indoor temperatures have to be considered. Furthermore, deviations from design values
might be caused by the user (window ventilation, shading, occupation, equipment). Finally, the actual construction
could differ from the design in terms of air-tightness, thermal bridges etc., but this can be practically excluded as the
principles of Passive House design were followed and quality control such as blower door tests was conducted.
It is obvious that during the first winter of operation of such a building, there are effects that should be considered
with care and general conclusions should be avoided. A HD closer to the design value can be expected for the next
winter season, which is already indicated by the significantly lower HD in winter 16/17 than winter 15/16.
The domestic hot water demand (DHW) was with 24.7 kWh/(m² a) slightly higher than the design value, distribution
losses are included and cannot be quantified by the available measurement equipment. Storage losses can be
determined by energy balancing of measured heat flows from HP, ST, DHW and heating, and were relatively high:
1030 kWh/month in average throughout the measurement period, which is about a factor of three higher than
expected even when a storage with relative poor insulation is assumed.
ST covers summer load including losses, so there is (theoretically) no need for HP operation in summer and PV
electricity production can only be used for auxiliary energies and appliances (theoretically).
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Fig. 8: Thermal energy balance (year 2016), DHW and heating is measured at storage outlet and this includes distribution losses

3.4 Heat Pump Performances
The performance of the ground water heat pump was with an SCOP of 2.9 poorer than expected. HP operation was
not optimal for several reasons: heating and DHW flow/return temperatures were higher than planned. The two-stage
compressor HP with de-superheating was operated mainly in DHW mode in the first winter. De-superheating
contributed with 17 % to the total energy delivered by the HP. Storage stratification was poor in some operation
modes and storage (and pipe) losses were too high. The ground water pump (well) was slightly over-dimensioned.
Thermal losses of the HP were 16 % in winter and the HP was operated in summer without significant contribution
(because of high contribution of ST, see above). The control of the HP and the system was optimized during summer
2016 and in winter 2016/2017 the COP could be increased to 3.4. Further system optimization is possible and an
improved sCOP can be expected for 2017.
The average monthly temperature deceases from spring/autumn towards winter because of the higher share of
operation in heating mode with flow temperatures of about 35 °C compared to the higher temperatures in DHW
mode, see Tab. 3. The calculated monthly average COPs follow the trend of the measured COPs (based on values of
2017) but there is an offset of about 0.7 in average. This remaining difference between the calculation and the
measurement can be explained by thermal losses and by the auxiliary electricity demand of the circulation pumps
and the well pump and the temperature drop in the heat exchanger. An average COP of 3.6 to 3.7 can be expected
based on the calculated values, while from the measurements an average COP of not more than 3.3 to 3.4 can be
expected.
Tab. 3: Measured monthly COP in the heating season vs. calculated with Carnot performance factor of 0.5 acc. to data sheet; DHW
mode in Mar. and Oct. with 60 °C, 50 % heating and 50 % DHW mode in Jan. and Dec.

Jan

Feb

Mar

Meas. 2016

2.8

2.7

2.9

Meas. 2017

3.7

3.1

2.6

Calc.

3.9

3.5

-cold

9

8

-hot

50

55

…

Oct

Nov

Dec

3.1

3.4

3.4

3.1

3.5

3.7

4.0

7

12

11

10

60

60

55

50

3.5 Performance of ST and PV
The performance of both, ST and of PV was relatively good. For a fair comparison, PV electricity has to be converted
to thermal energy by means of running the heat pump with PV electricity and charging the storage. So

ݍ  ൌ  ܱܲܥݏή ݓǡ

(eq. 3)

Peak power limits and storage losses have to be accounted for. Furthermore, ST delivers temperatures up to 95 °C
while with a heat pump the maximum temperature is below 60 °C. The power of the heat pump is limited (here
40 kWth, correspondingly ca. 12 kWel), i.e. for higher power (peak power of PV is ca. 23 kWpeak) either direct electric
heating rods (with COP = 1) or batteries (with storage losses) have to be used.
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A thermal energy storage is required for domestic hot water preparation, but for heating the HP could work directly
on the floor heating system (ST contribution to heating is anyway very limited as can be seen in Fig. 8). Assuming
250 l per household, the 26 flats with a simultaneity factor of 0.2 and 50 % distribution losses, a storage volume of
about 2 m³ would be sufficient. Hence, the additional volume of 4 m³ can be accounted to the solar thermal system.
However, if the electricity generated by the PV area should also be used for DHW preparation (and heating) also in
this case thermal energy storage would be required.
In this case, where ST is used for DHW preparation in summer, the monthly COPs of the heat pump should not be
taken for further comparisons as the performance of the heat pump in summer was poor because of the very high
contribution of ST and correspondingly low contribution of the HP. Therefore, the delivered energy is calculated
with the average COP, which is with 2.9 rather low for a ground water heat pump. In this comparison, storage losses
are disregarded and then the performance of both ST and PV (+ HP) is in the same order of magnitude as shown in
Fig. 9. The specific yield of solar thermal without loses is qST = 500.8 kWh/(m²ST a) and reduces to qST-loss =
336.5 kWh/(m²ST a) if all storage losses are accounted to the ST. The specific yield of PV is qPV(COPav) =
484.5 kWh/(m²ST a) based on the average COP of 2.9 and is qPV(COPM) = 428.5 kWh/(m²ST a) based on the monthly
measured COPs (from 2016). With improved system design and control, a COP of the GW_HP of at least 3.2 should
be possible (see section above) which would give PV a slight advantage over ST on annual basis, but ST would still
perform slightly better in winter.
70
60

e / [kWh/m²]

50
40
30
20
10
ST

PV*COP_av

PV*COP_M

0
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2

3

4
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6

7

8

9

10

11

12

month
Fig. 9: Specific thermal energy (related to 1 sqm. of ST or PV, respectively) delivered by ST and by PV (with HP, with average and
monthly COP of 2.9) (year 2016), storage losses are excluded

3.6 Electricity Consumption and Auxiliary Energies
The electricity consumed by the HP for heating and DHW is shown in Fig. 10. Aux. energies (pumps, MVHR,
control, monitoring, etc.) are relative high. Electricity consumption is 15.3 kWh/(m² a) or 33 MWh w\o aux. and 22.9
kWh/(m²) or 49 MWh w\ aux. energy.
It can be seen in Fig. 10 that the first optimization measures proposed after the first winter already led to significantly
reduced energy demand for heating and DHW and also to reduced auxiliary energy demand (5.6 MWh in December
compared to 9.7 MWh in January, but still further optimization is required. The ambient temperature (and thus the
heating degree days) and the global solar radiation were comparable in January 2016 and December 2016, see section
3.1, above.
PV yield is 167.6 kWh/(m²PV a) or 27 MWh or 12.6 kWh/(m²AT a) and is not even sufficient to cover the electricity
for the heat pump. For heat pump and the auxiliary energies almost double the PV field size would be required. In
December (where the el. consumption could already be significantly reduced with respect to January), on monthly
basis, PV can cover 30 % of the electricity consumed by the heat pump and only 22 % if aux. energies are included.
The remaining electricity has to be purchased from the grid.
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Fig. 10: Electric energy consumed by HP (grey bars), with auxiliary energies (white bars, appliances not included), and monthly
electric energy produced by PV, monitoring results from 2016

4.

Discussion

4.1 NZEB for heating, DHW (without appliances)
The goal of achieving a net zero energy balance (NZEB) for heating and DHW was not reached in the first monitoring
period (2016) for several reasons: The higher HD in the first year (mainly because of construction moisture) and the
relative high thermal losses of the storage led to a higher load. Furthermore, control settings were not optimal (e.g.
not enabling good stratification) resulting in rel. poor performance of the heat pump. During the first year of
monitoring some improvements were implemented and an increased performance of the HP can be expected. By
avoiding thermal bridges of pipes and valves and convection (by heat traps) and by reducing storage set pint
temperature, storage losses can be reduced.
If the heating demand can be reduced to PH-level (i.e. 15 kWh/(m² a)) and if further storage losses can be limited,
higher solar fraction can be expected and the load for the heat pump can be reduced. If moreover, because of reduced
set points and improved stratification, better performance of the HP can be achieved and finally aux. energies can be
reduced, the electricity consumption could be reduced from ca. 22.8 kWh/(m² a) to the design level of ca.
11.8 kWh/(m² a). With all these possible improvements and optimization measures, the goal of NZEB could be
achieved, as is shown in the prediction in Fig. 11. The annual yield of PV (167.6 kWh/(m²PV a) or 12.6 kWh/(m²AT
a)) is enough to cover the consumed electricity on annual basis. However, the remaining purchased electricity in
December would still be 3.1 MWh or 71 % (compared to 4.4 MWh or 78 % from the measurements).
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Fig. 11: Net-zero energy balance; prediction after optimization (50 % of auxiliary energies with respect to measurements, HD acc. to
PH standard and improved HP performance (sCOP = 3.7)) Load is 25.2 MWh or 11.8 kWh/(m² a); PV yield is 167.6 kWh/(m²PV a) or
12.7 kWh/(m²AT a), respectively
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4.2 NZEB for heating, DHW and appliances
Annual PV yield is not enough to cover appliances, even if only 1500 kWh/a are assumed per household (appliances
are not measured, but European average is about 1500 kWh/person/year, see above in section 1.2). The monthly
balance after optimization (prediction) but including appliances is shown in Fig. 12. If appliances are included, the
net balance cannot be fulfilled. It is obvious, that in the winter months there is no PV electricity left for HP and
auxiliary energies. Instead, 100 % has to be purchased from the grid. Only in summer, there is slight PV excess
electricity which can be used to cover auxiliary energies and a small amount of PV has to be sold to the grid (again
on basis of monthly balance). If higher consumption of appliances are assumed (e.g. 2500 kWh), on monthly basis,
there would be no excess PV at all.
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Fig. 12: Prediction of electric energy balance after optimization (as in Fig. 11 but with appliances; 1500 kWh/household; remark:
electricity consumption for appliances is not measured (contract between electricity provider and the tenants); 64.3 MWh or
29.9 kWh/(m²AT a), respectively

For a NZEB with appliances, PV must be used in addition in the façades. An additional theoretical area of 300 m²
(ca. 45 kWpeak) would be required in the south facades.
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Fig. 13: Prediction of electric energy balance after optimization with appliances (as in Fig. 12) but with additional theoretical 300 m²
PV on south facades (ca. 45 kWpeak)

4.3 PE balance
The specific primary energy (ePE) for heating and DHW production with the HP, for the case with the improved
system, with appliances without and with 300 m³ of PV in south facades is calculated assuming two scenarios, see
section 1.3:
x

case A with 10 % hydro, 10 % wind and 10 % PV and

x

case B with 10 % hydro, 30 % wind and 30 % PV.
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It can be seen in Fig. 14 that in scenario B with higher share of renewables in the grid(all together 70 %), the additional
PV in the façade yields less primary energy savings then in the case A with all together 30 % of renewables. In
scenario A the additional PV in the façade reduces the annual specific PE demand from 32.7 kWhPE/(m² a) to
15.2 kWhPE/(m² a), or by 53.5 % while in scenario B, it reduces from 21.9 kWhPE/(m² a) to 11.2 kWhPE/(m² a) or by
49.2 %. As discussed in section 1.3, the state of the art is using a constant primary energy conversion factor, e.g. 1.91
as in At (OIB). PE savings with a constant PE conversion factor are 58 % (13.8 kWhPE/(m² a) with compared to
32.9 kWhPE/(m² a) without PV in the facade). With constant primary energy conversion factor, savings are accounted
for with the same weighting independent of the season. Therefore, savings in summer are overrated.
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Fig. 14: Specific primary energy (ePE) for heating and DHW production with the HP, improved system, with appliances without and
with 300 m³ of PV in south facades for case A with 10 % hydro, 10 % wind and 10 % PV and case B with 10 % hydro, 30 % wind and
30 % PV.

5.

Conclusions and Outlook

Two MFHs in PH Standard were implemented with solar thermal and heat pump system and PV to achieve maximum
primary energy savings. Thus, the project can represent a best practice example for future nZEBs. PH standard is
key for achieving real nZEB/NZEB level. ST has energetic benefits over PV in case of relatively small systems (i.e.
fsol(DHW) < 40 %). However, system complexity increases and a well-tuned control strategy is of major importance.
Stratification of the buffer storage is crucial for optimal performance of the solar thermal plant and the heat pump.
Obviously, storage size (i.e. volume) and connections must be carefully designed in order to avoid excessive storage
losses. The reduction of the flow and return temperatures and the minimization of the distribution losses is also very
relevant. Finally, also auxiliary energies have to be kept to minimum level.
In the paper monitoring results of the buildings (heating and DHW demand) and of the system (distribution losses,
performance factors, solar thermal and PV yield) are reported and improvements after the first year of operation were
discussed and design recommendations based on monitoring data and simulation results were given.
Net zero energy balance (for heating and DHW and auxiliary energies) could not be achieved during the first year of
monitoring (2016), but predictions based on results after some improvements show that with it could be achieved.
However, it is also highlighted in the paper, that electricity of appliances cannot be excluded from the energy balance
and that NZEB do not significantly reduce winter grid load.
The mismatch between (electricity) demand and PV yield has to be considered, e.g. by means of different electricity
prices for purchase and sell or by seasonal/monthly primary energy conversion factors. A method is discussed
allowing to compare different nZEB/NZEB concepts considering the time (season) of the electricity purchase from
the grid in order to be able to optimize concepts towards reduced non-renewable primary energy demand or CO2
emissions in winter when renewable electricity is rare. In this sense, also concept of net zero energy buildings (NZEB,
e.g. IEA SHC Task 40) can be critically discussed.
There is a need to develop design guidelines for HP design, HP and system control. Performance monitoring for fault
detection and system optimization is strongly recommended.
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Abstract
Occupant behavior is one of the major factors influencing building energy consumption and contributing to uncertainty
in building energy use prediction and simulation. Currently, the understanding of occupant behavior is insufficient in
building design, operation, and retrofit, leading to incorrect simplifications in modeling and analysis. Recently, the need
to integrate social science aspects into energy research has brought more awareness about the role of occupants in
buildings and how their actions may be driven. Within this study, we identify a sort of behavioral actions’ temporal
sequence in a form of timing priority action logic to represent progressive occupants’ decisions. This work will
contribute to the scientific investigation about the impact of occupants’ behavior in building energy assessments by
determining a novel behavioral action hierarchy, useful for future advanced algorithm development in dynamic thermalenergy building simulation.
Keywords: Occupants’ Behavior, Hierarchy Actions, Buildings’ energetic behavior, Continuous monitoring

1. Research Background
The energy-efficiency analysis of buildings today takes into account building energy behavior underestimating the
human factor. One of the main objectives of the research is therefore to analyze the behavior of occupants (in terms of
their energy need) to understand how this affects the overall energy performance and how much it affects the difference
between the expected energy consumption and the actual energy consumption.
Occupational Behavior, for example in offices, include a number of actions that can significantly affect energy
consumption, such as adjusting thermostat settings, opening / closing windows, opening / closing curtains or shutters,
switching on / off heating / cooling systems and finally moving from one room to another. In addition, behavioral
habits, such as changes in clothing, drink consumption and different metabolism, directly affect the individual comfort
that influences energy consumption.
The behavior of occupants in buildings is a multidisciplinary research topic that covers social and behavioral sciences,
building physics, detection and control technologies, computational science and statistics. One of the greatest
difficulties in collecting information is the lack of standardized data as well as privacy issues.
In order to overcome the uncertainty of occupant behavior, (O'Brien and Gunay, 2015) have proposed a design method
for modeling actions to make people better adaptive to natural light and shading of a construction of a simulation of
energy performance in a building. (Fabi, 2012), on the other hand, investigate the collection of numerous data obtained
from experimental campaigns aimed at verifying the predictive precision of the various existing window-opening
models in buildings.
Considering also the behavior of occupants on the manual adjustment system according to the presence of shadows,
(Yao et al., 2015) have developed a stochastic model for integration with EnergyPlus (dynamic design software). Their
results have shown that frequent and inappropriate use of open-cast walls in buildings has resulted in a decrease in
internal thermal comfort.
Because of the uncertainty of occupant behavior, the results of dynamic-thermal-energy simulation often greatly vary
from the actual energy consumption of the building. (Eguaras-Martínez,et al., 2014) indeed suggested that inclusion or
exclusion of occupant behavior in simulations can result in differences up to 30%.
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A comparison between the energy consumption simulated at the design stage and the energy measured for the LEED
certification (Leadership in Energy and Environmental Design), shows a significant error (mean square error of 18%) in
a group of 62 buildings. The forecast error is even greater for low-energy buildings using passive systems, such as
natural ventilation; in this case, the behavior of occupants could compromise the final energy consumption. Therefore,
the behavior of occupants is one of the main sources of uncertainty in predicting the use of energy.
(Motuziene and Vilutiene, 2013) used four different employment profiles of housing in Lithuania, to show that the
heating strategies can lead to savings of up to 31%. In addition, high efficiency can be achieved by optimizing energy
consumption during vacation periods. For example, South Korean dorms use up to 31.5% less energy when they are not
unoccupied. (Webber et al., 2001) observed, in offices in Washington DC and San Francisco, only 44% of the
computers, 32% of monitors and 25% of the printers were turned off at night.
The quantification of energy saving imputable to occupant behavior remains a primary challenge. It was estimated that
savings could be made between 10% and 20% for home and between 5% and 30% for commercial buildings (ie private
offices) by acting on occupant behavior.
Previous Scientific Research has shown that the role of Occupant Behavior has a major influence on the energy
performance of the building. In this work, an office building has been monitored for more than one year in terms of
indoor-outdoor microclimate and energy needs. More in details, several rooms were monitored with similar
characteristics in terms of their intended use, dimensional characteristics, exposure, constructive features, and
presenting devices. By analyzing several key boundary conditions, occupants can be considered as peers (equal) by
being related to formation, age, habits and customs and carrying out similar activities.

2. Research Scope
Compared to the state of the art, this study attempts to analyze and identify a sort of timing priority sequence in
occupant behavior triggering after perceiving a potential discomfort situation.
Determining the sequence of actions that include subjectivity is complex, especially in the analysis of the progressive
feeling-to-decision-to-action of occupants. Therefore, this work will contribute to the scientific research envisaged in
the Annex 66 program, which aims to identify the state of the art in terms of Occupational Behavior modelling in
buildings energy prediction.
The goal is therefore to determine a temporal hierarchy of behavioral actions that is also valid for a predictive and
reliable energy evaluation, since the typical reactions may be energy-needy and their time prediction influences building
final energy use.

3. Methodology
The methodology implemented in this paper consists of the following main steps:
x

Definition of the research statement,

x

Selection of the case study,

x

Continuous experimental monitoring of the main parameters of the internal microclimate and occupancy
within each office during a year from April 2016 to March 2017,

x

Statistical analysis of data and comparison of results.

The following sections describe the above-mentioned work phases.

3.1. Field Monitoring
In order to study and analyze the different behavior of "peers" and the hierarchy of actions that are carried out within
the building, they were considered a group of peers working in some office buildings that houses the University
Research Center "CIRIAF" (Perugia, Italy). In particular, five office environments characterized by the same
orientation, same architectural layout, size, construction technology, and HVAC system were selected. Consequently,
the behaviors of the occupants were continuously monitored by means of special sensors installed in the various offices
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selected as a case study.
More in detail, the experimental monitoring system was installed in September 2015 and consists of internal
microclimate sensors capable of collecting data such as indoor air temperature, workplace illumination, electrical
consumption, door / window opening. Therefore, data on the behavior and daily habits of occupants were collected and
analyzed in terms of the use of electricity, lights on / off, opening / closing of doors / windows. In particular, the
aforementioned monitoring system consists of a set of Wireless Network Sensors (WSNs), consisting of five indoor
microclimate monitoring stations, each equipped with several sensors and a collector node (Fig. 1) connected to the
cable sensors. The monitoring stations are located each within the five offices. Nodes communicate the data collected
via radio to a collection gateway and then they are real-time available within the office web portal managed by the
authors.

Fig. 1. Functional Diagram of the Wireless Monitoring System (n = nodes, S = sensors, G = Gateway, 1-5 = Monitored Offices
(Pisello et al., 2016)

For the purpose of this research work, four types of sensors have been used in order to analyze the following internal
parameters (Fig. 2):
x

Opening / closing of doors and windows (magnetic sensors),

x

Illuminance level above the desk (luxmeter),

x

Indoor air temperature (air temperature probe),

x

Use of electricity (amperometer).

Each sensor can record data every five minutes by sending the signal it to its node and finally to the gateway.

Fig. 2. Sensors installed in each office: (a) opening and closing windows, (b) luxmeter, (c) air temperature probe, (d) ammeter
(Pisello et al., 2016).
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4. Case Study
The building selected as a case study is represented by a building hosting the Research Center of the Department of
Engineering of the University of Perugia, Italy (Latitude: 43 °'0'0'0 '' N; Longitude: 12 ° 21'03 ' 'E) (Fig. 3). It has a twostory rectangular plan, which houses ground floor laboratories, while all the offices of researchers and professors are
located at the first floor. The five monitored offices are all located on the first floor and are oriented to the South-West;
they have rectangular plan and have the same dimensions (about 4 × 4 × 2.9-h m). Each office has two windows-doors
on the South-West façade facing a terrace connecting all the rooms at the same floor. Lighting system is characterized
by 4 ceiling lamps manageable from the entrance of each office as 2 groups of 2 lamps. The HVAC system is a
centralized heating-cooling air system for the whole building. Each office is provided with a thermostat able to regulate
both temperature (+/- 3°C compared to the setpoint centralized temperature) and air volumes (in a graduate scale of 3
steps).
The heating season is officially operating from 10-15 to 04-15, while summer cooling operates from 06-15 to 09-30 by
law. Then, every office occupants may regulate their ambient thermostat according to personal needs and occupational
perceptions of occupants.
In each office there are two or three computers and two or three people. (Fig. 3-4)

Fig. 3. Planimetry of Monitoring Offices (Pisello et al., 2016).

Fig. 4. Typical Offices (Pisello et al., 2016).

4.1 Data analysis scheme in the building
This analysis, which considers peers as occupants having similar characteristics (in terms of age, occupation, activity,
and timetable) under the same environmental conditions, highlights how the attitudes and personal habits of different
occupants differently affect the overall building behavior given their intrinsic variability. The table below describes
(Tab. 1) the main features of each monitored office.
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Tab. 1. Main features for each monitored Office.

Room

People in the office (n°)

Doors/Windows

PCs

1

3

1 D, 1 W

3 pc

2

2

1 D, 1 W

2 pc

3

2

1 D, 1 W

2 pc

4

3

1 D, 1 W

3 pc

Considering all the possible actions that can be taken, such as resulting in energy consumption or a different behavior of
the building, the analysis was carried out by identifying macro categories and focusing on the opening and closing of
the door and the window. The aim was to identify, where possible, a temporal correlation between the thermal
discomfort and the occupation action.
First, the processing of collected data was carried out with reference to the continuously monitored weather data
provided by the weather station positioned on the roof of the building that houses the offices.
Specifically, the correlation level analysis between the monitored internal parameters and the external microclimate was
performed considering the outside air temperature, the total solar radiation on horizontal plane, the maximum internal
temperature and the opening / closing of the doors / windows. The analysis of how internal parameters are influenced
by external environmental conditions shows that there is always a time shift between the maximum incident solar
radiation and the maximum internal temperature, as expected. From the monitored data analysis, the maximum incident
solar radiation occurs between 11:00 am and 1:00 pm on average, while the maximum internal temperature is recorded
between 3:00 pm and 6:00 pm. Of course, there are exceptional cases due to the use of technological installations and /
or the change of external atmospheric conditions to vary this trend. additionally, the analysis of collected data has been
made by considering the behavior of occupants in order to assess how personal attitudes and specific peer peaks can
affect internal environmental parameters equal conditions.
In this regard, 12-month monitoring data, specifically from April 2016 to March 2017, were analyzed and the Global
Maximum Incident Solar Radiation and the External Temperature were identified as the two key variables for each day.
At the same time, the maximum internal temperature and external temperature and global radiation were selected as
indoor feedback every day. For each day, based on these data, the opening of the door and the window timing was
assessed and correlated to radiation and temperature profiles and peaks, by also investigating the time span of the action
and the possible consequential relation.

5. Results and Discussion
5.1. Analysis of occupants’ behavior
As mentioned, the present study aims to demonstrate that peers, i.e. persons of the same age, origin, activity and
working hours, have different behavior from the thermo-energy point of view despite their theoretical similarities and
the common work environment and how they react to environmental stimuli by implementing a temporal series of
actions.
Room 1 and Room 3 office occupants often use window and door opening to adjust the temperature (openings normally
coincide with indoor maximum indoor temperatures). Room 2 Office users do not use the window opening (there is
only one opening in June at the peak of the measured temperature, about 30 ° C, and during September), but they act on
the door opening to respond to the condition of overheating discomfort and adjust the internal temperature.
In "Room 4" office, the sensor data show that except for a few times, the window remained open throughout the day,
even at night. In this case, the measurement was considered as not significant as this result may be due to a malfunction
of the sensor or, if not, the action of opening the window is not a result of temperature variation.
However, occupants of the "Room 4" office used door opening as a solution to counteract environmental discomfort
caused by rising temperature in the room. The Room 5 office is a synthesis of the previous ones; the opening of the
window is recorded for long periods (especially during Spring and Summer), while the door opening does not always
happen at the temperature peaks.
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Another highlighted information to note is the behavior of the occupants of the office "Room 3", which, between May
and June, with a temperature around 25°C, have constantly used the opening of the window while always closing the
door. However, the internal temperature was on average around 25°C. It is likely that the opening of the window was
not due to the air conditioning of the room, but to the need for occupants to breathe fresh outside air due to the pleasant
temperature. As said many times, despite the fact that the "occupants" are potentially "peers", it emerges that the action
is subjective or linked to its momentary and personal perception, privacy, etc. The following charts show the results of
how each office occupants (Room1-2-3-4-5) react to the conditions just described.
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A further point to note is that the analysis of the opening of doors and windows at the maximum internal temperature is
not significant during the winter season where the maximum indoor temperatures are consistently higher than the
external ones and the user's action is not directly proportional to the discomfort.
The occupants are also able to use the thermostat (user autonomy ± 3 ° C) to raise the temperature during working hours
as a measure of the minimum internal temperature. However, a sensor has not been installed yet, that monitors user
action on the thermostat itself.
Analyzing the results, there is a clear difference in actions at the Maximum Solar Radiation (W / m²) that normally does
not correspond to a condition of internal discomfort and therefore a noticeable non-action (Fig. 5). The Maximum Solar
Radiation is recorded around 12:00pm-1:00pm daily, the time when the indoor temperature is normally lower. The
Maximum Indoor Temperature, however, occurs almost always in the afternoon. This constancy is justified by the
specific orientation of the offices being analyzed and the internal gains progressively heating the room.
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Fig. 5. Door and Window’s Opening related to the Maximum Solar Radiation and Indoor Temperature.

In the following table, a synthesis of one year actions collected data for each office is described (Tab. 2).
Tab. 2. Results for each office of the analysis considering 365 days including 16 holidays.

Rooms

External Global Solar Radiation (W/m²)

Maximum Interior Temperature (°C)

Door

Window

Door +
Window

Door

Window

Door +
Window

1

37

52

12

32

74

21

2

148

28

28

137

34

34

3

47

99

15

48

94

17

4

74

237

42

69

233

32

5

103

188

94

106

203

89

5.2. Temporal Hierarchy Actions
Analyzing the results of occupancy actions, attention was focused on registered actions and time correspondence with
recorded discomfort.
Starting from the specific action, it was analyzed whether the specific action occurred at the maximum internal
temperature or if there was a time shift when the action was coming.
Results in Figs. 6-7 show how, starting from a situation of discomfort, subjective actions of the occupants are
implemented. The subjectivity consists of the type of action, e.g. the fact that some occupants facing high internal
temperature were opening the door while others, for privacy reasons, only managed the window. A further result is
represented by the fact that not all the occupants reacted at the same moment of maximum internal temperature, but that

919

J. Romanelli / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

within a given temporal order (5-10-15 minutes) the action was usually widely implemented. However, the goal is to
extend the time interval, up to about 2h, in order to understand and identify a possible recurring attitudes in the actions.
The work in progress consists of the elaboration of an algorithm to quickly locate this correlation.

Fig.6: Daily Hourly table where are indicated Occupants’ actions when the indoor temperature is maximum.

Fig. 7: Daily Hourly table where are indicated Occupants' actions with 15 minutes’ time reaction range after the maximum indoor
temperature.

6. Conclusion and Future Development
The present study analyzed the possibility of establishing a sequence in the actions of occupants of an office building in
order to assess the impact of subjectivity and time-hierarchy of user actions responsible for the variability of indoor air
temperature in close proximity to each working station.
The results show how, in discomfortable situations, the subjective actions of the occupants find a common matrix of
doing a subjective action. Subjectivity was found in the type of action, i.e. in the fact that for example some occupants
reacted to high internal temperature with opening the door, while others, for privacy, the window.
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Another result is that not all occupants reacted at the same time, but within a given time order (5-10 to 15 minutes) the
action was completed. It is also important to note the difference in the actions at the maximum solar radiation (W/m²)
that normally does not match an internal discomfort and therefore a noticeable non-action.
Being the subject of deep interest and study, the understanding of occupant behavior represents a new opportunity to
shape the future evolution of building energy prediction models and technology, to improve the energy efficiency and
comfort of occupants of buildings,.
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Abstract
The over dependency on fossil fuel in Nigeria could be one big reason for the total failure of the power sector.
The country’s economic development which depends on productivity output is in peril due to the imminent
energy crisis from gas shortage, vandalism, diminishing fossil fuel reserve and energy insecurity. Therefore, a
strategic initiative to diversify the power sector into the energy mix to withstand the socioeconomic
development has not indicated a positive progress. The insufficient electricity generation at the highest point
was only in capacity put at 5000 MW in April 2015 to support a teeming population of about 184 million
people. Nigeria is endowed with plentiful natural resources in which solar energy received more attention due to
its potential, especially the rural communities. It is estimated that the solar potential deposit raises to 4,849, 782
kWh/m2 days for the entire country of around 923,768 km2 areas. The theoretical framework is based on critical
literature reviews being part of a PhD research. The research discusses the motivational drivers to the solar
energy development and the barriers hindering the implementation. The key drivers were climate change,
energy demand, power sector reform Act, energy security, supply versus demand conflicts, job opportunities,
technology growth and market potentials. On the other hand, the key barriers are technical, social, economical,
institutional and political. Recommendations of measures to surmount the barriers to facilitate implementation
are also proffered.
Keywords: Solar energy, energy access, solar barriers, solar drivers, implementation

1. Introduction
There is little or no doubt that access to electricity is crucial to people, not only in the urban developed cities,
but also to the development of rural areas. Even though, Nigeria is the biggest producer of Oil and Gas in
Africa, 65% of its population lives in rural areas as peasant farmers without access to electricity (Duke, et al.
2016). Surprisingly, the total installed solar power in Germany is seven times more than the highest peak ever
generated electricity from all sources in Nigeria, being 5000 MW in April 2015 (Edkins, et al. 2014). Nigeria
located on the equator is within a high sunshine belt where solar radiation is potentially well distributed,
especially over the Northern part of the country (Okoye and Taylan, 2017). Even though, the solar radiation
distribution varies from 3.5kWh/m2/day within the coastal area and 7.0 kWh/m2/day in the northern part of the
country (Ohunakin, et al., 2014). This result to earn the country a total solar radiation of 4,849, 782 kWh/m2 day
covering the area of 923, 768 Km2of landmark (Akinyele, et al. 2007). Despite the potential solar radiation in
the country, the technology is yet to find a sustainable strategy to be harnessed and put into the energy mix to
solve the alarming energy crisis especially the electricity.

2. Status of Solar Energy in Nigeria
The whole of the continent is blessed with a great sunshine radiation, excluding the large areas of tropical
rainforests (the Guinean Forests of West Africa and much of the Congo Basin), since desert and savannah
regions of Africa stand up as the Earth's largest cloud-free area. The eastern Sahara/northeastern Africa is
particularly noted for its world sunshine records: the area experiences not only the greatest mean annual
duration of bright sunshine approximately as much as 4,300 hours, which is equal to 97% of the possible total
but also the highest mean annual values of solar radiation (the maximum recorded was over 220 kcal/cm²)
(Edkins, et al. 2014).
The distribution of solar resources across Africa is uniform, with more than 85% of the continent's landscape
receiving a global solar horizontal irradiation at or over 2,000 kWh/ (m² year). Also, the theoretical reserves of
Africa's solar energy are estimated at 60,000,000 TWh/year, which accounts for almost 40% of the global total,
thus definitely making Africa the most sun-rich continent in the world (Nevin, 2016). Declining solar equipment
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costs are expected to significantly increase solar installations in Africa with an industry projection forecasting
that the continent's annual PV market will expand to 2.2 GW by 2018 (Obeng, 2015).
Furthermore, harvesting solar energy in Africa tend not to be found within the equatorial and subequatorial
climate zones, that are located in the western part of Central Africa usually near the equator, but that extends as
far north and south as the 8th or 9th parallel in both hemispheres, since they are systematically linked with
almost permanent cloud cover and only intermittent bright sunshine (Sharife, 2014). Therefore, African
countries that entirely lie in this wet-humid zone, such as the Republic of the Congo, Equatorial Guinea, Gabon,
Liberia and Sierra Leone are by far the least favoured in solar power of the entire continent. In contrast, many
perpetually sunny African nations like Egypt, Libya, Niger and Namibia could rely on developing their
tremendous solar resources on a large scale and at reduced prices (Sharife, 2014).
Tab.1: Maximum/minimum yearly global solar radiation in Nigeria (kWh/m2/day)

Stations

Location
Longitude

Location
Latitude

Altitude
M

Maximum
A

Minimum
B

Monthly
Average

Abeokuta

7.25

3.42

150

4.819

3.474

4.258

Abuja

9.27

7.03

305

5.899

4.359

5.337

Akure

7.25

5.08

295

5.172

3.811

4.485

Azare

11.8

10.3

380

6.028

5.022

5.757

Bauchi

10.37

9.8

666.5

6.134

4.886

5.714

Benin city

6.32

5.677.52

77.52

4.615

3.616

4.202

Calabar

4.97

8.35

6.314

4.545

3.324

3.925

Enugu

6.47

7.55

141.5

5.085

3.974

4.539

Ibadan

7.43

3.9

227.23

5.185

3.622

4.616

Ilorin

4.48

4.58

307.3

5.544

4.096

4.979

Jos

9.87

4.97

1285.58

6.536

4.539

5.653

Kaduna

10.6

7.45

645.38

6.107

4.446

5.672

Kano

12.05

8.53

472.14

6.391

5.563

6.003

Katsina

13.02

7.68

517.2

5.855

3.656

4.766

Lagos

6.58

3.33

39.35

5.013

3.771

4.256

Lokoja

7.78

6.74

151.4

5.639

4.68

5.035

Maiduguri

11.85

13.08

383.8

6.754

5.426

6.176

Makurdi

7.73

8.53

112.85

5.656

4.41

5.077

Minna

9.62

6.53

258.64

5.897

4.41

5.427

New Bussa

9.7

4.48

152

5.533

4.15

4.952

Nguru

12.9

10.47

342

8.004

6.326

6.66

Ubudu

6.63

9.08

305

5.151

3.375

4.224

Oweri

5.48

7.03

120

4.649

3.684

4.146

Port Harcourt

4.85

7.02

19.55

4.576

3.543

4.023

Serti

7.5

11.3

610

4.727

3.972

4.488

Sokoto

13.02

5.25

350.75

6.29

5.221

5.92

Wari

5.52

5.73

6.1

4.237

3.261

3.748

Yola

9.23

12.47

186.05

6.371

4.974

5.774

Source: Emodi and Boo, 2015

Table 1 above, is a view of Nigerian maximum and minimum sun radiation in various zones with highest
radiation in the North-East Zone Nguru, Maiduguri, Kano and Azare in Bauchi state. However, other cities
also possess high sun radiation making it equally potential for solar energy resources. Even the leas radiation
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cities such as Warri and Calabar, the solar energy can potentially be harnessed by many users for household
and small and medium businesses.
Figure 1 bellow shows the solar radiation distribution across Nigeria, where each zone is labelled to ascertain
solar radiation contribution if the technology is harnessed. The three-different solar zone can be defined viz:
Zone I, II and III where each zone having a diverse level of radiation that can be articulated for a specific
project selection across the 36 states of the federation. It is evident that Zone I which comprises the states in
the northeast zone have the highest solar radiation occurrence with excellent solar PV potential. Equally, zone
II, which consist of the North-central and North-West have viable solar radiation while zone III has low solar
radiation potential for big solar project selection in the country.
Figure 1: Solar Irradiation levels in Nigeria

Source: NESP, 2015

It is evident that the northern part of Nigeria can generate substantial solar energy as seen in table1; with annual
radiation rising up to 6.966 maximum in Nguru Yobe state in the North- East and 3.78 minimum in the Wari
Delta state, South- South of Nigeria. The next table will show the major solar projects both public and private
with license to generate, operate and commercialise solar energy in Nigeria.

3. Solar Energy Projects in Nigeria
There are more than 58 energy mix projects going on in Nigeria, of which 35 are Solar-based from licensed
solar energy promoters, including rural electrification projects, with a total capacity of 115 MW of Photovoltaic
combining mini-grids and stand-alone installed (ECN, 2014). The Solar-based projects are installed for
residential and commercial purpose respectively. Even though, the Ministry of Power launch a project in 2014,
known as ‘‘Operation Light Up Rural Nigeria’’ most of the Solar projects is targeted for rural communities
which are estimated only 10% of the population have access to electricity. Other off-grid projects include the 37
Federal Universities and University teaching hospital projects are underway to complement the electricity
supply. Four of the Universities and a teaching hospital has already signed the Engineering, Procurement and
Construction (EPC) agreement to develop mini-grid solution to power facilities of up to 9.3MW of solar PV and
5,760 battery cells will be deployed for the projects. Other projects are monitored by the federal ministry of
power and the rural electrification agency, energy commission and the regulator (NERC) accordingly (ECN,
2018).
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Tab 2; Major Solar projects in Nigeria

S/N

Name of Solar projects
Anjeed Kafanchan Solar Ltd
PV Grid – tied generator system

Capacity
(MW)
50
50

1
2

Type

Location

Proponent

Solar
Solar

Kaduna
Osun

Anjeed Innoval Ltd
Book Solar Investment

3

Ever Power Solar power plant

50

Solar

Kaduna

Quaint Global Energy

4
5

Solar Farm Projects
Solar Farm at Kado

200
59

Solar
Solar

Borno
Kaduna

Borno State Govt.
Synergent powershire

6
7
8

Solar Indep. Power Project
Solar PV Power Projects
Solar Farm Projects

100
50
30

Solar
Solar
Solar

Bauchi
Sokoto
Katsina

Nigerian Solar Capital
Geo Envi. services
Katsina State Govt.

9

Japanese Grand Solar Power

0.9

Solar

FCT

Fed.Min. of Power

10

On-Grid Solar Power

200

Solar

FCT

99 Effect Energy Ltd

11

PV-Solar Farm Kankia

20

Solar

Katsina

Katsina State Govt.

12

Solar Project Danmarke

75

Solar

Zamfara

SPGS Power Ltd

13

Solar Power Plant Panyam

50

Solar

Plateau

CT Cosmos Ltd

14

Solar Farm Riko, Jibiya

10

Solar

Katsina

Sinosum Investment

15

Solar Gen. Plant Damaturu

1000

Solar

Yobe

GOPA Int.Energy Cslt

16

PV Power Plant FCT Area

100

Solar

FCT

LR-Aaron Power Ltd

17

Shiroro Solar Power Projects

300

Solar

Niger

N/South Power Co.Ltd

18

Solar Power Plant Irewole

50

Solar

Osun

Remix Energy Ltd

19

Solar Power Plant, Bakura

150

Solar

Zamfara

PV Bakura

20
21
22
23
24
25
26
27
38
39
30
31
32
33
34
35

Solar Power Plan Owo
Solar Farm Gusau
Solar Farm Kiru
Solar Project Kankia
Solar Energy Projects Udi
Solar Power Plant, Ilorin South
Solar Power Plant, Paiko LGA
Solar Power Plant, Dutse
Solar Power Plant Hadejia
Solar Power Projects Gwa AC
Solar Projects, Yabo
Solar Power Plant, Kankia
Solar Power Plant, Bakura
Solar Plant Kokona
Solar Power Plant, Numan
Renewable Energy Owo

25
50
40
125
1200
150
150
75
75
100
100
80
300
50
35
10

Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar

Ondo
Zamfara
Kano
Katsina
Enugu
Kwara
Niger
Jigawa
Jigawa
FCT
Sokoto
Katsina
Zamfara
Nasarawa
Adamawa
Ondo

Secusafe Limited
Sinosun Investment
Bravos Energy Res.
Nova Solar 5 Farms
Motir Seapire Energy
Oroceram Limited
Oroceram Limited
PAS Dutse Ltd
PAS Dutse Ltd
Enerlog Limited
KVK Power
Pan African Solar Ltd
Bakura Energy Ltd
Afringia Power Ltd
Hill Crest Env. Mgt Ltd
Gottpower Limited

Source: ECN, 2016; FME, 2016, NERC, 2016

The table above shows some solar energy promoters, they have applied, met the requirement stipulated by the
Federal Ministry of Power, Nigerian Electricity Regulatory Commission and other Ministries, Departments
and Agencies responsible for initiation of solar energy initiatives in Nigeria. The approval and issuance of
licenses to solar energy companies is an indicator of the government and it agencies commitment to achieving
a sustainable energy mix. The next paragraph will discuss factors that drives the solar energy implementation
in Nigeria.
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4. Drivers for solar energy initiatives in Nigeria
Beside the location of Nigeria on a belt where solar radiation is high, there are other factors which help in
driving the opportunity for the deployment of solar energy initiative in the country.
Tab 3: key drivers for solar energy in Nigeria.
Drivers

Drivers Remarks

Sustainability
demands (CO2
footprint and
Climate change)

Climate change is the main driver for solar energy and other renewable and the main trigger for the called for the
Millenium Development Goals (MDGs) and Sustainable Development Goals (SDGs) over the Years (Uken, 2013).
Nigeria is lying on the coastline of about 800 km, with sea level raised to 0.2 m and approximately 3400km sq.
several kilometres of land have been found to lose annually (Ohunakin, et al. 2014). The raising of the sea level and
the desertification is resulting from the burning issues of the rapid greenhouse emission caused by the other
unsustainable means of electricity. The application and development of solar PV, could reduce the impact to a
minimal level while tapping the free and clean energy and making our environment friendly, more sustainable and
green (Darmani, et al. 2014).

Increased
energy demand

Growth is expected to reach 270 million by 2030 at an average annual rate growth of 4.0% between 2000 and 2030.
Population growth, therefore, is the main driver vis – a - vis the energy demand and the socioeconomic activities
measured by the GDP (Oseni, 2012). Therefore, the rapidly growing demand for energy will create more
opportunities for solar PV development in Nigeria, since the conventional source will be inadequate to feed the high
demand of the energy in the country. Solar energy deployment is also a very big opportunity for the rural area
socioeconomic activities, because most the rural communities are neither connected nor faced with an epileptic
supply of electricity (Sambo and Bala, 2012).

Power Sector
Reforms Laws

The Electric Power Sector Reform Act (EPSRA) 2005, made provisions of law, to allow private individuals to
construct, operate, own and generate electricity not exceeding 1000 kW at a site without a license (Amankwah,
2015). The order for the exception is meant to ease the process protocol and delays in acquiring licenses and to
empower young entrepreneurs to invest in the standalone power generation. The facility is also part of the
electricity expansion of a national grid, facilitation of off-grid power system, generates renewable energy and
coordinates other energy mix (Ohunakin, et al. 2014). The abundance of solar radiation makes solar potentially the
most important source driven by the high demand of population in the country (Okoye and Taylan, 2017).

Energy Security
and access

Nigeria is estimated to have 80% demand/supply gap in electricity, and it is also, estimated that only 10% of the
rural communities have access to the electricity from the national grid (Aliyu, et al. 2015). Most public and private
businesses are run by self-generated electricity using gasoline and diesel generators which emit high unhealthy
greenhouse gases to the environment and unbearable noise to the society. Electricity energy is lost via a
transmission through distribution to the end users (Emodi, 2015). Frequent, high voltage cable vandalism, cable
theft, illegal connections, and inadequate maintenance of the power sector facilities and lack of trained human
capacity development (Ohunakin, et al. 2014). Therefore, solar PV and solar thermal constitute safe, enabling,
reliable and affordable alternative energy widely used.

To Neutralise
the energy
conflict

The Nigerian power sector plant is crippled with the inconsistence in the supply and demand of gas to power plant's
equipment. The common cause is associated with sabotage and destruction by the militants around the oil and gas
producing area; Niger Delta (Sambo and Bala, 2012. The solar energy source is free from sunlight, and requires no
transport as it is produced near where it is consumed (Aliyu, et al. 2015). Therefore, the ability to generate, transmit
and develop the solar energy free of conflict zone can be a pushing factor for solar and other renewable energy
technology deployment and implementation in Nigeria.

Job Creation
and
Opportunities

The promotion of solar energy in Nigeria will contribute enormously to poverty reduction by engaging young
people in local communities to participate and benefit from the opportunity in skills development, technology
transfer and investment opportunities (Darman, et al. 2014). Many alternative energy pilot projects in developing
countries give positive evidence of impact on socioeconomic development, especially the rural communities in
Nigeria with abundant, natural resources Ohunakin, et al. 2014). The increase in the investment in the solar battery
manufacturing, installations, maintenance and repair skills, and the manufacture of various solar devices leads to the
creation of massive job opportunities.

Source: Alam, et al. 2010; Darmani, et al. 2014; Ohunakin, et al. 2014; Uken, 2013 and Zahedi, 2011; Akinyele, et al. 2017; Okoye
and Taylan, 2017.
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Tab. 4: Other drivers for solar energy in Nigeria

Drivers

Drivers Remarks

Local valueadded potential

Developing countries like Nigeria will yield local added value for solar energy penetration,
considering that less than 40% of the population are connected to the national grid. Most of
the population is in the rural area where fuel wood is the main source of energy (Emodi and
Boo, 2015). There is a potential for the solar applications technology to be developed locally
by the rural dwellers to support an energy mix in various forms such as cooking, water
pumping and other agricultural activities (Dittmar, 2008). Solar energy is also potential for
promoting socioeconomic stability, skill acquisition and job creation.

Growth in
Education and
Technology

Growth in technology and widespread of technical knowledge of solar technology could be a
reason driving the initiative in Nigeria (Amankwah, Amoah, 2015). Besides, energy research
centres in Nsuka, Sokoto, Lagos, Ilorin, Bauchi and Port Harcourt are the roots to awareness
and skills development for solar and other renewable energies in Nigeria (Oseni, 2012). The
growth in technical knowhow about the technology locally, is a pulling actor potentially
responsible for continued interest in solar energy.

Stakeholders
Involvement

Solar and other renewable energy projects cannot succeed without the intervention of local
stakeholders. When local entrepreneurs, explicitly integrates their investment towards solar
energy technology, the success of the technology is achievable (Zahedi, 2011; Marques and
Fuinhas, 2011. Therefore, local investors, entrepreneurs and end users are encouraged to fully
participate in the promotion, generation, production and implementation of solar energy in
Nigeria to help mitigate the appalling electricity shortage in the country (Ohunakin, et al.
2014).

Financing
opportunities
and Market
potential

One of the barriers to solar and renewable implementation in developing countries are the
inability to penetrate a market because the technology is yet to be known and accepted in
many countries including Nigeria (Rettere and Kelley, 2010). However, incentive mechanism
such as subsidies towards the initial financial cost of solar could play a vital role in promoting
the technology. In Nigeria, solar projects are funded by World Bank Projects, Central Bank of
Nigeria (CBN), USAID, and many other international development funding institutions to
support the promotion and development of solar energy (Ohunakin, et al. 2014). These
projects drive interest from young entrepreneurs and investors to diversify into the energy mix
to support the mitigation of power outage in the country.

Source: Darmani, et al. 2014; Dittmar, 2008; Marques and Fuinhas, 2011; Ohunakin, et al. 2014; Uken, 2013; Akinyele, et al.
2017; Okoye and Taylan, 2017.

The table above discussed the driving forces for solar energy implementation in Nigeria. Each country’s
location might have potential factors that drive the implementation of the solar energy initiative. For developing
countries solar energy can bring major benefits for socio-economic development, especially in the rural
communities where access to electricity has become the biggest challenge. A switch from other oil and gas
energy sources can reduce the over dependency on oil and gas supply with issues of insecurities and
vandalisation. In the south and other developed countries gain the advantages to driving the renewable energy
from international climate change agreements like the Kyoto Protocol, SDGs and from socioeconomic interest.
In other words, fast economic growth countries like China, India, and Brazil are mandated to meet their energy
demand while the poorer nations must meet the international poverty reduction goals which implies the
reduction of energy poverty especially in the rural areas in Africa particularly Nigeria. These forces include the
declining cost of RET capital cost, integration of private public partnership in the energy industry, growth in
population and the increase in demand for energy, needs for the mitigation of climate change and the
achievement of the SDGs targets, energy security, job creation and financing opportunities for RET projects by
international organisations.
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5. Key Barriers to Solar Initiatives in Nigeria
Despite the many benefits that can be accrued from the use of solar energy potential and uses, is still very low.
The major impediments to the solar energy initiative’s adoption are series of barriers identified through critical
review of literature which makes it difficult to implement.

Table 4; Barriers to Solar energy implementation in Nigeria

Barriers
category

Barriers

Remarks

Sources

Technical
Barriers

Lack of skilled personnel, lack of
code of standard, lack of
maintenance and operation, lack
of
training
facilities
and
entrepreneur’s
development
mechanism, lack of reliable
framework for sustainability.
Lack of consumer awareness
about the product, lack of
understanding of benefit of solar
PV and public resistance to
chance for new technology.

The barriers lead to poor plans,
poor standard, and constraints of
the competitive market, inadequate
knowledge to know-how for the
technology and risk of acceptance
resulting in technology locked -up.

Sambo & Bala,
2012; Painly,
2001; Luthra, et
al. 2015.
Ozoegwu, 2017

The barrier, affect the market
projection negatively, cultural and
religious
faith
controversies
towards economic development and
sustainability.

Economic/
Financial
Barriers

Lack of access to capital, credit to
consumers
and
financial
instrument. Lack of support to R
& D, high interest rate, import
duties subsidies to support local
manufacturing.

At the early stage, solar projects
need incentives to encourage
entrepreneurs. The barriers make it
difficult to adopt and sustain due to
financial constraints.

Pasqualetti, 2011;
Pollmann, et al.
2014; Akinwale,
et al. 2014.
Akinyele et al.
2017
Shaaban &
Petinrin, 2014;
Emodi &Boo,
2015; Kar &
Sharma, 2015.

Institutional
/
Legal
barriers

Institutional
barriers,
legal
framework, regulatory issues,
non-integration of energy mix,
non-participation
of
private
sector, poor R & D culture and
stakeholder’s non-interference.

High risk of uncertainty for solar
support, lobbies against RET, a
poor mechanism to reach the
institutional policy makers for
improvement
and
negative
perception about the technology.

Aliyu, et al. 2015;
Charles, 2014.

Political/
Policies
Issues

Lack of long term policies, lack of
political will to diversify into
clean energy, constantly changing
of government and re-shuffling of
institutions.
Trade barrier for new product,
energy sector controlled, lack of
access to diversified technology,
lack of facilities and backup
technology, non-market oriented
research
for
solar
energy
technology and application.

These barriers serve as a deterrent
to future planning for solar and
other renewable energy adoption
and sustainability. There is the fear
of uncertainty in government.
The barriers cause hindrance to
market penetration and hence new
technology failed at some point.

Sambo & Bala,
2012; Ohunakin,
et al. 2014;
Painuly, 2001.

Social;
Cultural
Behaviour

Market
Distortions
Issues

Ohunakin, et al.
2014; Fagbenle, et
al. 2011.
Ikejemba and
Schuur, 2016

Even though, Nigeria possesses potential driving factors for solar energy players to promote the initiatives
throughout the country, the deployment and implementation of the initiatives still faces major obstacles making
the implementation very challenging. It is hoped that the private sector participation will help the government to
come out with an achievable solar energy roadmap. The next section will discuss the method by which this
research was carried out
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6. Methodology
The method adopted for this inquiry was based on desk study, otherwise recognised as literature-based from
peered-reviews. Rather, many of secondary based were searched from published resources 2003 through 2017,
with key articles obtained from PsyCho Info, ERIC, ProQuest, Science Direct, SocSci Search, EBSCO and
COPAC, which are systematically narrowed to a search of any information related to the driving factors
responsible for solar energy initiatives and the barriers which served as an obstacle for the implementation.
Relevant literature was themed for critical analysis in order to produce a research outcome. The outcome from
the critical literature review is analysed and discussed in the next paragraph.

7. Findings
From the literature, it is evident that Nigeria has huge potentials for solar energy almost throughout the year
especially the North-East zone of the country. In accordance with literature findings, the factors driving the solar
energy technology include a demand for a sustainable environment to achieve the SDGs, increase in energy
demand due to increase in population, Power sector reforms Act, which suggested energy mix, challenges of
energy security and access, job creation, financing and market potential, the establishment of energy research
centers and stakeholders in the public private partnership deals. Even though, the drivers failed the potential for
solar energy initiatives in Nigeria, the industry is encircled by barriers which makes the implementation difficult
and almost impossible. Lack of skill personnel, consumer awareness about the product, lack of access to
financing, lack of institutional framework, lack of long term policies for sustainable energy and trade barriers
are hindering the deployment of solar energy initiatives in Nigeria. The Nigerian socio-economic activities
cannot achieve its maximum potential unless the electricity challenges are adequately address by harnessing the
available solar energy potential.

8. Conclusion and Recommendation
In conclusion, Nigeria, being a country within the belt of high solar radiation, a huge potential for solar energy
could be grabbed to help support the epileptic conventional electricity in the country. The country possessed
enormous solar energy drivers, making it a big opportunity to harness the potential solar energy to integrate into
other renewable available in the country. In spite of the driving forces for the solar radiation in the country, the
implementation process is constricted with many barriers, making it implementation chances very narrow. Even
though, the power sector reform saw a progress for diversifying strategy to help bailout the power sector, to the
energy mix, the progress indicator traced little or no significant to nearly achieving its objectives.
The Nigerian government together with integration of public private partnership (PPP) need to aggressively
pursue measures to mitigate the barriers for sustainable solar energy initiatives in the country by supporting
local solar panels and batteries manufacturers and distributors. The abundant solar energy in Nigeria need to be
harnessed effectively and integrated with other renewable energy such as wind, biomass and mini-grid to help
solve the electricity challenges tumbling the economic development of the country.
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Abstract
Direct drive solar milk chillers have been successfully developed and demonstrated with two and a half years field
of operational experience in the Nakuru milk shed of Kenya. These innovative solar farm milk chillers (FMCs)
are the first such units ever to be deployed and have been successfully operating with no issues or failures. The
FMCs enable dairy farmers to boost incomes by selling chilled evening milk which would otherwise not be sold
to dairy processors the next morning due to overnight spoilage. Milk is a highly nutritious, but perishable food,
the storage quality of which cannot be improved once it has left the farm; thus, it is imperative to chill milk to
below 10°C within 4 hours after milking at the point-of-production (on the farm) to protect quality. The solar FMC
technology as been used to chill from about 25 to 40 liters of milk overnight to about 4°C. No overnight solar
chilled milk was rejected by milk buyers in the 2-year study (traders and dairy cooperatives) and farmer incomes
were significantly increased by over 30 percent.
Keywords: photovoltaics, direct drive solar refrigeration, milk chilling, Kenya

1. Introduction
SunDanzer Refrigeration, Inc. (SDZR) and Winrock International (WI) have partnered to develop and deploy the
world’s first solar farm milk chillers (FMCs) to help East African dairy farmers sell their evening milk to dairy
processors that otherwise would spoil or forced consumed. The Photovoltaics for Sustainable Milk for Africa
through Refrigeration Technology (PV-SMART) project aims to tackle off-grid milk cooling under the United
States Agency for International Development (USAID) Powering Agriculture Energy Grand Challenge Program
(PAEGC). PV-SMART began in 2013 to develop the world’s first on-farm solar milk chiller. The SDZR/WI
team is working in collaboration withthe County Governments of Baringo, the Department of Dairy and Food
Science and Technology at Egerton University, and with dairy cooperatives and LLCs in Mogotio and Ngorika,
and with the Happy Cow dairy processor in Nakuru. Chloride-Exide is the local firm representing SDZR and
installing the FMCs.
Direct drive PV refrigerators were developed nearly 20 years ago and are commonly used for vaccine refrigerators
for remote clinics (Foster, 2001). This project has scaled up this concept to develop an affordable direct drive with
thermal ice storage capable of chilling up to about 40 liters of evening milk. The project has piloted 80 of these
innovative milk chillers in Kenya and two units in Rwanda with UNIDO, allowing farmers to sell between 5 to
40 extra liters per day of higher quality evening milk. This results in additional farmer income, ranging from
US$60 to US$500 extra incomes per month, depending on the number of cows per farm. Solar equipment
investment payback averages about 6 to 12 months for these smallholder farmers based on increased evening milk
sales.
There are over 850,000 smallholder dairy farmers in Kenya, about 85 percent of who do not have access to the
national electric power grid. Diesel fuel is expensive and logistics difficult to deliver to small rural dairy farmers
and uneconomical to use for small scale refrigeration. Thus, there has not been an economical method available
for on-farm milk chilling for the vast majority smallholder dairy farmers in Kenya and other less developed regions
globally. The typical Kenyan dairy farmer has about 3 to 5 cows, producing an average of about 8 liters per day
of milk per cow (typically ~60% as morning milk and ~40% as evening milk). Dairy cooperatives have an
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organized morning milk collection system, but normally do not accept evening milk since by morning due to high
bacteriological counts growing overnight. Due to the lack of on-farm refrigeration, evening milk is either forced
consumed, sold cheaply to nearby neighbors or hawkers, or spoils. Only about 40% of milk produced nationally
is processed in Kenya.

Fig.1: Dairy farmer training for solar farm milk chillers (FMCs) in Ngorika, Kenya.

This failing in upstream milk production causes milk spoilage and lost farm earnings. It also causes poor quality
milk and further losses in earnings along the downstream dairy value chain. Of the milk that does arrive, much of
it still has a high bacterial count due to lack of refrigeration, resulting in poor quality dairy products. Farmers
could receive a premium price for better quality, refrigerated milk; dairy processors could charge a premium for
better quality products if milk can be kept cool all the way from cow to consumer; especially during the allimportant first four hours after milking that determine quality.
In order to enhance the value of milk from remote producers, PV-SMART has developed an affordable solar
powered farm milk chiller (FMC) so these producers can deliver cool milk rather than warm to the central
collection stations. The farmers also use FMCs on the farm to preserve other produce such as eggs, meat, fruits
and vegetables. Besides demonstrating the technology proof of concept, PV-SMART is also working with
stakeholders like Kenyan SACCOs (Savings and Credit Cooperative Associations) to provide financing for solar
technologies like FMCs that can increase on-farm productivity and incomes. Farmers often need access to
technology and credit on reasonable terms to finance the initial purchase of solar power systems, which have
higher capital costs but lower operating costs when compared to traditional remote generation energy technologies
like diesel gen-sets.
PV-SMART has a four-phase implementation strategy for developing, disseminating, and financing FMCs in
Kenya:
x

Year 1—Technology Development: Designed and tested prototype solar farm milk chiller (FMC) by
scaling up an off-the shelf photovoltaic refrigerator (PVR) model. Surveys were conducted of
smallholder dairy farmer’s needs, and besides milk chilling, a wire basket was added for perishable
household food items, as well as two 5V USB ports for daytime cell phone, radio, and LED lantern
charging.
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x

Year 2—Pilot Phase 1: Piloted the world’s first solar FMCs to 39 smallholder dairy farms in Baringo
and Nyandarua Counties of Kenya. A baseline control unit was also installed at the Egerton University
(EU) Department of Dairy and Food Science for more in-depth testing and milk quality evaluations. Field
evaluations and farmer surveys were conducted by EU.

x

Year 3— Field Testing Pilot Phase 2: Based on Phase 1 field experience, design and testing of a next
generation prototype was developed with 40 units deployed to Kenya and 2 in Rwanda with UNIDO: (i)
design adaptations notably moving from a ground to roof mounted PV system; (ii) established a local
dealer network with Chloride-Exide; and (iii) begin financing units to farmer with Kenyan Savings and
Credit Cooperative Associations (SACCOs), starting with Skyline SACCO in Mogotio. Demonstrations
are also expanding to new regions with Mercy Corps and GiZ, including for camel milk chilling.

x

Year 4— Commercial Rollout Phase 3: Planning is underway to expand the solar FMC technology
commercially in Kenya with Chloride-Exide. Encourage more SACCOS to finance FMCs to more
dairy farmers throughout Kenya. Expand FMCs to Rwanda and Tanzania.

2. Direct Drive Photovoltaic Refrigeration
The SunDanzer solar FMC is a direct drive refrigeration unit with no batteries that uses thermal phase change
material (ice) energy storage. The technology was originally developed in support of NASA’s future planetary
mission’s refrigeration requirements 20 years ago (Ewert, 2002), and later commercialized for vaccine battery free
refrigeration. This is accomplished by integrating water as a phase-change material into a well-insulated
refrigerator cabinet and by developing a microprocessor-based control system that allows direct connection of a
PV panel to a fixed or variable speed dc compressor. By storing ice in the walls of the refrigerator, it eliminates
the needs for electro-chemical energy storage. The solar refrigerator uses a vapor compression cooling cycle with
an integral thermal storage liner, PV modules, and a controller. The Kenyan solar FMC employs a fixed speed dc
compressor. By storing ice in the walls of the refrigerator, it eliminates the needs of battery storage; ice never
wears out and provides sufficient energy storage to cool 40L of milk overnight.

Fig. 2: Solar direct drive refrigerator with DC compressor and E-W “fixed tracking” array (Foster, 2015).

In addition to increasing the quality of product for farmers, the solar FMC has two 5 V USB plug ports capable of
charging cell phones, radios, and solar lanterns which farmers use for themselves or rent out. Likewise, there are
dietary and health benefits for farmer families to store vegetables, fruits, meat, etc. in the solar FMCs, which also
reduces the frequency of trips to town to purchase fresh produce.
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Fig. 2: PV Powered Chiller Using Thermal Ice Storage and Brine Bags to Chill Evening Milk

Figure 1. Rooftop PV Installation for Mogotio Dairy Farmer FMC

2.1. “Fixed Tracking” Array
The solar FMC system also uses an innovative East-West “fixed tracking” array to maximize compressor run time
and not daily energy production. Conventional tracking increases both capital and operating costs due to additional
hardware and maintenance requirements for moving parts. While a conventional equatorial facing PV array power
output is well over the required power requirements for the FMC at solar noon; the East-West array’s output
wattage supplies the required compressor power for a longer period. Thus, increasing compressor run time
providing longer operating hours for farmers to chill more milk. While this approach does not maximize energy
usage, it does maximize ice production over the course of the day. PV prices have come down sufficiently that
fixed tracking is a viable economic option over tracking without the future maintenance concerns. This type of
approach works especially well in equatorial latitudes like Kenya. This simple approach provides reliable
performance [4].
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Fig. 5. FMC PV array (510 Wp) with unique East-West fixed tracking array under test at Egerton University Dairy Science Unit.

With the compressor running most of the daylight hours due to the E-W “fixed tracking” array (the array is not
actually moving like a conventional tracker, but is fixed with half the array facing East and the other half facing
West to maximize daily compressor run time). Ice is formed and stored into the walls of the PVR. Thus, there is
no need for expensive battery storage and replacements. Ice does not wear out. Testing at New Mexico State
University for NASA and SDZR on an early prototype PVR with ice storage was successful [2] and led to the
development of direct drive vaccine PVRs using ice storage. The proven PVR technology was then increased in
size for larger scale milk chilling.
In order to maximize heat transfer, the solar FMC incorporates brine bags, which do not freeze at 0°C, that are
placed around the milk cans to increase heat transfer and cool milk quickly. Milk naturally contains antibacterial
agents to protect the suckling young from potential infectious diseases; these antibacterial agents also slow
bacteriological growth – the cause of milk souring. This effective natural protection is called the lactoperoxidase
system, and has both bacteriostatic and bactericidal effects against some milk spoilage microflora for about the
first four hours after milking. Bacteriological growth is further retarded when milk temperatures fall below 10°C
and is essentially halted at 4°C. The FMC chills 25 liters of milk down to 10°C in a couple of hours, and the milk
temperature by morning is about 4°C [4].
Since dairy farmers typically milk cows twice a day, once in the morning (~60%) and again in the evening (~40%),
evening milk must be consumed or sold to neighbors or hawkers at a cut price. Even so, much of the evening milk
spoils overnight. About 60% of milk in Kenya is not processed mostly due to the lack of on-farm chilling options.
Solar FMCs increase farmer incomes from selling milk that would otherwise spoil, and some innovative dairy
processors making cheese and yoghurt who need better quality product offer a Quality Milk Payment system
incentive to dairy farmers. Solar chilling provides farmers the means to improve their milk quality and overall
sales.
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Fig. 6: Kenyan dairy farmer with her solar farm milk chiller (FMC), which has become a prized possession in her home.

3. Operational Findings
WI in collaboration with Egerton University Dairy and Food Sciences Department has been monitoring and
evaluating (M&E) the performance and benefits of the Solar FMCs installed on the Mogotio and Ngorika
Cooperative dairy farms. PV-SMART team is also monitoring solar irradiance at Ngorika and Egerton University
sites. A few selected milk cans have a Hobo data logger installed on them to monitor milk can temperature data.
The temperature probe is installed on the can with foam over it so that it measures true milk can temperature only.
The findings are based on milk can temperature data collected, co-op milk sales, surveys with the end-users, milk
can temperature data, and field observations by the WI and Egerton University team. All of the original 40 piloted
solar FMCs have functioned for 2.5 years with no failures, and no failures in the next 40 Phase 2 units as well.
There was one Phase 1 unit which had a refrigerant leak upon delivery due to springing a refrigerant leak over
some extremely rough roads traversed for delivery; this was easily repaired by a local refrigeration technician
from Chloride-Exide for US$40 and the unit has functioned with no issues ever since. The solar FMC technology
couples mature PV technology with mature vapor-compression technology and is very reliable.

Fig. 7: Example Daily Milk Can Temperature Cycles (daytime high when can is drying in the sun and nightimg low with milk).
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Milk temperature: The FMCs work well to chill 25 liters of evening milk to 4 OC and lower. If some milk is not
removed the next morning and left throughout the day, small quantities of milk can freeze, indicating the
prototype FMC may have ‘spare’ cooling capacity for Kenya. The figure below shows daily milk cooling cycle
for one of the farmers, milk temperature is repeatedly cooled to about 5°C. Note that the farmer puts the milk
can outside in the direct sunlight for drying after cleaning so the can heats up to above ambient peak
temperatures during the daytime.

4. Impacts and Results
PV-SMART is piloting 80 solar FMCs in Baringo, Kisumu, Nakuru, Nyandarua, and Wajir counties, as well as
one control unit at Egerton University. The first 40 Phase 1 Pilot solar FMCs have operated flawlessly in the
Nakuru milkshed of Kenya with no equipment failures in the first 2.5 years. The second Phase Unit are being
installed from August – November, 2017.
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Fig. 8: Total Viable Count (TVD) of Bacteria shows that once the milk is introduced to the solar milk chiller, bacteria growth is
halted.

The average dairy farmer chilled about 25 L of evening milk to 4°C; a few farmers chill as much as 40 L every
night. Milk quality is maintained after milking and there have been zero rejections of solar chilled milk for any of
the participating dairy farmers using solar FMCs, unlike from before. An informal farmer-to-farmer milk supply
network was also organically created by solar FMC owners with excess capacity provided to their neighbors
through FMC sharing (rent, barter, or purchase).
Over 92 percent of Mogotio farmers (lower elevation and hotter climate) and 67 percent of Ngorika farmers
(higher elevation and cooler climate) reported increased milk sales directly attributable to chilling evening milk
using solar FMCs. Other on-farm production factors include a severe drought in 2017 reducing forage and milk
production for some farmers.
FMC field evaluations were conducted by WI in collaboration with the Department of Dairy and Food Science
and Technology at Egerton University for units installed at the Mogotio Farmers’ Cooperative Society Ltd. and
New Ngorika Milk Producers Ltd. The farmer companies collect, bulk and deliver milk to two processors in
Nakuru: Happy Cow Ltd and New Kenya Cooperative Creameries Ltd. Both are piloting quality-based milk
quality payment (QBMP) schemes to incentivize farmers to improve milk quality. Based on solar FMC experience
to date the key findings are below and summarized in Tables 1, 2, and 3.
x
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x

Some farmers were chilling up to 40 kg milk in plastic barrels to <10 OC prior by next morning collection –
indicating potential to chill more than the designed 25 kg milk (ambient conditions vary).
Some milk collector-transporter-farmers use the FMC to aggregate and chill up to 40 kg evening milk from
3 to 5 nearby farmers, charging additional KES 2 (~2 US cents) per kg.
After homestead use of evening milk (for home and calves), the Phase 1 users are selling between 2 and 45
kg ‘extra’ milk daily – indicating gross incremental income gains ranging from KES 1,800 to 40,500 (US$18
to 400) per month based on an average farmgate milk price of KES 30/kg. Cows produce milk in the evening
regardless of whether there is a market or not.
Two head of household ladies earn ‘extra’ income from FMCs charging neighbour’s cellphones - ~KES10
per charge x 10 = KES100 (US$1) per day.
The FMC kept milk fresh until morning with zero rejections reported in two years.

x
x

x
x

Table 1: Evening Milk Sales Increased Dramatically to Dairy Processors

Location

Did Milk Sales
increase?

Mogotio n=19
Ngorika

Evening Milk Usage and Sales
Before FMC Installation
AfterFMC Installation
Home
Local
Home
Sales to
Consumption
sales
consumption
Dairy
/local sales
Processors

No (7.7%
Yes (92.3%)
No (16.7%)
Yes (66.7%

n=20

69%

31%

27%

73%

8%

92%
100%

Table 2: Comparison of milk stored in the Solar FMC

Farm 1

Farm 2

Bench Sample

Parameter
Evening
19.0
29.6

Morning
17.4
3.5

Acidity (% Lactic acid)

0.162

0.174

0.155

0.164

0.161

0.195

pH

6.64

6.59

6.59

6.57

6.64

6.24

Room Temperature °C
Milk Temperature °C

Evening
20.6
28.4

Morning
19.1
0.2

Evening
19.1
29.5

Morning
18.1
17.2

Table3: Milk quality change during overnight storage from Egerton University Dairy Lab

Parameter

Farm 1

Time in storage (Hours)
14.946 ± 0.168a
Titratable acidity (%LA)
0.012 ± 0.012b
pH
-0.042 ± 0.170a
Log 10 CC
0.808 ± 1.273b
Log 10 TVC
1.023 ± 0.997b
Red figures indicate did not meet KEBS norms.

Farm 2

Bench Sample

15.361 ± 0.298a
0.009 ± 0.006b
-0.021 ± 0.018a
0.914 ± 0.865b
0.950 ± 0.587b

14.946 ± 0.168a
0.033 ± 0.022a
-0.239 ± 0.167b
3.373 ± 1.403a
3.946 ± 1.015a

The key takeaway is that the solar FMC works and improves on-farm milk quality at point-of-production on the
farm potentially enabling more quality milk to enter the dairy supply chain. The returns from investing in solar
FMCs appear are under a year, even for smallholder dairy farmers. WI is working with the Skyline SACCO and
other partners to finance solar FMCs in 2017 as there is a good business case with relatively low repayment default
risk facilitated by the well embedded existing milk ‘check-off’ repayment system.
Thus, milk quantity and potential incremental gross earnings gain at current milk prices is excellent for these pilot
units, with simple payback ranging anywhere from six months to one year depending on user milk production.
From the initial surveys users sell between 5 and 45 liters of extra evening milk each day, indicating gross
incremental income gains ranging from US$50 to $650 per month. Kenyan small scale financial credit institutions
(SACCOs) have begun financing PVRs during Phase 2 of PV-SMART at an initial selling price of about US$1,850
per installed unit if roof mounted (pole mounting is more). The final commercial price may vary. Field surveys
found that 83 percent of the Phase 1 pilot FMC farmers felt the solar FMC technology was worth the initial cost
and is a worthwhile investment. Financing is key as over 70 percent of small holder farmers prefer a short-term
(1 year) loan mechanism to purchase solar FMCs.
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5. Conclusions
PV direct drive solar milk chillers (FMCs) have been successfully introduced and used in Kenya with zero failures
in the first 2.5 years of operation. There is a significant increase in amount of milk sold and the farmer income
accruing from the extra liters of milk sold. Smallholder dairy farmers have sold between 5 and 40 extra liters of
evening milk each day, depending on their dairy herd size. The FMC kept milk fresh until morning with zero
rejections reported from the milk collection center. Resulting farmer income gains ranged from US$60 to $500
per month, with expected FMC payback typically in less than a year. This type of solar milk chilling uses no
batteries and has no regular maintenance requirements. There are over 5 million smallholder dairy farmers in East
Africa who can benefit from this technology, not to mention the millions more of other off-grid smallholder dairy
farmers in the rest of Africa, Asia, and Latin America that can also benefit from solar FMCs to improve livelihoods
and delivered milk quality.
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Abstract
A rise of electric vehicles and consequent increase of charging stations in the UK has widely been
acknowledged due to its negligible carbon emissions leading to the transformation of low-carbon economy.
A dynamic increase in the wind and solar power systems installation and grid-integration to the charging
stations of electric vehicles has led uncertainty issues in the power distribution grid e.g voltage fluctuations,
transients/harmonics. This paper addresses the uncertainty scenario aiming to contribute and propose a
potential model focusing on the design of the route in which solar electric power is delivered to the electric
vehicle charging station. A specialised system containing an electrical control system is proposed using
MATLAB and SIMULINK. A system was designed for improving the interaction among electric-vehicle
charging points and battery storage system in which electrical control system assists in developing the
correct duty cycle in order to stabilise and regulate the voltage at the DC/DC power conversion station. The
proposed system is very effective and significant contribution in understanding and reducing the load on the
converter untimely enabling reduction of charging time for electric vehicles. The implemented electrical
control system manages the electric power on the grid such as during the peak times it draws power from the
batteries and then charges up the batteries in the off-peak times. A constant voltage is achieved on the micro
grid irrespective of fluctuations in solar energy generation and in the load.
Keywords: Solar system, Power conversion, Electric vehicles, storage system, charging station

1. Introduction
Around 550000 hybrid electric vehicles are reported to be registered in 2015 by the centre of solar energy
and hydrogen research (Shaaban et al, 2015). The storage energy based electric-vehicles are classified into
plug-in hybrid electric vehicles (Han et al, 2017).The main factor in the revolution of electric-vehicles is due
to the improvement in power electronics components, better performance of electric machines and the
storage system (Shen et al, 2014). The power electronics components such as switches, converters and drives
increase the performance of power conversion. Beside this, development of software for hybrid electric
vehicles is a silent revolution. The hybrid electric vehicles combine the motor of propulsion and ICE (Guan
and Chen, 2017). An increase of plug-in electric vehicles are due to the several reasons such as it generates
no carbon emissions due to the usage of no fossil fuels and long-term sustainable mission of transforming
cities towards 100% renewable and make cities better economically (Yu, 2017 and Zhang, 2016 ) because
the carbon dioxide emissions was 407.70 ppm in May 2016 and is continuously increasing (Cheng et al,
2015). Currently, the state of art uses to charge up the batteries in the hybrid electric vehicles are fuel cells,
regenerative breaking system, and the vehicles charging station. These vehicle charging stations are
connected to the National transmission energy network (Dubarry et al, 2017). Charging up the electric
vehicles from the distribution network is not suitable as it increases the electrical demand on the network and
creates power flow issues on the distribution network such as transients, harmonics and voltage reductions
(Sheng et al, 2017). The power supply to the electric-vehicles can be AC or DC type. AC type power flow is
not suitable for the electric-vehicle (EV) charging station as it increases charging time. The DC type power
flow reduces the charging time and increases the performance of the electric-vehicles (Tan, 2016) and
(Yong, 2015). DC power flow system also reduces the power losses due to shorter in length for the EV
charging station. The purpose of designing such system is to reduce the power flow issues such as voltage
fluctuations and transients/harmonics and issues at the existing transmission system. The DC grid is fed from
the solar energy where power generation is always fluctuating, therefore, a control system required that
transmits the signal at a very faster rate (Liu and Sun, 2014).
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This paper presents the Simulink model for the solar storage system that transmits high DC voltage to the
charging station. This is due to the unpredictable power generation from the solar system, it is a challenge to
supply the constant required voltage to the electric vehicle. Beside this, quality ratings and stability are the
main factors to charge up the large numbers of electric vehicle instantly. Due to these issues imbalances
occur and harmonics and voltage sags arise. The research investigates the voltage efficiency and power flow
management of solar energy transmission to the electric-vehicle charging station. This system has the ability
to manage the power flow between generation and the loads. Under normal conditions, it is connected to the
solar energy system and the storage battery bank and can be linked with fuel generator if required.

2. Methodology
A PV solar system of nominal energy geneation capacity 200 kWh is simulated on MATLAB/SIMULINK in
which the 200 kWh storage system is added to balance the energy demands during the higher temperatures
and low irradiance.This storage system is charged up from the solar system and the fuel generator. The fuel
generator has the energy generation capacity 200 kWh that charging up the storage system after the energy
falls to 60%. The storage system supplies power to the electric-vehicle charging station during the
disturbances. The electric-vehicle charging station has maximum power consumption capacity of 103.50
kWh consisted of four charging points. DC/DC power conversion is carried out by using insulated gate
bipolar transistors (IGBT) where MATLAB function coding environment is used to control the frequency of
the IGBT and to stabalize the voltage from the solar system. By using low pass filter, spikes and transients
are mitigated to achieve power quality. It is investigated how the temperature, irradiance, and over loading
affects the power regulation on the system. Specifically, voltage instability and the transients are
investigated. Programmable protection circuit breakers are placed to protect the charging terminal.
Controlled power conversion system and analytical techniques are implemented to control the power flow in
the system.

Fig. 1: illustrates the schematic model of the proposed system in which solar energy/storage system are maintaining the energy
demands at the electric-vehicle charging station, smart monitoring and control system are used to convert and regulate the
power flow from the storage and the solar system consisting of controlled DC/DC converter that is connected with the energy
resources and the electric-vehicle loads
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Fig. 2: is the block diagram of the power conversion for the solar system, fuel generator and the storage system in which the
power flow between the storage system and the charging station is considered to be dual flow, meaning storage system can
supply and receive energy from the charging station.

3. Discussion
The proposed structure consists of solar energy system, monitoring and control structure, measurements
units, energy storage system, fuel based electric power generation system and power conversion system. The
EV charging terminal consists of programmable protection system and a voltage regulator that assists to
supply the quality power. The electric-vehicle charging station is receiving the electric power from the solar
and storage system. The nominal power generated by the solar system is 200 kWh. The voltage from the
solar system is converted to 585VDC that reduces the charging time for the electric vehicles. Irradiance and
temperature block is used to provide sun power to the panels. Input from the irradiance is varying. Voltage
source converters are used to convert the power from the solar farm. Then this power was added to the
DC/DC converter station where a buck-boost converter is placed to balance the voltage. Low pass filter is
applied to remove the transients and harmonics. It also supports to control the current and maintain the DC
voltage level. A bi-directional converter is placed between the DC microgrid and the battery bank that
charges up and discharges the batteries from the microgrid and it monitors the power flow at the grid and
battery bank. During the peak time, battery storage system is dependent on the solar power generation unit,
the fuel generator takeover to meet the energy demand. This topology is considered to improve the power
flow on the transmission network due to the reduction in harmonics and voltage fluctuations. Transients and
spikes arise in the system are also due to the installations of super capacitors at the electric-vehicles storage
system. This reduces the efficiency of the power flow on the system because inductively behaves superlative
at lower frequencies and capacitance load show good performance at higher frequencies. Due to DC power
system, there is no phase shift between current and voltage but the voltage stability needs attention which can
be maintained by supplying the correct pulses to the power converter switches.
List of energy converters connected to the electric-vehicle terminal.
x DC/DC energy conversion system for the solar energy system.
x AC/DC energy conversion system from the fuel generator.
x DC/DC power conversion system for the storage system.
x Monitoring and control centre energy measurement and regulation system
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The DC/DC buck converters are used to transmit the regulated voltage to the electric-vehicles. To create the
mathematical formulation constant voltage and constant power is assumed to be flowing out from the energy
converter terminals. The constant voltage is achieved by applying the 50 kHz frequencies at the converter
switches. The resistance of the tranmsitted conductor is considered constant. The capacitance and inductance
are neglected due to DC type power flow system.
The power flow into the terminals is splitted into three subsets ሼǡ ǡ ሽ and the constant controlled voltage is
received from the solar system/storage system. Branches of the terminal for voltage source converters are
represented by  ൌ  ൈ  included the constant resistance of the conductor. The electric vehicle charging
terminal converts the 585VDC into the voltage required to charge the electric-vehicle batteries and the
supercapacitors. The terminal voltage and current admittance matrix on the system  אൈ is expressed as
follows,


 ୖ൩ ൌ 






ୖ



ୖ

ୖୖ

ୖ ൩ Ǥ   ൩ሺeq.



ୖ



1)

ୖ

Where ۷ ܀ൌ െ۲ ܀܀Ǥ ( ܀܄eq. 2)
For the electric-vehicle charging terminal singular matrix can be written as shown in equation 3. Where B is
the susceptance and ୖୖ is a diagonal matrix is for admittance.
ୖ ൌ െሺୖୖ 


ൌ



ୖୖ ሻ

ିଵ ሺ

ୖ Ǥ



ୖ Ǥ  ሻ

(eq. 3)

  Ǥ  (eq. 4)

The voltage received from the storage/solar system is 585VDC. Power links are evaluated by the following
equations where  is the current level and  is the voltage flow on the system.
 ൌ ሺ ሻǤ  (eq. 5)
The storage system is balancing the power flow on the system during the peak times and reduction in power
generation from the designed solar system. The electric-vehicle charging terminal detects the power
deficiency and switches ON the storage system.  is evaluated to
 ۾۾ൌ ܉ܑ܌ሺ ۾܄ሻǤ ሺ۸ ۾ ۰ ۾۾Ǥ  ۾܄ሻ(eq. 6)
With ۸ ܘൌ ۵ ܄۾െ ۵ ܀۾Ǥ ሺ۲ ܀܀ ۵ ܀܀ሻି Ǥ ۵ ܄܀ሻǤ ( ܄܄eq. 7)
 ൌ 



െ

ୖ Ǥ

ሺୖୖ 

ୖୖ ሻ

ିଵ

Ǥ

ୖ

(eq. 8)

The voltage in the terminals can be set by the solving the equation 9.
ି
 ۾܄ൌ  ۰۾۾
Ǥ ൫܉ܑ܌൫ି۾܄ ൯Ǥ  ۾۾െ ۸ ۾൯(eq. 9)

To investigate the , let consider T ՜  
ିଵ ሺሺ ିଵ ሻǤ
Ǥ
 ൌ  
 െ


 ሻ

(eq. 10)

The voltage is stabilised at the monitoring and control centre in order to maintain the energy flow for the
electric-vehicles at the station. The reduction in voltage is maintained by correcting the applied frequency to
the converter switches. Fuel generator is connected with the battery to maintain the power storage on the
storage system during the energy shortages.

946

A. Khan / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

VDC
600

Voltage(VDC)

500
400
300

VDC

200
100
0
Time (s)
Fig. 3: The voltage output from the DC/DC converter of solar energy system

Tab. 1: The energy generation and storage capacity.

Energy resources

Capacity

Solar system

200kWh

Storage system

200kWh

Fuel Generator

200kVA

3.1 System performance
With the rapid increase in power consumption at the EV charging terminal, following are the three issues
linked with the storage/solar system.
x Quick energy supply from the storage system into the EV charging terminal
x Quick energy injection from the solar system to the charging station.
x Dynamic behaviour instead of long term serving capacity of the storage system.
There are four EV charging points taken for this system. These charging points are associated with the faster
charging because of connection with the higher DC voltage of 585 VDC. The charging point consumes 50
kWh, 43 kWh, 7 kWh, 3.5 kWh. The proportion is selected based on the charging points being installed
several places in the UK such as 2×50 kWh and 1×43 kWh in Toddington Dunstable at M1 motorway and
similar are installed at the china town at London, charter street at Leicester and many other places in the UK.
The batteries in the electric vehicles support to run the machines, but the batteries take longer to charge up.
During the running period engine are used to charge up the batteries in the electric vehicles. To solve the
faster charging for the EV batteries a new system is investigated. Higher voltage DC power supply is found
more appropriate to solve this issue. The investigated system has the features to supply the energy during
peak/off-peak times at the EV charging station by means of solar and storage system.
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Fig. 4: Illustrates the Electric vehicles charging points at the EV station.

There are four scenarios considered to examine and analyse the energy system performance.
x

When the solar system is independently supplying power to the EV charging terminal. In this case,
the storage system is in off-mode. This is the best feature as energy demand is completely achieved
by the renewable energy/solar system. This system also improves the environment by minimising
the carbon emissions generated from the fuel generator. The energy losses are very small due to the
shorter length of the electric power transmitted conductor. This scenario has the capacity to meet the
energy demands at the EV station during the Peak and off-peak times.

Fig. 5: The power generation by the solar system between 9pm and 5am no power is generated by the solar system. In this case
the storage system and fuel generator will meet the energy demands at that time.
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x

The generated energy from the solar system is charging up the solar system in peak times. In this
case, the EV charging terminal is consuming the energy at full capacity.

x

When the storage system and fuel generator are meeting the energy demands at the EV charging
station. At this point, the solar system is in off-mode and not generating any power. Fuel generator
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charges up the storages when energy level falls below 60%. Storage system degradation is normally
measured by three main features, such as the depth of discharge, temperature, and the conditions of
charge. These three factors affect the performance of batteries used in the storage system.

Fig. 6: The energy management at the EV charging station. In this case, the nominal power from the solar system is mitigated
from 9pm to 5am where storage system is independently meeting the energy demands at the EV station. Fuel generator switched
ON to charge up the storage system as the energy level falls below 60%.

Fig. 7: The implemented control system to apply the correct duty cycle for regulating the voltage.

4. Simulation Results
The spikes and oscillations are detected in the voltage due to the usage of inductance and capacitance in the
DC/DC power conversion and on the load side. The lower switching frequency created the higher ripples in
the power supply because of the DC/DC buck converter and control system implementation in the electric
vehicle charging terminal is featuring to supply the converted and regulated voltage to the electric vehicles. It
is noticed that the higher inductance values reduing the losses and created lower ripples currents and to
removes the transients low pass filter are used that are improving the sum of power flow relates to the
numbers of vehicles being charged up at the electric-vehicles charging station. The losses in the entire
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system are very lower due to the shorter length of the transmitted conductor. At the start of the simulation, a
transient in the voltage is noticed due to charging up of inductance, the capacitance in the converters and in
the line. Power availability is maintained constantly at the electric-vehicle charging station irrespective of
changes in temperature/irradiance at the solar charging station. The controllable bidirectional converter is
maintaining the power on the EV charging terminal and charges up the storage system. To measure the
power flow, measurements components are used at several points of the system. The circuit breaker is used
to protect the system from the faults and short circuit current. The system is enabling the electric-vehicles to
be charged up all the time from the terminal.

Fig. 8: The simulation model of the complete system.

(a)
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(c)

(d)

Fig. 9: Illustrates the power consumption at the electric-vehicle charging station during the fully operational mode. ( a) Power
utilised by 3kWh charging point from the solar power system. (b) shows the 7kWh charging point power consumption. (c)
Energy consumption by 50 kWh charging point. (d) Energy used by 43kWh charging point.

(a)

(c)

(b)

(d)

Fig. 10: The voltage regulation achieved at the charging terminal from solar system/storage system. (a) Duty cycle applied to
stabilise the fluctuated voltage from the solar system (b) 585VDC on the microgrid. This is controlled voltage from the solar
system (c) The oscillations in the voltage level. (d) Current flow analysis on the simulated system.

951

A. Khan / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

5. Conclusion
A solar energy based electric-vehicle charging station is proposed in this paper. The proposed system is
capable of managing the regulated voltage to supply the required energy during the peak/off-peak times. The
applied electrical control techniques improve the voltage performance irrespective of the intermittent solar
energy due to the changes in irradiation/temperature. The applied electrical control system is the
advancement of maximum power point tracking algorithm based incremental conductance. The advancement
is the addition interference between the solar, storage and fuel based energy generation system with the
micro grid control centre and the application of higher frequency to achieve the quality results. The
regulation in voltage is achieved by applying the correct duty cycle to the DC/DC power converter switches
where the spike/oscillations and transients are minimised by using the low pass filters. It is found that losses
in the system are reduced to 1% due to shorter transmission conductor length and lesser implementation of
power converters After examining the simulation results, it is concluded that DC high voltage based electricvehicle charging station reduces the charging time for the batteries of the electric vehicle. The simulation
results are validated by the mathematical modelling and theoretical analysis. During the normal
environmental conditions, the solar system has generated the electrical energy at full capacity that is
considered to be sufficient for the EV charging station. The direction of future work is to incorporate the
communication system at the electric-vehicle charging station to examine the energy flow from the
solar/storage system. This communication should be linked with the smart sensors that are implemented at
several points such as DC/DC solar converter, DC/DC storage converters and at the grid. This will improve
the protection for the EV charging terminal during the disturbances from solar/storage or at the converters.
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Abstract
Although all energy produced by grid-tied renewable energy systems can be delivered to the grid for
consumption by a wide user base, energy delivered by an islanded renewable energy system is limited by the
time varying consumption of those served. A set of metrics is proposed to better evaluate this impact on the
economic value of the system. This impact can be very significant in developing countries.
Smart systems can reduce energy consumption during periods of high demand through load shedding, but this
technology is expensive and unproven in the context of a developing country. Smart systems typically do not
add loads during periods of low demand, partly due to the incremental cost of electrical energy from nonrenewables. A prioritized dump load control scheme is proposed that strategically diverts excess energy in a
100% renewable energy system to a set of loads useful to the community, first to satisfy the needs of the most
valuable use, then to the next most valuable use, etc. A low cost architecture including hardware and software is
introduced as a means to implement this scheme, appropriate in the context of developing communities so their
economies can more rapidly evolve.

Keywords: 100% Renewables; Hybrid renewable energy system; Islanding; Pico-Hydro; Prioritized Dump
Load; Holistic Community Development

1. Metrics Used to Evaluate Performance of Islanded Renewable Energy
Systems
Renewable energy systems powered by 100% renewable resources do not run continuously at full capacity due
to maintenance, variable weather conditions such as wind and solar irradiance, and variable availability of water
to run hydro turbines. Utilization factor ݇௨ is defined (Sivanagaraju and Sreenivasan, 2010) as the energy
generated divided by the plant capacity (nameplate kW power rating) integrated over a period of time. It is used
to evaluate the design and operational performance of an energy system, to derate its benefits, and to determine
its unit cost through an economic life cycle cost analysis over the power plant’s lifetime. According to
Bhattacharyya (2013) the utilization factor of micro/mini hydro systems in India can be low due to the
unavailability of sufficient water during the dry season versus what is available during the monsoons.
Renewable energy producers can usually deliver all their available power if connected to a large scale utility
grid. Conversely, renewable energy producers in an islanded system can deliver no more than what can be
consumed at that time, assuming we consider energy storage as a load while being charged. Either energy
production must be reduced in times of low consumption, or excess energy must be dissipated in dump loads.
Solar energy production is reduced by letting the operating voltage rise from its maximum power point toward
ܸை . Wind and hydro energy production is typically reduced through braking, regulating the supply of water, or
by diverting excess energy to dump resistors heating air or turbine exhaust water, with no use to the users. The
latter, shown in Figure 1, is very common in Nepal for micro and pico-hydro systems.
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Fig. 1: Traditional Diversion in Pico or Micro Hydro Facilities in Developing Countries

Fig. 2: Traditional water heater “dumb” dump load in MHP
(micro-hydro-power) plant in Nepal

Fig. 3: Resistive water heater elements are used to dissipate
energy into the turbine’s exhaust water.

The value of an islanded renewable energy system must be derated by any diversion or reduction in production
required during times of low demand. Although this could be lumped into the utilization factor ݇௨ , that would
hide the impact of limited demand. Therefore, two new measures are introduced, the ‘production factor’ ݇ , and
the ‘consumption factor’ ݇ .
The production factor ݇ is defined as

݇ ൌ  

ா
ೌೌ ்כ

(eq. 1)

Where ܧ is the islanded system‘s energy (MJ) that could have been produced at the pertaining meteorological
and environmental conditions if consumption was unconstrained. ܲ௧௬ is the nameplate power rating of the
system. T is the time ݇ is evaluated over.
The consumption factor ݇ is defined as
ா

݇ ൌ  ா

(eq. 2)



Where ୢ is the energy actually delivered to useful loads.
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ܧௗ ൌ  ܲ௧௬ ݇ כ ܶ כ௨

for grid-tied systems

(eq. 3)

ܧௗ ൌ  ܲ௧௬ ݇ כ ܶ כ ݇  כ for islanded systems

(eq. 4)

 ୮ is the derating factor due to limits on power generation due primarily to variable and less than optimum
weather and water supply, while ݇ is the derating factor due to variable consumption in an islanded renewable
energy system.
Sivanagaraju and Sreenivasan (2010) also define the load factor as the ratio of average demand to the maximum
demand. Although somewhat related to consumption factor ݇ , its denominator is the maximum energy
demand, not the demand that could have been supported by the system under the environmental conditions over
the evaluation period. Consumption factor ݇ is a more appropriate metric to understand the impact of limited
consumption.
RIDS-Nepal has been working in the Jumla district in Northwest Nepal since 1996, and has observed that during
the day most people are working in the fields, so the value of ݇ is so low during these periods that production is
not warranted. Indeed, many of the hydroelectric systems in this region are shut down during the day to reduce
wear and resulting repair and maintenance costs. Furthermore, RIDS-Nepal has observed that the turbine
capacity of many of these systems is considerably more than the peak demand of the village it serves, so they
are purposely run with constricted water flow to reduce maintenance and the amount of excess energy dumped
into the river as heat. RIDS-Nepal has observed that in some cases the turbines are run at approximately 50% of
their capacity while still satisfying the peak load. Furthermore, the village consumption varies over the 16 hours
the system operates (4pm – 8am), from near its peak (~45% of capacity) consumption for ~4 hours around
dinner (5pm - 9pm), to only ~10% of peak to provide minimal lighting throughout the rest of the day (4pm –
5pm) and night (9pm – 8am).

݇ ؆

ሺǤସହכସሻାሺǤସହכଵଶሻ

݇ ؆ ͲǤͳͲ

ଶସ



(eq. 5)
(eq. 6)

This surprisingly low consumption factor  ୡ significantly impacts the sustainability of these systems in several
ways. First, the funding of operations and maintenance expenses are more difficult to justify due to the reduced
benefits delivered by the system. Second, the reduced utilization during the day, and the resulting shutdown of
the system during that period, stymies the economic development needed to ease the burden of the needed
tariffs. Indeed, RIDS-Nepal has observed that many of the pico- and micro-hydro systems in this area are in
service for only a few months to as much as 2 years maximum until significant maintenance expenses arise, at
which time the system becomes inoperable or its performance significantly degrades.
The effect of consumption factor ݇ is not limited to hydro and wind renewable energy systems. Once a solar
system’s batteries are fully charged, any excess production must be curtailed or dumped, reducing ݇ . Although
not as drastic as the example of hydro systems in the Jumla district described above, it can still be significant.

2. Improving the Consumption Factor in Developing Countries
The developed world is just now addressing the consumption factor ݇ through smart metering which can shed
optional loads or shift demand to times of low consumption. Although not directly increasing the consumption
factor, load shedding allows a higher base load than normally could be supported without brownout, which does
directly increase the consumption factor ݇ . Unfortunately not all loads are considered to be optional by the
consumers, so the impact of load shedding is limited.
Adding demand where there otherwise was little, which we’ll call “Load Adding” as opposed to “Load
Shedding”, is not normally used, partly due to the incremental cost of electricity with non-renewable energy
sources.
Many micro-grids in the developing world are powered by 100% renewables since hydrocarbon-based fuels are
so expensive, especially considering transportation costs. 100% renewable energy sources have an exceedingly
low incremental cost of electricity delivered, assuming system capacity isn’t exceeded. Incremental energy
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utilization is also very valuable in developing nations, for example to help solve basic needs such as:
x

Powering pumps to supply clean water or irrigation

x

Heating water for hygiene and cooking

x Maintaining the temperature of the slurry in a high-altitude biogas digester to the needed mesophilic
(~25°C - ~40°C) or even thermophilic conditions (~40°C - ~60°C) for optimum performance
x

Refrigerating fruit for long term storage

x

Heating air and powering grow lights in greenhouses to provide year-long nutrition.

This list is not exhaustive, and each village will have to determine the most valuable uses of this excess energy
based on their particular needs. Due to low incremental cost and the high value of energy utilization, load
adding not only can, but should, be used in islanded pic/micro-grids in developing countries.

3. Prioritized Useful Dump Load Control
Given the number of potential uses for inexpensive, excess energy in the developing world, some mechanism is
needed to ensure that the energy is routed to the most valuable load. Due to the dynamic nature of the consumer
load profile, the mechanism has to be automatic, with no required decision making by distributed customers to
turn useful loads on and off. Because production and consumption are already being balanced in many islanded
systems, usually by heating water in dump loads useless to the users, the prioritization of a set of useful dump
loads is pursued in this paper.

3.1 Simple Useful Dump Load Control
Figure 4 shows the schematic of a low cost and context-appropriate scheme using ubiquitous water heater
thermostats to route excess power to the highest priority useful load needing power as determined by the
temperature setting of the thermostat mounted to the water bath associated with that load. For example,
thermostat TH1, solid state relay SSR1, and water heater element WHE1 are the components needed to support
the highest priority useful dump load. For example, WHE1 and TH1 might be mounted to a hot water tank in a
community bathing facility. Similarly TH2, SSR2, and WHE2 are needed to support the next highest priority
useful dump load, and SSR3 and WHE3 would be needed to support the lowest priority load which must be able
to absorb all available power.

Fig. 4: Example Hardware Architecture of Simple Dump Load Control

This scheme can utilize a high percentage of all the available power generated by a 100% renewable energy
system during periods of low consumption in the village served. This helps justify operation of the system 24
hours a day, increases the value of the facility, provides consistent energy to drive economic development, and
helps the local population justify the funds needed to maintain the system. This scheme routes excess energy to
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a set of useful dump loads, starting with the highest defined priority load needing power, and shifting power to
the next highest priority load once the first useful dump load is met, e.g. the water is hot enough, etc.
Conceptually there is no limit to the number of useful dump loads that can be included to obtain values of ݇
approaching unity, a 10x improvement over the ݇ seen by RIDS-Nepal in Northwestern Nepal.
This scheme’s primary advantage is its simplicity and use of ubiquitously available hardware. However, water
heater thermostats are not particularly accurate, have significant fixed hysteresis, and have limited range making
them inappropriate for regulating the temperature in some applications, e.g. the lower limit of most hot water
thermostats is too high for heating a greenhouse. Furthermore, the priority and temperature thresholds cannot
practically be adjusted throughout the day and seasons. All these disadvantages can be addressed with a
programmable dump load controller.

3.2 Programmable Useful Dump Load Control
The temperature accuracy, hysteresis, and range issues can be addressed by using electronic temperature sensors
on the water bath associated with each useful dump load. Temperature sensors utilizing a DS18B20 integrated
circuit are inexpensive, ubiquitous, reliable, and accurate. They are easily connected to a wide range of
microcontrollers using the 1-wire serial interface standard. Figure 5 shows a hardware architecture
implementing such a system.

Fig. 5: Example Hardware Architecture of Programmable Dump Load Control

Figure 6 shows an example of the software architecture in the programmable controller. Grey objects are
included to show how the firmware entities map to hardware.
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Fig. 6: Microcontroller Firmware Architecture

The PWM or phase control signal from the commercial dump load controller is used to modulate the amount of
power consumed by the useful dump loads. Useful dump loads on either DC or AC lines can be supported with
the selection and configuration of the appropriate commercial dump load controller and SSRs.
A System Control PC, located at a convenient place in the village such as the pay-as-you-go vending office,
provides a GUI used to specify the relative priority and temperature thresholds of the various useful dump loads
using a time, date, and/or season schedule. This schedule can be easily modified by local operators based on
village requirements. The current prioritization and threshold information is communicated over a TCP/IP
communication channel to the NetworkingProc process on the microcontroller. The use of TCP/IP allows this
microcontroller to reside close to the useful dump loads, while the PC and GUI can be at a location more
convenient to the villagers.
All useful dump loads incorporate a temperature sensor except the lowest priority one which must be able to
continuously absorb all potential excess power. For example resistive elements could be included in
greenhouses to heat the air or soil by several degrees. There are a large number of rugged, waterproof, and low
cost temperature sensors available utilizing the DS18B20 temperature sensor IC. Their accuracy is typically 0.5
to 1 °C which should be quite acceptable and much more accurate than thermostats used in hot water heaters.
Although the 1-wire serial interface is slow, the temperature of the water bath or air associated with each load
changes slowly, so the sensors can be sampled at a relatively slow periodic rate by the SampleTempProc
process. This process determines the highest priority dump load needing additional power, and updates a set of
GPIO pins to drive the ‘Select’ value to the demultiplexer (DEMUX) as shown in figure 5. The demultiplexer
routes the PWM or phase control signal to the appropriate SSR.
1-wire interface drivers are available for many microcontrollers. Hysteresis can be controlled programmatically
based on village input via the GUI.
Figure 5 only shows dump loads utilizing tanks of water and water heater resistors, suitable for a wide range of
useful loads including hot water for bathing and cooking, and to stabilize a biogas digester at its optimum
temperature. However, other loads can also be used since the DS18B20 thermometers are accurate over a wide
range and can measure other substances including soil or air. For example, a solid state refrigeration unit could
be used to maintain the temperatures of apples in cold storage.
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Fig. 7: Warm/hot water as “useful” dump load for
improved personal hygiene, very welcomed in cold areas.

Fig. 8: Heating water for increased anaerobic process in the
production of biogas and heating a high-altitude greenhouse.

4. Summary
The current utilization factor for many pico and micro hydro systems in Northwest Nepal is a surprisingly low
value of around 10% based on observations by an NGO working in the area, RIDS-Nepal. This low utilization
significantly impacts the benefits of the systems making it difficult for the villagers served to grow
economically and to maintain and operate them.
Two different ‘smart’ dump load control schemes are described that can utilize the energy that would otherwise
be wasted. One scheme using hot water heater thermostats is extremely simple, inexpensive, and contextappropriate. However, it hard-wires a fixed prioritization among the loads and suffers from fixed hysteresis and
relatively poor temperature accuracy. The other scheme uses a small microcontroller, DS18B20 based
temperature sensors, a PC-based GUI, and SSRs. It removes the limitations of the water heater thermostat
implementation. Although more complex than the simple scheme, it is still context-appropriate.
RIDS-Nepal is planning to implement the microcontroller-based solution in a pico-hydro facility in the village
of Moharigaun in the Jumla district of Nepal. Useful dump loads will be used:
x

To heat bathing water for showers and personal hygiene to eradicate the most common skin sicknesses

x

To maintain the temperature of a high-altitude biogas digester for an increased anaerobic process under
mesophilic (~25°C - ~40°C) or even thermophilic conditions (~40°C - ~60°C)

x

To heat water to reduce the amount of wood needed to cook rice and tea

x

To heat and power grow lights in a greenhouse to improve year-round nutrition.

Extensive monitoring will be employed to quantitatively measure the impact of the prioritized dump load
control scheme.
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Fig. 9: The village of Moharigaun in the remote North-East of the Jumla district of Nepal will use a variety of useful dump loads
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Abstract
This work reviews solar energy inclusion in Africa using Nigeria as a case study. It reviewed studies made on
viability, challenges and solutions associated with making solar energy a viable energy option in Nigeria. The
study highlighted data on current industry capacity of solar energy, installed PV capacity, and solar energy
application distribution. It sheds light on solar energy initiatives and projects in Nigeria and solar energy capacity
development in Nigeria. Success stories of solar energy and solar cell fabrication in Nigeria are presented. Existing
government policies and legislation are discussed. The authors consider the challenges faced and the current and
future prospects of solar power in Nigeria, and make recommendations regarding the speedy and seamless
inclusion of solar energy in Nigeria and Africa as a whole.
Keywords: solar, domestication, Nigeria, energy, Africa

1.

Introduction

Sub-Sahara Africa is home to about 85 % of the 1.3 billion people in developing countries without access to
electricity [1], with an estimated electrification rate of 64 % in urban and 13 % in rural areas [2]. Sub-Sahara
Africa has many of the world’s least electrified nations [3, 4]. A total of 70 % of such those without access to
electricity reside in countries like Nigeria where the rural populace is mostly affected [5]. Nigeria is ranked
seventh in world population and cannot provide electricity access to her populace both in the urban and rural areas
[6, 7]. Nigeria’s rural population is estimated to be about 42 % of the total population [8]. Over 60 % of the
Nigerian population does not have power supply, with 40 % not on the nation’s grid [9, 10]. The Nigerian grid
supply of electricity is on average six hours per day rationed among inhabitants of the cities [11]. Almost all rural
dwellers in Nigeria have little or no access to electricity. The majority of the electricity supply in Nigeria is
generated by Kainji dam which produces about 3.2 x 108 W and 9.6 x 108 W at its peak [12, 13]. This is due to
underperforming hydro dams in the country. Another factor is the high cost of distribution across the country
which covers an area of 924 000 km2 [14]. There is no uniformity in distribution of grid connection and electricity
in Nigeria. About 61.2 % of households in Lagos in South-West are without access to electricity. The figure is
different in Taraba in North-East where 81.3 % lack access to electricity [15]. Similarly, South-South have 61.2
% and South-East has 60 %. About 38.1 % of the rural population, 12.1% of the rural poor and 29.8% of the urban
poor in Nigeria have access to electricity [16].
Erratic power supply has caused many of the inhabitants and companies in Nigeria to generate their own power.
Nigeria has about 32 outages in a month with over 35 hours’ outage of electricity supply [17]. Figure 1 shows the
electrical outages per month and average duration in Africa [18]. Erratic supply is due to high energy losses caused
by physical deterioration of the facilities for transmission and distribution, and theft of power equipment. Other
causes are vandalism, the high cost of electricity production, insufficient metering system and ease of by-passing
of the metering system by the consumers, poor billing system and low available capacity (only 40 % of the
installed capacity of 6 000 MW) [19].
Individuals have resorted to using generators powered by petroleum fuel or diesel. This accounts for the increase
in the price of petroleum products price by 70 % in 2012 [20]. The cost of generators has risen on a regular basis
from 5.8 % in 2007 to 7.6 % in 2009 [21]. Generators also increase environmental pollution [22]. Electricity
access has direct links to clean drinking water, good health and agricultural activities for rural dwellers [23, 24].
The lack of electricity has created, and is still responsible for, high levels of underdevelopment and poverty in the
rural areas [25, 26]. Several studies attest to the fact that stable and affordable electricity contributes to higher
levels of economic development [27-33].
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Fig. 1: Electrical outages per month and average duration in Africa [18]

Renewable energy is a tool that can end global electricity problems because supply exceeds world electricity
demand [34]. It is an energy source that can be renewed indefinitely. Renewable energy sources include solar,
ocean tides, geothermal, wind, hydro, and biomass [35-37]. They are used as electricity, thermal energy, fuels,
mechanical force and hydrogen. These energy sources are obtained from non-fossil and non-nuclear sources [38].
They are sustainable and not harmful to the environment. Table 1 shows the vast potential of solar energy inclusion
in Nigeria, shedding light on Nigeria’s solar energy resources. From the data in Table 1 one can see that Nigeria
only needs 0.1 % of the total solar radiation converted at 1 % efficiency to be able to meet her energy demand
[39]. On average, Nigeria gets solar radiation of 20 MJ/m2/day with minimal variation all year.
Tab. 1: Nigeria’s solar energy resources [39]

Resource type
Natural units

Solar Radiation

Reserves
Energy

units

3.5 KWh/m2/day to
7.0 KWh/m2/day
(4.2 million
MWh/day using
0.1% Nigeria land
area)

Production

Domestic
utilization

Approximately 6
MWh/day solar
Photovoltaic

Approximately 6
MWh/day solar
Photovoltaic

Energy units (BTOE)

5.2 (40 years and 0.1%
Nigeria land area)

Power generation involves the conversion of energy from an available source (sun in this case) to electrical energy
in a form that is suitable for distribution, consumption and storage [40]. Solar PV is capable of powering off-grid
single homes, and mini-grids incorporating from several kW to many MW [18]. Power generation using solar
energy can be done in two ways, namely, solar-thermal conversion [41] and solar electric (photovoltaic)
conversion [42]. Solar energy is one of the renewable energy endowments of Nigeria [43]. It can be used for
powering remote villages disconnected from the nation’s grid and its power can also be fed into the national grid
[44]. Solar energy is used in rural clinics, powering of schools, vaccine refrigeration, street lighting, traffic lights,
kiosks, among others. Solar technology is gradually being implemented in Nigeria. It is already implemented for
solar crop drying, solar incubators, solar chick brooding, solar evaporative cooling and so on.
Renewable energy is capable of solving Nigeria’s energy challenges [45, 46]. Several studies have looked at the
viability and challenges of implementing solar energy in Nigeria. Chilakpu [47] examined renewable energy
sources benefits, potentials and challenges in Nigeria. The study stated that renewable energy improves the
security of a country, and reduces greenhouse gases. The study aligned with Körbitz [48] in stating that renewable
energy reduces greenhouse gases by at least 3.2 kg carbon dioxide equivalents per one kilogram of biodiesel. The
study observed that the challenges working against the full-scale implementation of solar energy in Nigeria
include available technology, the political climate, and the weather conditions of the country. Körbitz study dwells

963

K. Ukoba / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

most on hydropower and fails to shed light on other renewable energy sources, especially solar energy. Olaoye et
al. [49] studied the energy crisis in Nigeria and suggested a renewable energy mix as a solution. Attention was
given to the installed capacity and licensing of on-grid power generation companies. The study provided two
tables which summarized the renewable energy potential of Nigeria. The data provided is limited to the capacity
of solar PV panels in Nigeria. Ajayi and Ajanaku [50] examined the energy challenge and power development in
Nigeria and proposed a way forward. The study suggested that 80 % of hydropower in the country is untapped,
and 5.5 KW-hr/m2/day of solar radiation is not being utilized as well as unexploited wind energy resources and
the gases being flared. The study believes that utilizing these resources will put an end to the energy challenge of
Nigeria. Akinboro et al. [51] studied solar energy installations in Nigeria in terms of their prospects, problems and
solutions. The study set out to study the use of solar energy as an alternative energy source in Nigeria. Emphasis
was on stand-alone and hybrid installations and the problems encountered during domestic and industrial solar
installation. In the end, the study was only able to enumerate the challenges confronting the implementation of
solar energy, its prospects and possible solutions. However, the study shed light on waste generated from gas
turbines, diesel plants, solar plants, biogas plants, nuclear and small hydropower plants. There was no mention of
solar installations as stated in the beginning of the study. Ezugwu [52] discussed renewable energy in Nigeria with
a focus on their sources, problems and prospects. The study was able to theoretically discuss the key renewable
energy sources but lacked relevant data regarding Nigeria. Emodi and Yusuf [53] discussed the need for
standardization of renewable energy technologies in Nigeria. They opined that renewable energy technologies are
imported into Nigeria and there are no existing local standards. The study recommended standardization as a
solution to check the influx of renewable energy technologies into Nigeria. Ikem et al. [54] studied integration of
renewable energy sources into the Nigerian national grid as being a way out of the power crisis. It suggested a
way forward for Nigeria’s government to improve the current power supply of the country by investing in
renewable energy. The study encouraged the government to review the power sector. Ozoegwu et al. [43] studied
the status of solar energy integration and policy in Nigeria. It did a good job in reviewing the past, the current and
future status of solar integration in Nigeria. It was able to combine several data related to solar energy in Nigeria.
This provided a firm basis for the case of giving solar energy a high priority in mitigating the energy problem of
Nigeria. Table 2 grouped the different categories of solar PV applications under different headings.
Tab. 2: Categories of Solar PV applications (adapted from [18])

Item

Stand-alone

Grids

DC
System

Solar lighting
Solar kits or
system
lanterns

AC
DC

AC solar
system:
singlefacility AC
systems

Off-grid

Application

Lighting

AC/DC
Nano-grid
grid Picogrid grid

AC
MicroMini-

Off-grid or on-grid

Lighting
and
appliances

Lighting
and
appliances

Lighting
and
appliances,

National/regional
grid

On-grid

All uses
(including
industrial)

All uses
(including
industrial)

Generation
plus three
phase
distribution

Generation plus
three-phase
distribution plus
transmission

emergency
power
Generation, Generation, Generation, Generation
Key
plus single
storage,
storage,
storage,
component
phase
lighting,
DC special
lighting,
phone
AC
distribution
appliances
appliances,
charger
building
wiring
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Typical
size

0.10 W

11 W to 5
kW

100 W to
< 5 kW

5 kW to 1 MW

Residential (100
W to < 5 kW)
Mini grid (5 kW
to < 1 MW) and
Utility scale (> 1
MW)

Fig. 2: Small solar system (<1 kW) cost breakdown by cost component, 2012-2015 [18]

Figure 2 presents the cost breakdown for sub-1 kW where the data are available. Battery costs account for the
largest single share of these Small Household Solar Supply (SHS), with a simple average of 29 % of the total
costs (USD 2.7 /W). The PV modules themselves, as well as the lighting fixtures and wiring, average around 20
% (USD 2.2 /W) of the total installed costs together, soft costs 22% (USD 2/W), other hardware 21% (USD 2 /W)
and the charge controller 7% (USD 0.7/W).
Several researchers have proposed various ways in which the technology of solar can be used in Nigeria. This
includes but is not limited to the following: Cota et al. [55] proposed the use of solar energy for street lighting and
water pumping in the rural community of Igbelaba and Jigawa state. Kumar et al. [56] presented suggestion for
replacing the usage of fossil fuel energy with solar energy for street lighting of Fugar city in Edo state of Nigeria.
Ike Chinelo et al. [57] suggested the use of solar to power security lights in school hostels in Nigeria.

1.1 Data on solar energy capacity in Nigeria
The industry capacity of solar energy was a total of 33 active companies by 1999. There are no vendors or
contractors for the supply and installation of solar equipment. Nigeria cannot boast of a company that
manufactures the major components of solar systems, not even the basic solar cells [58]. However, NASENI
assembles PV panels in Karachi, close to Abuja. Nevertheless, the country can boast about 200 installed solar PV
installations with a capacity of about 3.5 kW to 7.2 kW [59]. This is insignificant when compared with the
population of Nigeria and installed capacity in other Africa countries like South Africa. Figure 3 provides a vivid
picture of installed solar PV capacity in watts per capita in Africa in 2015.
A survey was conducted in the northern part of Nigeria to show the application distribution [58]. It shows that
domestic water pumping accounts for 57%, domestic lighting and rural for 8%, experimental room air
conditioning for 1%, rural clinic refrigeration of clinic items like vaccines and lighting of the clinic and
surrounding for 24%, and communications (TV and radio) for 10% (see Table 3).
In terms of installed PV in regions of Nigeria, Lagos has the highest with 23.6% closely followed by Yobe state
with 16.3%. Kano and Akwa Ibom have 8.6%. The funding of such installations is principally by the federal
government, state, local government, and international donors like the European union, Mobil and in some states
like Lagos by private individuals. There are about one or two PV installations working or moribund in the 26
states out of the 36 states in Nigeria including the capital Abuja [59].
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Fig. 3: Map of installed solar PV capacity in watts per capita, 2015
Tab. 3: Installed capacity of PV technology in Nigeria [59]

S/N

APPLICATIONS

PV CAPACITY (%)

1.

Residential (mostly lighting)

6.9

2.

Rural electrification and

3.9

Television

2.

3.

Commercial lighting and equipment

4.

3.1

Street, Billboard and other lighting

1.2

5.

All lighting

15.1

6.

Industrial

0.4

7.

Health center/clinic

8.7

8.

Telecom and radio

23.6

9.

Water pumping

52.2

Total

100

Solar Project initiative in Nigeria

Some striking projects on solar energy have been executed in Nigeria. The Jigawa state government embarked on
a project of rural electrification of the state [60]. This was funded 60 % by the United States government through
USAID and department of Energy (DOE) and 40 % by the Jigawa state government. This project demonstrated
inclusive solar usage for electricity generation in rural communities. The project targeted water supply, education,
health, agriculture, security, opportunities for trade and commerce [61]. Several PV water pumping,
electrification, and solar thermal installations have been executed by Sokoto Energy Research Center (SERC) and
the National Center for Energy Research and Development (NCERD) under the supervision of the Energy
Commission of Nigeria (ECN) [62]. A breakdown of the pilot projects by ECN include the 7.2 kWp solar-PV
village electrification in Kwalkwalawa in Sokoto state, 1.87 kWp village electrification and TV viewing centre in
Iheakpu, 1.5 kWp water pumping scheme in Nangere, Sokoto state. Solar dryer projects in Nigeria include: 2tonnes solar rice dryer in Adani, Enugu state and 1.5 tonnes solar forage dryer in Yauri, Kebbi state.
The World Solar Programme designed for promotion of solar energy penetration worldwide has also provided
about five high priority projects in Nigeria. They are; (i) the solar village; (ii) the upgrading of facilities and
personnel of renewable energy R & D establishments, and development of renewable energy curricula; (iii)
training workshops and colleges in renewable energy technologies (solar-PV and solar-thermal); (iv) Rural health
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delivery and potable water supply using solar-PV; and (v) International Solar Energy Institute. The projects are
threatened by inadequate funding. As a result, only projects (i) and (iv) have made significant progress.

2.1 Solar energy capacity development in Nigeria
The federal government of Nigeria has mandated the ECN with the responsibility to carry out research and
development of the nation’s energy needs. ECN has two centers dedicated to renewable energy spread evenly in
the north and south of the country, namely, the National Centre for Energy Research and Development (NCERD)
at Nsukka, in the south of Nigeria, and the Sokoto Energy Research centre (SERC) in Sokoto state, in the north
of Nigeria. Apart from the research and development mandate of the centres, they are also responsible for
personnel development, dissemination and promotion of renewable and alternative energy technologies. The other
government agencies that have renewable energy components in their mandates are: Federal Department of
Meteorological Services (FDMS), Power Holding Corporation of Nigeria (PHCN). Others are Project
Development Institute (PRODA) Enugu, Nigerian Building and Road Research Institute (NBRRI), Federal and
state owned Universities and Polytechnics, and the Federal Institute of Industrial Research, Oshodi (FIIRO),
National Centre for Energy Research and Development (NCERD), Nsukka, Centre for Energy Research and
Training (CERT), located in Ahmadu Bello University, Zaria, Centre for Energy Research and Development
(CERD), located in Obafemi Awolowo University, Ile-Ife.
Some successes have been achieved in solar energy technology development in the country. These include, but
are not limited to, solar crop dryers of various capacities. Worthy of note is the 2-tonne capacity rice dryer
developed at the NCERD and a 2-tonne capacity forage dryer constructed by the SERC. Also, a solar manure
dryer for poultry waste developed by NCERD, Nsukka. The dryer was able to reduce moisture content of manure
from 71 % to 35 % in 22 hours of peak solar intensity of 600 W/m2. Flat and concentrated solar cookers have been
constructed and tested at NCERD and SERC. The flat plate cooker attained a record cooking time of 4.5 minutes
at solar intensities of 850 W/m2. Solar water heaters comprising horizontal and vertical tanks with natural
circulation have also been constructed and are available at Usman Danfodiyo University, Sokoto, and solar chick
brooders at NCERD, Nsukka.

Fig. 4: Nigerian Electricity Regulatory Commission licensed solar power projects in Nigeria

Licenses for solar energy projects in the country have been awarded by the Nigerian Electricity Regulatory
Commission as shown in Figure 4. As at 2014, seven companies have been awarded licenses in different states of
Nigeria. Bauchi has the highest capacity with 100 MW awarded to Nigeria Solar Capital Partners. Kaduna have
two licenses awarded to Quaint Global Nigeria Ltd and Anjeed Kafanchan Solar Ltd with a capacity of 50 MW
and 10 MW respectively. Others are Lloyd and Baxter LP in Abuja, KVK Power Pyt Limited in Sokoto state, Pan
African Solar in Katsina and Rock Solar Investment Company in Osun state. Due to fluctuation in generation
capacity caused by water shortages in the dry season, Shiroro Hydroelectric Power Station in Niger State of
Nigeria plans to construct a 300 MW PV solar power plant.
Some memorandums of understanding have been signed for solar projects in Nigeria. New Horizon Energy
Resources proposed the building of a 100 MW solar plant in Nasarawa. Delta state government signed an MoU
with Yutal Li Ltd for a 100 MW solar power plant in 2016 in addition to a 300 MW power plant signed for in
2014 with SkyPower FAS Energy. The federal government of Nigeria also signed a 300 MW solar power with
Super Solar.

2.1.1 Solar cell fabrication and research in Nigeria
Limited work has been done on materials for solar cell fabrication and thin film growth in Nigeria at Obafemi
Awolowo University (OAU, Ile Ife) and NCERD, Nsukka respectively and in some laboratories in the country.
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Soboyejo and Kana have led some research studies at Africa University of Science and Technology (AUST,
Abuja) and Sheda Science and Technology Complex (SHESTCO, Sheda), on organic solar cell materials
fabrication. Fabian Ezema has worked extensively on Chemical Bath Deposition (CBD) for solar cell deposition
at the University of Nigeria, Nsukka. The National Agency for Science and Engineering Infrastructure (NASENI)
is also worthy of mention in terms of solar cells research and development and solar panels. NASENI, in Nigeria
is leading the effort to make solar panels available at a reduced cost. It has a dedicated solar panel assembly plant
in Karachi, Nigeria. Most of the solar PV studies conducted in Nigeria are on solar PV components and system
testing, pilot plants and other application projects. The KwalkwalaWa 7.2 kW village electrification in Sokoto
state is the largest single pilot plant established by the Energy Commission. It is used for pumping water, powering
health centres and rural lighting and entertainment. Other developments include solar air heaters, solar stills for
water purification, solar absorption and absorption refrigerators.

2.1.2 Solar data collection in Nigeria
Efforts are being intensified in solar energy data collection in Nigeria. Data such as solar radiation intensities
(such as global, direct and diffuse), relative humidity, precipitation and ambient temperatures have been collected
for over 64 towns by the Meteorological Services Department. About 33 % of these stations have been in existence
for over 50 years. About twelve research institutes and centres located in and outside universities in the country
are also involved in solar data collection and analysis. The Energy Commission is currently developing an Energy
Data Bank for renewable energy data.

3.

Existing government policies and legislation

A National Energy Policy was developed in 2003 by the Nigerian government, primarily for efficient management
of the country’s energy resources. It focuses on conventional and renewable energy sources for sustainable
development of the country with full private sector participation.
The policy is summarized as; extensive crude oil and natural gas exploration and development shall be pursued
with the view to increasing their reserves base to the highest level possible. Lastly, the nation shall continue to
engage extensively in the development of electric power with the view to making reliable electricity available to
75 % of the population by 2020; as well as to broaden the energy options for generating electricity.
The Nigerian Electricity Regulatory Commission and the Rural Electrification Agency were established in 2005
with in order to liberate the electricity sector. The Nigeria Renewable Energy Master Plan (REMP) is a policy
aimed at making electricity more available through renewable energy. It envisions renewable energy providing a
minimum of 10 % of total energy consumption in Nigeria by 2025 [63]. It was produced in 2006 with United
Nations Development Programme support, and outlined the road map for more renewable energy usage in
Nigeria’s quest to meet her energy demands and improve grid reliability and security [64]. The policy hopes to
meet this goal by providing an enabling platform for renewable energy, legal instruments, technical-know-how,
manpower, infrastructure and the markets.
The objectives are; expanding access to energy services and raising the standard of living, especially in the rural
areas; Stimulating economic growth, employment and empowerment; Increasing the scope and quality of rural
services, including schools, health services, water supply, information, entertainment and stemming the migration
to urban areas; Reducing environmental degradation and health risks, particularly to vulnerable groups such as
women and children; Improving learning, capacity-building, research and development on various renewable
energy technologies in the country; and Providing a road map for achieving a substantial share of the national
energy supply mix through renewable energy.

4.

Challenges

The high cost of implementation of renewable energy technologies, particularly solar, is the major impediment
militating against their widespread use [65]. High cost is not unconnected to the fact that nearly all the parts are
imported from overseas at a very high cost. Most of the personnel and technologies are sourced abroad [58]. The
key challenges facing the successful deployment of solar energy technologies can be grouped into cost, policy,
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technical, people and environment. Some of the key challenges of solar energy in Nigeria are discussed below.
Firstly,cost plays a major role in the life of people and the success or failure of a technology. Nigeria is a
developing country home to both rich and poor, living in rural and urban areas. Initial investment in the cost of
solar energy infrastructure is one of those factors militating against penetration of solar energy in Nigeria. The
lack of adequate funding for solar energy development poses a high risk to the success of solar energy in Nigeria.
Also, the general absence of comprehensive national energy policy. Nigeria has never formulated a comprehensive
energy policy; only sub-sectoral policies have been formulated. Since such a policy is pivotal to using energy
efficiently and solar energy, the lack of such a policy has, to a large extent, contributed to the lack of attention to
solar energy. Thirdly, lack of technological capability is an issue in penetration of solar energy in Nigeria. The
bulk of the technologies for solar energy are imported thereby increasing the high investment cost of solar energy.
Cultural and low level of public awareness is also another challenge. The cultural inclination in some parts of
Nigeria coupled with public awareness of renewable energy sources and technologies in Nigeria and their benefits,
both economically and environmentally, are generally low. Consequently, the public is not well-equipped to
influence the government to begin to take more decisive initiatives in enhancing the development, application,
dissemination and diffusion of renewable energy resources and technologies in the national energy market.

5.

Prospects for solar energy in Nigeria

Geographically, Nigeria lies within a high sunshine belt on longitude 3o and 14o East of Greenwich and latitude
4º and 14° north of equator [66] and thus has enormous solar energy potential [67]. The country has an annual
average daily solar radiation of about 5.535 KW/m2 /day [68]. The minimum average is about 3.55 kW/m2/day in
Katsina in January. It is 3.4 kW/m2/day for Calabar in August. And the maximum average is 8.0 kW/m2/day for
Nguru in May [69]. This puts the solar radiation figure at an average of 19.8 MJ/m2/day and is fairly distributed.
The country’s annual average daily sunshine is 6.25 hours per day, the coastal areas are 3.5 hours and 9.0 hours
at the far northern boundary [70]. Nigeria receives about 4.851 x 1012 KWh of energy per day from the sun [71].
This is equivalent to about 1.082 million tons of oil equivalent (mtoe) per day, and is about 4 000 times the current
daily crude oil reduction, and about 13 000 times that of natural gas daily production based on energy units. This
huge energy resource from the sun is available for only about 26 % of the day. This data couple with the prevailing
efficiencies of commercial solar-electric generators and if solar collectors or modules were used to cover 1% of
Nigeria’s land area of 923 773km2, it is possible to generate 1.804 x 1015 kWh of solar electricity per year. This
is over one hundred times the current grid electricity consumption level in the country [72]. The annual solar
energy insolation is 27 times the nation total conventional energy resources in energy units. This is over 117 000
of the electric power generated in 1998 in Nigeria [40]. Only about 3.7 % of Nigeria’s land area is required for
solar energy to meet the electricity demand of the country.

5.1 Future prospects
Though the bulk of the prospects for solar energy in Nigeria are in the off-grid areas and rural electrification, some
areas on the grid and in urban areas also hold some prospects. Areas that provide opportunities for application
include, but are not limited to: power plants, non-thermal electricity generation, large scale and family scale
cooking, heating, drying of farm produce, water purification, clean water provision for humans and animals,
aerospace development of the country, provision of light arms and ammunition for the Nigeria Army especially
as they combat Boko haram terrorism and militants in the Niger Delta of the country. The future prospects of solar
PV are shown in Figures 5 and 6.
The major focus on renewable energy in Nigeria is on transportation and electricity generation. Electricity
generation from renewable energy in Nigeria is estimated to be 9.74 % for 2015, 18 % for 2020 and 20 % for
2030. However, electricity generation using solar is projected to be 1.26 % for 2015, 6.92 % for 2020 and 15.27
% for 2030. The targets of renewable electricity from solar alone is projected to be 12.96 %, 38.43 % and 76.36
% for these years. This shows that solar progressively dominates in the long-term. Figure 6 shows the targets for
solar PV application in Nigeria for year 2020 and 2030.
Figure 6 shows the targets for solar thermal energy application in Nigeria for year 2015, 2020 and 2030. This is
too dismal to be commended even in the long-term.
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Fig. 5: Solar PV application in Nigeria for year 2020 and 2030

Fig. 6: Targets for solar thermal energy application in Nigeria for year 2015, 2020 and 2030

For example, consider the targets for solar cookers. Suppose each solar cooker is constructed to cook for five
people as proposed by Saxena et al. [73]. With a population growth rate of 3.2 % per annum, the population in
2015, 2020 and 2030 population becomes 186 458 723, 218 263 539 and 299 073 660 respectively. The
penetration level which represent the percentage of the population supplied with solar cooking energy becomes
0.0054 %, 0.1145 % and 0.2508 % respectively. Although this figure indicates a rising trend into the future, the
penetration level is minor and does not reflect the energy crisis in Nigeria. This is because in 2014 about 80 % of
the population were exposed to health issues. Many of these health issues arose from the heating and cooking used
in the rural setting, using mainly biomass and waste resources. The maintenance-free and cheap nature of solar
box cookers makes them well suited to developing countries.

Fig. 2: Africa annual off-grid household expenditure on lighting and mobile phone charging compared to solar home system (< 1
kW) annualized costs, by country in 2015 [18]

Figure 8 gives the annual expenditure for off-grid lighting and mobile phone charging in Africa in 2015. The blue
band represents the range of annualized solar system costs. Circles represent the high and low annual expenditures
of off-grid households for lighting (e.g., kerosene, batteries, candles, etc.) and mobile phone charging. Expenditure
in Nigeria is USD 140 per year. The lowest expenditure in Africa is in Ethiopia (USD 84) and the highest is
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Mauritania (USD 270). Therefore, solar systems can be a very economical solution for powering homes in Africa

6.

Conclusion

Nigeria has the capacity to use solar energy to end the problem of an erratic power supply facing her. This work
has been able to shed light on solar energy domestication in Nigeria, reviewing work that has been done relating
to solar energy in Nigeria, and the prospects and challenges of the technology. A lot of brilliant studies have been
conducted. Well-articulated policies have been made and signed with memorandums of understanding on the part
of the government but well monitored implementation seems to be an issue working against the full success story
of solar energy utilization in Nigeria. Research into in-country fabrication of solar cells, thin films and solar panels
is highly recommended for both public and private partnership in Nigeria. The windows of opportunities for solar
energy inclusion in Nigeria are enormous. These are: solar power generation, increased internally generated
revenue through manufacture of solar panels, capacity building in the field of solar energy technologies, supply
of renewable energy equipment and accessories, and contracts in solar energy projects. The rest of Africa can
benefit from the success story of Nigeria if well implemented.

7.

Recommendation

More education should be conducted to sensitize the populace on the benefits of solar energy and the government
should encourage more research on solar energy, especially the setting up of and/or funding of solar cells research
centres.
Acknowledgements
The financial assistance of the National Research Foundation and The World Academy of Science (NRF-TWAS)
of South Africa is acknowledged.
References
[1]Kaygusuz, K., 2012. Energy for sustainable development: A case of developing countries. Renew. Sustainable Energy Rev. 16(2),11161126.
[2]Scarlat, N., Motola, V., Dallemand, J. F., Monforti-Ferrario, F. and Linus Mofor, 2015. Evaluation of energy potential of municipal solid
waste from African urban areas. Renew. Sustainable Energy Rev. 50, 1269-1286.
[3]Karekezi, S., 2002. Poverty and energy in Africa—a brief review. Energy Policy. 30(11-12), 915-919.
[4]Wolde-Rufael, Y., 2005. Energy demand and economic growth: the African experience. J. Policy Model. 27(8), 891-903.
[5]Bazilian, M., Nussbaumer, P., Rogner, H.H., Brew-Hammond, A., Foster, V., Pachauri, S., Williams, E., Howells, M., Niyongabo, P.,
Musaba, L. and Gallachóir, B.Ó., 2012. Energy access scenarios to 2030 for the power sector in sub-Saharan Africa. Utilities Policy, 20(1),116.
[6.]Bongaarts, J., 2009. Human population growth and the demographic transition. Philos. Trans. R. Soc. B. 364(1532), 2985-2990.
[7]Apulu, I., A. Latham, and R. Moreton, 2011. Factors affecting the effective utilisation and adoption of sophisticated ICT solutions: Case
studies of SMEs in Lagos, Nigeria. J. Syst. Inf. Technol. 13(2), 125-143.
[8]Oseni, M.O., 2011. An analysis of the power sector performance in Nigeria. Renew. Sustainable Energy Rev. 15(9), 4765-4774.
[9]Obadote, D. Energy crisis in Nigeria: technical issues and solutions. In Power sector prayer conference. June 27-29, 2009.
[10]Aliyu, A.S., A.T. Ramli, and M.A. Saleh, 2013. Nigeria electricity crisis: Power generation capacity expansion and environmental
ramifications. Energy. 61, 354-367.
[11]Oyedepo, S.O., 2012. On energy for sustainable development in Nigeria. Renew. Sustainable Energy Rev.16(5), 2583-2598.
[12]Ohunakin, O.S., 2010. Energy utilization and renewable energy sources in Nigeria. J. Eng. Appl. Sci. 5(2), 171-177.
[13]Mohammed, Y.S., Mustafa, M., Bashir, N. and Mokhtar, A.S., 2013. Renewable energy resources for distributed power generation in
Nigeria: a review of the potential. Renew. Sustainable Energy Rev. 22, 257-268.
[14]Sambo, A.S., 2009. Strategic developments in renewable energy in Nigeria. International Association for Energy Economics, 16(3), 1519.
[15]Ohiare, S., 2015. Expanding electricity access to all in Nigeria: a spatial planning and cost analysis. Energy Sustainability Soc. 5(1), 8.
[16]Usman, Z.G. and S. Abbasoglu, 2014. An overview of power sector laws, policies and reforms in Nigeria. Asian Trans Eng. 4(2), 6-12.

971

K. Ukoba / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

[17]Oseni, M.O., Power outages and the costs of unsupplied electricity: evidence from backup generation among firms in Africa. In
Proceedings USAEE/IAEE Conference, Austin Texas. 2012.
[18]IRENA, Solar PV in Africa: Costs and Markets. 2016.
[19]Sambo, A., 2012. Nigeria’s long term energy demand outlook to 2030. J. Energy.
[20]Onakoya, A.B., Onakoya, A.O., Jimi-Salami, O.A. and Odedairo, B.O., 2013. Energy consumption and Nigerian economic growth: An
empirical analysis. Eur. Sci. J. 9(4).
[21]Ohiare, S., Financing rural energy projects in developing countries: a case study of Nigeria. PhD thesis, De Montfort University, Leicester,
UK, 2014.
[22]Guttikunda, S.K. and R. Goel, 2013. Health impacts of particulate pollution in a megacity—Delhi, India. Environ. Dev. 6, 8-20.
[23]Zhang, J., Mauzerall, D.L., Zhu, T., Liang, S., Ezzati, M. and Remais, J.V., 2010. Environmental health in China: progress towards clean
air and safe water. The Lancet, 375(9720), 1110-1119.
[24]Epstein, T.S. and D. Jezeph, 2001. Development—there is another way: a rural–urban partnership development paradigm. World Dev.
29(8), 1443-1454.
[25]Kanagawa, M. and T. Nakata, 2008. Assessment of access to electricity and the socio-economic impacts in rural areas of developing
countries. Energy Policy. 36(6), 2016-2029.
[26]Kaygusuz, K., 2011. Energy services and energy poverty for sustainable rural development. Renew. Sustainable Energy Rev. 15(2), 936947.
[27]Iyke, B.N., 2015. Electricity consumption and economic growth in Nigeria: A revisit of the energy-growth debate. Energy Econ. 51, 166176.
[28]Jaunky, C.V., 2006. Income elasticities of electric power consumption: Evidence from African countries. Regional and Sectoral Econ.
Stud. 7, 25-50.
[29]Akinlo, A.E., 2009. Electricity consumption and economic growth in Nigeria: evidence from cointegration and co-feature analysis. J.
Policy Model. 31(5), 681-693.
[30]Ogundipe, A.A. and A. Apata, 2013. Electricity consumption and economic growth in Nigeria. J. Bus. Manage. Appl. Econ.11(4).
[31]Aliero, H.M., Ibrahim, S.S. and Shuaibu, M. 2013. An empirical investigation into the relationship between financial sector development
and unemployment in Nigeria. Asian Econ. Financ. Rev. 3(10), 1361.
[32]Okoligwe, N. and Ihugba, O.A. 2014. Relationship between electricity consumption and economic growth: Evidence from Nigeria (19712012). Acad. J. Interdiscip. Stud. 3(5), 137.
[33]Dantama, Y.U., Abdullahi, Y.Z. and Inuwa, N. 2012. Energy consumption-economic growth nexus in Nigeria: an empirical assessment
based on ARDL bound test approach. Eur. Sci. J. 8(12).
[34]Ellabban, O., Abu-Rub, H. and Blaabjerg, F. 2014. Renewable energy resources: Current status, future prospects and their enabling
technology. Renew. Sustainable Energy Rev. 39, 748-764.
[35]Ibidapo-Obe, O., and Ajibola, 2011. Towards a renewable energy development for rural power sufficiency. In Proceeedings International
Conference on Innovations in Engineering and Technology (IET 2011), August 8th – 10th, University of Lagos.
[36]Panwar, N., Kaushik, S. and Kothari, S. 2011. Role of renewable energy sources in environmental protection: a review. Renew. Sustainable
Energy Rev. 15(3), 1513-1524.
[37]-RKQVWRQH1+DãþLþI. and Popp, D. 2010. Renewable energy policies and technological innovation: evidence based on patent counts.
Environ. Resour. Econ. 45(1), 133-155.
[38]Twidell, J. and Weir, T. Renewable energy resources. 2015: Routledge.
[39]Ojosu, J., 1990. The iso-radiation map for Nigeria. Solar Wind Technol. 7, 563-75.
[40]Emodi, N.V. and Boo, K.-J. 2015. Sustainable energy development in Nigeria: Overcoming energy poverty. Int. J. Energy Econ. Policy.
5(2).
[41]Reif, J.H. and Alhalabi, W. 2015. Solar-thermal powered desalination: Its significant challenges and potential. Renew. Sustainable Energy
Rev. 48, 152-165.
[42]Archer, M.D. and Green, M.A. 2015. Clean electricity from photovoltaics. second ed. Imperial College Press, London.
[43]Ozoegwu, C., Mgbemene, C. and Ozor P., 2017. The status of solar energy integration and policy in Nigeria. Renew. Sustainable Energy
Rev. 70, 457-471.
[44]0LORVDYOMHYLü''3DYORYLüT.M. and Piršl, D.S. 2015. Performance analysis of A grid-connected solar PV plant in Niš, republic of
Serbia. Renew. Sustainable Energy Rev. 44, 423-435.
[45]Nwofor, O. and Dike. V. 2016. Objective criteria ranking framework for renewable energy policy decisions in Nigeria. in IOP Conference

972

K. Ukoba / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Series: Earth and Environmental Science. IOP Publishing.
[46]Sambo, A., 2016. Enhancing renewable energy access for sustainable socio-economic development in sub-Saharan Africa. J. Renew.
Altern. Energy Technol. 1(1).
[47]Chilapku, K.O., 2015. Renewable energy sources: its benefits, potentials and challenges in Nigeria. J. Energy Technol. Policy. 5, 21-24.
[48]Körbitz, W., 1999. Biodiesel production in Europe and North America, an encouraging prospect. Renew. Energy. 16, 1078-1083.
[49]Olaoye, T., Ajilore, T., Akinluwade, K., Omole, F. and Adetunji, A., 2016. Energy crisis in Nigeria: Need for renewable energy mix.
American J. Electrical Electron. Eng. 4(1), 1-8.
[50]Ajayi, O.O. and Ajanaku, K.O. 2009. Nigeria's energy challenge and power development: the way forward. Energy environ. 20(3), 411413.
[51]Akinboro, F., Adejumobi, L. and Makinde, V. 2012. Solar energy installation in Nigeria: Observations, Prospect, problems, and solution.
Trans. J. Sci. Technol. 2(4), 73-84.
[52]Ezugwu, C., 2015. Renewable energy resources in Nigeria: Sources, Problems and prospects. J. Clean Energy Technol. 3(1), 68-71.
[53]Dike, V.N., Opara-Nestor, C.A., Amaechi, J.N., Dike, D.O. and Chineke, T.C., 2017. Solar pv system utilization in Nigeria: Failures and
possible solutions. Pac. J. Sci. Technol. 18(1), 51-61.
[54]Ikem, I.A., Ibeh, M.I., Nyong, O.E., Takim, S.A. and Osim-Asu, D., 2016. Integration of Renewable Energy Sources to the Nigerian
National Grid-Way out of Power Crisis. Int. J. Eng. Res. 5(8), 694-700.
[55]Cota, O.D. and Kumar. N.M. 2015. Solar energy: a solution for street lighting and water pumping in rural areas of Nigeria. In Proceedings
of International Conference on Modelling, Simulation and Control (ICMSC-2015).
[56]Kumar, N.M., Singh, A.K. and Reddy, K.V.K. 2016. Fossil fuel to solar power: A sustainable technical design for street lighting in Fugar
City, Nigeria. Procedia Comput. Sci. 93, 956-966.
[57]Ike Chinelo, U., Okeke, C.C. and Okeke, S. 2013. Technical Report on The Design and Installation of a 1KVA Solar Energy Powered
Security Light in The Dora Akunyili and Stella Okoli Female Hostels of Nnamdi Azikiwe University, Awka, Using Monocrystalline Panels.
Int. Referred J. Eng. Sci. 2(8), 47-50.
[58]Bala, E., Ojosu, J. and Umar, I. 2000. Government policies and programmes on the development of solar-PV Sub-sector in Nigeria.
Nigerian J. Renew. Energy. 8(1&2), 1-6.
[59]Iloeje, O. 2002. Renewable energy development in Nigeria: status & prospects. In Proceedings of a National workshop on energizing rural
transformation in Nigeria: scaling up electricity access and renewable energy.
[60]Oparaku, O., 2002. Photovoltaic systems for distributed power supply in Nigeria. Renew. Energy. 25(1), 31-40.
[61]Nwofe, P., 2014. Utilization of solar and biomass energy-A panacea to energy sustainability in a developing economy. International J.
Energy Environ. Res. 2(3), 10-19.
[62]Charles, A., 2014. How is 100% renewable energy possible for Nigeria. Global Energy Network Institute (GENI), California
[63]Scenario, N., East, M. and Cedex, P. 2015. World energy outlook 2014 factsheet. Paris: International Energy Agency.
[64]Akuru, U.B. and Okoro. O.I. 2010. Renewable energy investment in Nigeria: a review of the renewable energy master plan. In Energy
Conference and Exhibition (EnergyCon), 2010 IEEE International.
[65]Bridgwater, A.V., 2003. Renewable fuels and chemicals by thermal processing of biomass. Chem. Eng. J. 91(2-3), 87-102.
[66]Simeon, P.O., Jijingi, H.E. and Ngabea, S.A. 2016. Conscientious management of soil humus and water: a major condition for purposeful
mechanisation of field crop husbandry in tropical rain forest of Nigeria. Manage. Econ. Eng. Agric. Rural Dev. 16(4), 317-326.
[67]Adeyemo, S., 1997. Estimation of direct solar radiation intensities. Nigerian Soc. Eng. Tech. Trans. 32(1), 1-9.
[68]Fadare, D., 2009. Modelling of solar energy potential in Nigeria using an artificial neural network model. Appl. Energy. 86(9),1410-1422.
[69]Medugu D.W. and Yakubu, D. 2011. Estimation of mean monthly global solar radiation in Yola-Nigeria using angstrom model. Adv. in
Appl. Sci. Res. 2(2), 414-421.
[70]Adaramola, M.S., 2012. Estimating global solar radiation using common meteorological data in Akure, Nigeria. Renew. Energy. 47, 3844.
[71]Ani, V.A., 2013. Optimal sizing and application of renewable energy sources at GSM Base station site. Int. J. Renew. Energy Res. 3(3),
579-585.
[72]Ikuponisi, F.S. 2004. Status of renewable energy in Nigeria. In A background brief for an International Conference on Making Renewable
Energy a Reality. 2004.
[73]Saxena, A., Pandey, S. and Srivastav, G. 2011. A thermodynamic review on solar box type cookers. Renew. Sustainable Energy Rev.
2011. 15(6), 3301-3318.

973

Other Innovative Components and Systems

ISES Solar World Congress 2017

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

Direct vaporization of an organic fluid in a parabolic trough
solar collector
Simone Dugaria1, Matteo Bortolato1 and Davide Del Col1
1

Department of Industrial Engineering (DII), University of Padova, Padova, Italy

Abstract
An innovative solar receiver for linear concentrating collectors is used for the direct vaporization of a low GWP
halogenated fluid. Experiments have been conducted to determine the thermal performance of the collector during
vaporization of an organic fluid that can be adopted for ORC cycle. The mass flow rate and the subcooling of the
halogenated fluid entering the receiver have been varied, along with the outlet vapor quality and saturation
pressure. The results of the experimental campaign reveal that the solar collector is able to vaporize this
halogenated fluid at 85°C with 73% efficiency. A numerical model of the collector has been developed and
validated against the experimental data. The estimated thermal performance of the collector is in good agreement
with the experimental tests. The mean relative error in the prediction of the thermal efficiency of the collector
results within 2%.
Key-words: HCFO-1233zd(E); solar direct vaporization; parabolic trough collector

Nomenclature
Symbols
Aa
cII
DNI
h
hL
hLV
ṁ
p
q
T
Tm*
x

Aperture area, m2
Specific heat of the secondary fluid, J K-1 kg-1
Direct Normal Irradiance, W m-2
Specific enthalpy, J kg-1
Specific enthalpy of the saturated liquid, J kg-1
Latent heat of vaporization, J kg-1
Mass flow rate, kg s-1
Pressure, Pa
Heat flow rate, W
Temperature, °C
Reduced mean temperature, K m2 W-1
Vapor quality, -

Greek symbols
Absorbance of the coating layer, Dr,coat
ρc
Reflectance of the collector’s mirror, γr
Receiver intercept factor, Collector thermal efficiency, Kcol
Subscripts
I
II
HE
in
R
out

Primary fluid (HCFO-12333zd(E))
Secondary fluid (Cooling water)
Heat Exchanger
Inlet
Receiver
Outlet

1. Introduction
Organic Rankine Cycle (ORC), unlike the traditional steam Rankine cycle, can work with low temperature heat
sources, by using an organic fluid instead of water as working fluid (Peris et al., 2015). The selection of the organic
working fluid (OWF) is a crucial choice in determining the performance and the cost of the system (Chen et al.,
2010). For ORC systems coupled to low-grade heat sources, HFC-245fa has been considered by many authors the
best choice (Cataldo et al., 2014, Quoilin et al., 2011). This is a common working fluid used in commercial ORCs
generating mechanical power from low-temperature heat sources and for high-temperature heat pumps. Despite the
excellent thermodynamic performance of HFC-245fa for the exploitation of low-grade heat source the growing
sensitivity of the society on environmental issues will increasingly limit its use due to its high GWP (1030
according to Molés et al., 2015). Moles et al (2014) identified the halogenated fluid HCFO-1233zd(E) as valuable
candidate for the future replacement of HFC-245fa in various applications. Despite the presence of the chlorine in
its molecule, it presents an extremely small value (0.00034) of ODP (Patten and Wuebbles, 2010), due to its very
short atmospheric lifetime. Its GWP value was recently reported to be lower than one (Myhre et al., 2014).
Besides the theoretical studies (Giuffrida, 2014, Heberle et al., 2016, Molés et al., 2014), very few experiments on
the use of HCFO-1233zd(E) as HFC-245fa drop-in replacement for ORC have been presented in the literature.
Eyerer et al. (2016) studied the applicability of HCFO-1233zd(E) as substitute for HFC-245fa in ORC system
supplied by a heat source at 120 °C by comparing cycle efficiency and power output. The authors concluded that
HCFO-1233zd(E) can be successfully used to replace HFC-245fa without major modifications in the system. It
was found that the use of HCFO-1233zd(E) can lead to an increase of 6.92% in the thermal efficiency with
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constant condensation and evaporation temperatures and constant isoentropic expansion efficiency. However, the
net electric power generated by the ORC was 12.17% lower due to the largest volumetric flow rates of the HCFO1233zd(E) required for the use of the system designed for HFC-245fa. In the work of Molés et al. (2016), an
experimental evaluation of the working fluid HCFO-1233zd(E) as HFC-245fa replacement in ORC systems for
low-temperature heat sources at different operating conditions has been conducted. Thermal and electrical powers
resulted lower for HCFO-1233zd(E) than those for HFC-245fa at the same volumetric flow rate, due to the fact that
the different densities of the working fluids. However, the net electrical efficiency was similar for both working
fluids, ranging from 5% to 10%.
The exploitation of solar radiation can significantly contribute to reduce the consumption of conventional (nonrenewable) energy sources and relieving associated environmental problems. A solar thermal system can be
combined with ORC system according to two configurations: coupling with direct vaporization of the OWF or by
using an intermediate solar circuit to heat a heat transfer fluid and evaporate the OWF in a separate heat exchanger.
In a solar powered ORC system with direct vaporization of the OWF, the solar receiver coincides with the
evaporator. By adopting this configuration is possible to simplify the system layout as the intermediate loop for
transferring the heat from the solar collector to the OWF is no longer needed. It is expected that the direct
vaporization of the OWF in the solar receiver allows to convert the solar energy collected by the solar system into
the thermal energy of the OWF with a higher efficiency. In fact, this process takes place without the irreversibility
associated with the heat transfer occurring in the heat exchanger/evaporator of the indirect vaporization. This
aspect is particularly important in ORC systems where the temperature differences between the heat source and
environment are quite low (around 100 °C).
Although, the feasibility of conventional steam Rankine cycles with direct vaporization of water in parabolic
trough collectors (PTCs) has been extensively demonstrated (Eck et al., 2003, 2007), it has not yet been proved
with organic fluids. This paper presents the experimental and numerical results on the direct vaporization of the
halogenated fluid HCFO-1233zd(E) in an innovative aluminum flat absorber for medium temperature linear
concentrating solar collectors.

2. Experimental apparatus and campaign
The small parabolic trough concentrator considered in this work is asymmetrical since the reflective optics extends
from the vertex line to the mirror rim (Figure 1). This concentrator has been installed at the Solar Energy
Conversion Lab of the Industrial Engineering Department, University of Padova (45.416°N, 11.883°E). The
present concentrator exhibits an aperture width of 2.9 m, a rim angle of 78°, a focal length of 1.81 m and a trough
length of 2.4 m, resulting in an aperture area slightly lower than 7 m2. The reflecting optical system is made up by
four back silvered glass facets arranged in two rows, which have a nominal reflectance of 96%, as provided by the
manufacturer. Due to the small dimensions of the prototype, it is equipped with a two-axes solar tracking system to
have the beam radiation normal to the aperture area without any cosine loss. The motion is governed by a solar
algorithm when approaching the sun and by a sun sensor to achieve the best alignment.

Figure 1. Asymmetrical parabolic trough linear solar
concentrator installed in the Solar Energy Conversion Lab
of the University of Padova.
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Figure 2. Bar-and-plate flat receiver arranged on the support bar of
the collector under concentrated solar radiation during a test run.
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The particular geometry of the parabolic trough concentrator is suitable to be coupled with a receiver provided with
a flat geometry absorber. The innovative receiver considered in this work has been manufactured with bar-andplate technology and is provided with an internal offset strip turbulator (Bortolato et al., 2016). The combined use
of a high thermal conductivity material and a passive heat transfer enhancement technique in the absorber is a
promising solution for linear concentrating devices. In order to minimize the incidence angle of the concentrated
beams on the flat receiver, the optimal concentration plane of this system is 45° tilted with respect to the plane
containing the focal line and the normal to the aperture area. The receiver presents a length equal to 1.2 m, which
corresponds to half of the total trough length, and a width of 70 mm, thus, the resulting geometrical concentration
ratio of the concentrating collector is equal to 42 (Figure 2).

2.1 Test facility
The test facility has been designed in order to measure the thermal efficiency of the solar concentrating collector
during the vaporization of the fluid. A primary loop, where the halogenated fluid flows, is arranged on board the
concentrating collector (Figure 3). The heat provided by the concentrated solar irradiance is dissipated through a
heat exchanger to a secondary loop with cooling water. Both the loops are thermally insulated to limit heat losses
towards the surroundings. The laboratory is equipped with a measuring system of the solar irradiance including a
first class pyrheliometer mounted on a high precision solar tracker that is used to measure the direct normal
irradiance (DNI). An anemometer measures the wind speed on the horizontal plane and the ambient air temperature
is gauged by a Pt100 resistance temperature detector (RTD).

Figure 3. Sketch of the experimental test rig.

In the primary loop, after exiting the receiver, the heat transfer fluid (HCFO-1233zd(E)) enters a tube-in-tube heat
exchanger, where the HCFO-1233zd(E) flows inside the inner tube, while the coolant (water) flows in the annulus.
The pressure of the primary loop is regulated by a hydropneumatic accumulator with a fluoroelastomer diaphragm:
this device plays an important role in direct vaporization tests as the working pressure determines the temperature
of the generated vapor. Before entering the receiver, the halogenated fluid passes through a pre-heating section
which consists of a electrical heater connected to a solid-state relay which is governed by a PID temperature
controller. Temperatures and pressures of the organic fluid at inlet and outlet of the receiver and downstream of are
measured by Pt100 RTDs and high precision absolute pressure transducers. Since the presence of a turbulator may
penalize the hydraulic performance, accurate measurements of pressure drop have also to be carried out. In the
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secondary loop, the controls on the cooling water mass flowrate and inlet temperature are useful to achieve
constant conditions of the primary working fluid at the inlet of the receiver. The temperatures of the water at the
inlet and at the outlet of the tube-in-tube heat exchanger are measured by Pt100 RTDs. All the measured quantities
are recorded by a data logger with sampling rate of 3 s and the collected data are reduced in a MATLAB
environment by calculating the fluid properties with NIST Refprop Version 9.0 (Lemmon et al., 2010).

2.2 Experimental technique and data reduction
The test methods to determine the thermal performance of solar concentrating collectors, namely the steady state
method in the ASHRAE 93:2010 standard and the quasi dynamic method in EN ISO 8609:2013 standard, refer
only to liquid or air heating devices. This means that the useful heat gained by the working fluid can be calculated
considering its temperature increase inside the solar collector. There are no standard procedures to experimentally
define the thermal efficiency of a solar concentrating collector performing direct steam generation, when a latent
heat transfer is involved. The procedure proposed by Bortolato et al. (2016), has been adopted to evaluate the
thermal performance of the concentrating solar collector during the vaporization of the halogenated fluid. During
the test runs, the organic fluid enters the test section as subcooled liquid and its thermodynamic condition is
completely determined by the temperature and pressure measurements at the inlet of the receiver. The fluid exits
the receiver as saturated vapor and then it is condensed and subcooled in the tube-in-tube heat exchanger. The
thermodynamic state of the halogenated fluid at the outlet of the receiver under saturated conditions can be
experimentally defined by applying the energy balance to the heat exchanger, under the reasonable hypothesis of
negligible heat losses towards the surroundings. The saturation temperature is assumed equal to the temperature
measured at the outlet of the receiver because, during the two-phase test runs, the pressure drop across the receiver
is very small.The specific enthalpy hout,R,I and of vapor quality xout,R,I of the saturated steam at the outlet of the
receiver can be expressed as reported in the following expressions
݉ሶூூ ܿூூ ൫ܶ௨௧ǡுாǡூூ െ ܶǡுாǡூூ ൯
݉ሶூ 
݄௨௧ǡோǡூ െ ݄ ൫ܶ௨௧ǡோǡூ ൯

݄௨௧ǡோǡூ ൌ ݄௨௧ǡுாǡூ ൫ܶ௨௧ǡுாǡூ ǡ ௨௧ǡுாǡூ ൯ 
ݔ௨௧ǡோǡூ ൌ

݄ ൫ܶ௨௧ǡோǡூ ൯

(2.1)
(2.2)

The experimental results are presented in a diagram plotting the experimental thermal efficiency Kcol, as a function
of the reduced mean temperature Tm* along with the obtained efficiency curve of the collector.
ݍூ
݉ሶூ ൫݄௨௧ோǡூ െ ݄ோǡூ ൯
ൌ
 ܣ 
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ʹ
ܶ כൌ
ൌ
 
 
ߟ ൌ

(2.3)
(2.4)

In order to express the reduced mean temperature under two-phase flow, it is required the introduction of the
equivalent mean temperature of the fluid during direct vaporization of the fluid. Since the working fluid enters as
subcooled liquid, both sensible and latent heat transfers occur inside the receiver of the solar concentrating
collector. Hence, the equivalent mean temperature of the fluid shall be assumed as a weighted average temperature
based on the enthalpy changes associated to the sensible and latent heat transfers (Equation 2.5).

ܶǡூ

 ܶǡோǡூ
ܶ
൰ ൫݄ ൫ܶ௨௧ǡோǡூ ൯ െ ݄ǡோǡூ ൯  ܶ௨௧ǡோǡூ ቀ݄௨௧ǡோǡூ െ ݄ ൫ܶ௨௧ǡோǡூ ൯ቁ
൬ ௨௧ǡோǡூ
ʹ
ൌ
݄௨௧ǡோǡூ െ ݄ǡோǡூ

(2.5)

2.3 Experimental uncertainty analysis
Before the test campaign, the primary loop is evacuated and then filled with HCFO-1233zd(E). After a
preconditioning period of 20 min, during each test sequence, that lasts for 3 hours minimum, the collected data are
averaged every 10 min and the following criteria have been satisfied during tests:
• the inlet temperature of the subcooled liquid is kept stable within ±1 °C as compared to its mean value;
• the HCFO-1233zd(E) mass flow rate is kept stable within ±2% as compared to the mean value;
• the thermodynamic vapor quality at the outlet of the receiver must be higher than 0.1.
The uncertainty analysis has been performed in agreement with the guidelines provided by the “Guide to the
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Expression of Uncertainty in Measurement” (International Organization for Standardization, 2008). Type B
uncertainties of the measured parameters are reported in Table 1 with a level of confidence of 95%.

Table 1. Type B uncertainty of measured parameters during direct vaporization in bar-and-plate flat receiver
under concentrated solar radiation.

Ambient air temperature
Fluid temperature in primary and secondary loops
Coriolis effect mass flow meters
Pressure of the fluid in the primary loop
Direct normal irradiance
Wind speed

± 0.07°C
± 0.035°C
± 0.3 kg h-1 (cooling water)
± 0.07 kg h-1 (HCFO-1233zd(E))
± 0.023 bar
± 3% of measured value
± (0.1 m/s + 1% of measured value)

With respect to the parameters which are not directly measured, their combined standard uncertainty can be
calculated by applying the law of error propagation with level of confidence of 95%. Type A uncertainty is the
standard deviation of the mean and, in the present tests, it comes out considering 200 readings collected over the
averaging time period of 10 min.

2.4 Experimental results
The experimental tests have been carried out during the month of August 2016 at the average evaporation pressure
of 7.5 bar corresponding to 85°C saturation temperature. During the tests, the ambient temperature was in the range
28 – 35°C and the values of the direct normal irradiance were between 700 W m-2 and 920 W m-2. The mass flow
rate of the halogenated fluid has been varied between 46 kg h-1and 106 kg h-1. The experimental results show that
the collector thermal efficiency Kcol, calculated according to Equation 2.3, was around 73%. Figure 4 reports the
effects of the outlet vapor quality on the collector efficiency during the vaporization of the halogenated fluid
Considering that the extended uncertainty of the collector efficiency is ±3%, it can be concluded that the outlet
vapor quality has a negligible effect on the collector efficiency. This remarkable result suggest that it is possible to
vaporize almost completely the halogenated fluid in the bar-and-plate receiver without any losses of efficiency. In
Figure 5, where the thermal efficiency of the collector is plotted against the inlet subcooling, it can be noted that
also the inlet subcooling did not significantly affect the efficiency of the solar collector.

Figure 4. Experimental thermal efficiency of the solar collector
as a function of the outlet vapor quality.

Figure 5. Experimental thermal efficiency of the solar collector
as a function of the inlet subcooling.

Figure 6 reports the pressure drop through the bar-and-plate flat receiver as a function of the mass flow rate during
the vaporization test runs of the halogenated fluid. This Figure provides only a general trend of the pressure drop,
because the plotted values are lower than the experimental uncertainty of the pressure transducers. Anyway, the
result shows that the designed absorber is capable of vaporize the fluid HCFO-1233zd(E) with a limited pressure
drop, implying a low electrical consumption for the circulating pump.
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Figure 6. Pressure drop through the receiver as a function of the mass flow rate during vaporization.

3. Numerical model
A numerical model of the solar absorber system is developed in order to predict the performance of the receiver
installed in a linear concentrating system. The receiver has been discretized along its length in several segments.
Each segment constitutes a control volume where a zero-dimensional steady-state energy balance is applied. The
zero-dimensional thermal resistance network is reported in Figure 7, where the external surfaces (front, back and
lateral) of the absorber, the external surface of the insulation layer on the back of the receive, the internal surface of
the absorber in contact with the fluid and the fluid itself constitute the thermal nodes of the model.

Figure 7. – Thermal resistance network representing the dimensionless model of the bar-and-plate flat receiver.

In the model, the effective incident concentrated solar radiation, net to the losses in the optical concentration, is
mainly absorbed by the surface coating of the absorber and the absorbed heat flow rate qabs has been considered as:
ݍ௦ ൌ ܣܫܰܦ ߙǡ௧ ሺߩ ߛ ሻ

(3.1)

Some energy absorbed into the coating is conducted through the absorber and transferred to the fluid qEAS-HTF by
convection or by vaporization, while the rest is conducted through the insulating layer to the back surface qEAS-EIS.
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The remaining energy is lost directly to the environment by convection and radiation (qEAS-amb, qEIS-amb, qEAS-sky, qEISThe model assumes that all temperatures, heat flow rates and thermodynamic properties are uniform around the
perimeter of the receiver. With reference to Figure 7, the energy balance equations are determined by conserving
energy at each surface of the receiver cross-section:

sky).

ݍ௦ ൌ ݍாௌି  ݍாௌି௦௬  ݍாௌିூௌ  ݍாௌିாௌ

(3.2)

ݍூௌିு்ி ൌ ݍாௌିூௌ െ ݍூௌିாூௌ

(3.3)

ݍாௌିாூௌ  ݍூௌିாூௌ ൌ ݍாௌି  ݍாூௌି௦௬

(3.3)

Correlations for heat transfer in single- and two-phase flows are implemented in the energy balances depending on
the flow conditions in each control volume. Convective losses from the outer surface of the absorber have been
modelled considering a forced convection mechanism in which the wind speed plays the main role. Radiative heat
losses to the environment depend on the difference between the temperature of the external surface of the receiver
and the apparent temperature of the sky assumed 8 °C below the ambient air temperature (Forristall, 2003).
The heat transfer from the external to the internal (turbulator) surface of the absorber can be treated as heat
conduction in a rectangular cross section hollow body with the inner and outer surfaces at constant temperatures. In
the considered receiver, given the high conductivity of the aluminum, which the absorber is made, it is reasonable
to assume that the internal surface temperature is fairly constant.
Finally, to calculate the heat flow rate gained by the heat transfer fluid in the absorber, two heat transfer
mechanism have been considered. Convective liquid heating occurs when the fluid is subcooled or saturated liquid
and the wall temperature of the inner surface is lower than the saturation temperature, while a two-phase heat
transfer occurs when the temperature of the internal surface in contact with the fluid is above its saturation
temperature. To calculate the convective heat transfer coefficient when the liquid is heated, the procedure proposed
by Manglik and Bergles (1995) is adopted. In the two-phase heat transfer, vaporization of the fluid can occur
already in the presence of undercooled liquid. The formulation proposed by Liu and Winterton (1991) at the
average vapor quality between inlet and outlet conditions of the control volume is applied to calculate the heat
transfer coefficient between the inner wall and the vaporizing fluid.
The numerical model is implemented in Matlab® in a block diagram Simulink® environment. The thermophysical
properties of the fluids are calculated with NIST Refprop Version 9.0 (Lemmon et al., 2010). The model includes
the parameters used to describe the concentrator's optical performance (i.e. the nominal reflectance of the mirrors,
optical properties of the external surface of the receiver), the geometric properties of the receiver and of its internal
turbulator. The inputs of the model are the direct normal irradiance, the temperature and the velocity (wind speed)
of the ambient air, the inlet temperature and mass flow rate of the heat transfer fluid in the receiver, assuming that
it is always in conditions of subcooled liquid and its saturation pressure. The model estimates the temperatures at
each of the considered thermal nodes in each receiver’s segment as long as the convergence criteria based on the
local and global thermal balances are not satisfied. Once the convergence is reached, the model provides the useful
heat flow rate gained by the fluid, the average fluid temperature, the outlet temperature and vapor quality for each
segment of the receiver, and finally, the thermal efficiency of the solar thermal collector.

3.1 Model validation
The results of the numerical simulations are compared against experimental data to assess the accuracy of the
model. The difference between the estimated value of the collector efficiency and the collect data are plotted as
function of the mass flow rate of the halogenated fluid. Figure 8 shows that the estimated thermal performance of
the collector is in good agreement with that determined through the experimental tests. The prediction of the
thermal efficiency displays a prediction error within 2%.
The validated numeric model has been used to perform an estimation of thermal performance of the collector
including vaporization of the halogenated fluid up to a saturation temperature of 120 °C. The result of these
simulations is shown in Figure 13. For these simulations, the values of the mass flow rate are assumed according to
the inlet subcooling, so that the outlet vapor quality resulted between 0.55 and 0.6. This is done to prevent the onset
of dryout phenomenon and the use of the Liu and Winterton (1991) outside its validity range. The ambient
temperature is considered equal to 30 °C. From the numerical predictions, it results that it is possible to vaporize
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the halogenated fluid HCFO-1233zd(E) inside the modelled receiver at a saturation temperature of 130 °C with a
thermal efficiency of solar collector higher than 65%. Even though, the experimental efficiency curve plotted in
Figure 9 is extended from its original range of definition, it results in very good accordance with the simulated
efficiency curve.

Figure 8 – Difference between simulated and measured values of
the collector efficiency as a function mass flow rate.

Figure 9. Simulated and experimental efficiency curves as a
function of the temperature difference between the calculated
mean condition of the fluid and the ambient.

4. Conclusions
An innovative solar receiver for linear concentrating collectors has been experimentally tested for the direct
vaporization of a low-GWP halogenated fluid. The conducted experiments allow to determine the thermal
performance of the collector composed by a parabolic trough concentrator and the flat solar receiver. During the
tests the mass flow rate and the subcooling of the halogenated fluid entering the receiver have been varied to obtain
different values of the outlet vapor quality.
The results of the experimental campaign reveal that the solar collector is able to vaporize the HCFO-1233zd(E) at
7.5 bar saturation and outlet vapor quality between 0.37 and 0.98 with a mean efficiency of 73%. In the present
operating conditions, the mass flow rate and the subcooling of the halogenated fluid entering the receiver display a
negligible influence on the performance of the collector.
A numerical model of the receiver has been developed in Matlab®. This model divides the receiver in several
segments and is capable to estimate the temperatures at each thermal node in each receiver’s segment providing the
heat flow rate gained by the fluid, the average fluid temperature, the outlet temperature and vapor quality at each
segment of the receiver, and finally, the thermal efficiency of the solar thermal collector. The results of the
numerical simulations were compared against experimental data to validate the model. The estimated thermal
performance of the collector is in good agreement with the experimental tests. The prediction of the thermal
efficiency of the collector displays error within 2%. The model can be used to perform an estimation of thermal
performance of the collector with vaporization of the halogenated fluid up to 120°C saturation temperature. It
results that it is possible to vaporize the halogenated fluid HCFO-1233zd(E) at an outlet vapor quality between
0.55 and 0.6 with a thermal efficiency of the solar collector higher than 65%.
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Abstract

Water scarcity is a severe problem that involves large areas of the World. The possibility to extract water from
atmosphere is more and more investigated as a fascinating solution to face this problem in arid climates. A daynight thermodynamic cycle is here investigated to produce water from air using low temperature heat in an
adsorption bed typically used for air dehumidification in DEC systems. The system can be easily integrated with
a solar thermal collector and waste heat at 50-80 °C. The preliminary results of the experimental tests of a
prototype that gives the possibility to simultaneously exchange heat and mass through the adsorbing mass are here
presented.
Keywords: Atmospheric water harvesting, adsorption material, solar energy, water production,

1. The problem of access to water resources
Water scarcity is not a new problem, but the rise of the fresh water demand in the last years poses this issue as the
critical challenge for the next 20 years. The OECD Environmental Outlook 2050 estimates that by 2050 water
demand will increase by 55%, BRICS and developing countries plays a fundamental role in this scenario:
respectively with an increase by 700% and 400%. Main actors of this increase are the domestic, manufacturing
and power sector, driven by the increase of population, evaluated up to 33%, that will be concentrated in
developing countries. (UNESCO, 2015). Cities are the areas in which the water challenge will most be played: in
2014 54% of the global population lived in cities and by 2050 it will be more than 65% (UNDESA, 2014). This
water demand is mainly satisfied by the extraction from the available surface and groundwater source, that are
yearly recharged by the hydrologic cycle. Figure 1 depicts the world condition in 2015 in terms of water
withdrawal as a percentage of the renewable resources.

Figure 1. Percentage of withdrawal of renewable water resource in 2015
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The map shows clearly that the regions in which water issues presently are and will appear in the future more
severe are North-Africa, Arabic peninsula, Middle East, and India in which there’s a higher population density.
In these regions water withdrawal overcomes 60% of the total renewable resource. Despite sub-Saharan region
appears not involved in this issue, the uncontrolled rapid urbanization happened between 1990 and 2012 have
reduced the percentage of population that have a direct access to piped water. In this case the problem of fresh
water access is rather an infrastructure issue then a resource deficiency.
Up to now, the alternatives to satisfy the increase of water demand are to dig deeper to access available water
resources or exploit other innovative solutions such as the use of reclaimed water or the reverse water osmosis
process for sea-water desalination, that appears as the most promising solution for that problem (UNESCO, 2015).
The use of technologies for wastewater treatment and water desalination are research object of many scientific
research (Youssef et al., 2016; Siddiqui et al., 2016; Chiavazzo et al., 2017). The typical solutions become
economically feasible for large plants only. Moreover, they are quite energy intensive, being based on the use of
fossil fuels and, causing a large carbon footprint of the produced fresh water. Further on, it appears evident that
persons that lack the access to water will also likely lack the access to electricity or other fuels to power
decentralized solutions. There are a lot of countries nevertheless in which both the distance from brackish or
polluted water resources is an obstacle for these alternatives, arid areas of inner region of North-Africa and the
Arabic peninsula commonly face this problem. The atmosphere, containing 12,900 km3 of fresh water in the form
of water vapor, could be an alternative to this situation and should be considered as a valid renewable source of
fresh water. Just for comparison, liquid fresh water at the earth surface is about 110,000 km3 and superficial rivers,
which represent the first source for human use, 2,107 km3 (El-Ghonemy, 2012).

2. Water extraction from atmosphere
The possibility to use ambient air as water source has been already studied and tested in different research activities
(El-Ghonemy, 2012). There are two main valid options:
x

Use a refrigeration cycle based on vapor compression heat pumps or absorption chillers, to cool the air
under dew point and condense the moisture (Margini et al., 2015)

x

Use sorption materials to subtract the water vapor contained in the atmosphere. Afterwards the material
is regenerated and the water is condensed at ambient temperature (William et al., 2015)

The system proposed in this paper is based on the second approach, a thermodynamic cycle is investigated as a
feasible and practical solution driven by solar renewable energy, and experimental tests are carried out to
investigate relative potentialities.
A fundamental role in this cycle is played by the heat provided at low temperature, 50-80°C, that can be easily
and economically produced by low temperature solar technologies: flat-plate or evacuated tube solar collectors.
This way of producing heat has high compatibility with such regions that are characterized by arid climate
conditions, in which the problem of water scarcity is frequently coupled with a huge amount of solar radiation.
Furthermore, the low level of temperature of the heat supply opens the access to a huge amount of “alternative”
heat sources, such as waste heat or thermal cascade from other technological processes.
The cycle alternates two different successive phases as shown in Figure 2:
x

Adsorption. Water vapor capture from the atmospheric air exploiting adsorption material such as silica
gel, Zeolite, addicted clay, etc…

x

Desorption. Very hot and humid air stream production by the regeneration of the adsorption material
providing heat to the system.

The hot and humid flux is then condensed in a dry cooler at the outdoor ambient temperature. To have significant
production of water during condensation it’s necessary to produce an air stream reaching a sufficient level of
temperature and humidity so that the environment might be accepted as an effective condenser. This consideration
has to deal with the physics behind adsorption/desorption of water vapor in the material. Humid air when exposed
to adsorption or desorption transformations moves along an isenthalpic line. This means that variation of air
moisture content is always linked to a variation of air temperature: during adsorption, moisture content reduces
and air temperature increases; conversely, during desorption moisture content increases and air temperature
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reduces. For instance, if we want to have a condensing stream at the ambient temperature of 35°C, the saturation
point corresponds to about 36.5 g kg-1 (point 3 in Figure 3). The only way to reach points on the saturation line
above this reference point with an isenthalpic transformation is to have at the inlet of the desorption phase air at
temperature around 50°C with the same moisture content (point 1). Anyhow, the moisture content at the saturation
is very poor (point 2 iso-H) and just a reduced amount of water would be condensed (4-5 g/kg).

EXTERNAL
AIR

DRIED
AIR

HEAT

VAPOUR PRODUCTION

HOT
HUMID

2nd phase: REGENERATION

1st phase: ADSORPTION

VAPOUR CAPTURE

HOT
DRY
CONDENSATION

AMBIENT

Figure 2. Conceptual scheme of the adsorption/desorption cycle

Figure 3. Comparison between a desorption with an isenthalpic (iso-H) or isothermal behavior (iso-T)

A different solution is when the sorption material follows a desorption transformation with an isothermal behavior
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(2 iso-T). The specific humidity difference, starting from the same regeneration starting point (1), exceeds 40 g
kg-1, far more than the 5 g kg-1 given by the isenthalpic transformation. Obviously, this huge difference will require
an equivalent amount of energy to allow the movement of water molecules from sorption material to the air. This
amount of energy is slightly above the latent heat of water evaporation multiplied by moisture content difference.
The point is that, to obtain the point 2 iso-T one has to supply an amount of heat equivalent to the latent heat, but
always at the same temperature, 50°C. On the contrary, if point 2 iso-T had to be reached by an isenthalpic line
the heat supply temperature would be above 70°C. This gives important advantages in terms of efficient utilization
of solar thermal source at low temperature (flat plat or evacuated tubes), and limits the design problem only to the
thermal requirement from the source.
To realize an isothermal transformation a system is required, that gives the possibility to exchange at the
same time heat and mass. To do this, the sorption material such as Silica gel, Zeolite, etc. can be arranged in a
finned heat exchanger (HX-ADS) (Finocchiaro et al., 2016; Simonetti et al., 2016). The heat to the adsorption
heat exchanger is supplied by water circulation at 50-80°C, and a quasi-isothermal regeneration occurs. A fan
circulates the air flow through the HX-ADS in a closed loop, thus permitting to continuously subtract water from
the sorption material. The quasi-isothermal regeneration (line 1-2 iso T) is fundamental to obtain a hot and humid
air stream from which water vapor can be easily condensed using ambient temperature in a dry cooler.
After this stage the air is cooled down by a double step thermal exchange: first by a heat recovery to reheat the
regeneration stream and second by the condenser at the environment temperature. According to the
thermodynamic cycle described in Figure 2 and Figure 3, around two liters of water can be collected from the
treatment of an air volume of 100 m3. In Table 1 different commercial solutions using vapor compression or
absorption chillers are compared, in order to cool down the air to the dew point obtaining liquid water. Main
differences of the proposed solution are the thermal supply at lower temperature, and lower specific consumption
in terms of primary energy.

Table 1. Comparison of the proposed solution to existing commercial product and not.
AWA
MODULE
SEAS

WATER
GEN

WATER
FROM AIR

Chiller (r134a)

Chiller (r134a)

Chiller (r134a)

Electricity
Fossil fuel;
electricity
power

Electricity
Fossil fuel;
electricity
power

Electricity
Fossil fuel;
electricity
power

0,6 kWhth lt-1

0,6 kWhel lt-1

0,33 kWhel lt-1

55°C

-

PROPOSED
SOLUTION
Technology

Energy Supply
Technology
source
Specific
consumption
Minimum supply
temperature
Production in
arid climate
Use of
renewables
Use of waste heat

Adsorption
material
regeneration
Heat
Solar thermal;
waste heat;
biomass

+++
+++
+++

DESICCANT
WHEEL
Adsorption
material
regeneration
Heat

US 8584480
Absorption
chiller (Li-Br)
Heat

thermal

Waste heat
from diesel

0,33 kWhel lt-1

19 kWhth lt-1

-

-

-

80°C

100°C

+

+

+

-

+

Indirect by
RES
None

Indirect by
RES
None

Indirect by RES

++

+

None

++

++

3. Prototype
In the laboratory of the Energy Department (DENERG) of Politecnico di Torino a prototype has been assembled
composed by and adsorption heat exchanger (Figure 4), and a condenser with a heat recovery system Figure 5.
The adsorption system contains about 20.5 kg of silica gel grain with an average diameter of 3 mm. The heat is
supplied to that system by a water circulation between 50-80 °C, produced by an electric resistance of 1.25 kW.
The condenser is composed by an air to air heat recovery system and an air to water radiator which is used to
condense the hot and humid stream, through cold water taken from water network, at around 20°C.
Integrated-Circuite temperature sensors LM35CAZ, with a precision of ± 0.2°C, monitor air and water
temperature through the cycle. The RH sensor is a thermoset polymer capacitive type with on chip
conditioning HIH4000-4 sensor monitors humidity at the inlet and outlet of the adsorption heat exchanger with
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a precision of ± 3.5%. The air flow is driven by a centrifugal fan, at variable velocity with a maximum power
consumption of 43 W, and an air flow rate range 0-100 m3 h-1. The two parts, adsorption/desorption packed bed
and the condenser, are connected by a flexible duct: the outlet of the adsorption heat exchanger with condenser’s
inlet, and the condenser’s outlet with the adsorption stage’s inlet.

Figure 4. Adsorption heat exchanger

Figure 5. Condenser and heat recovery system

4. Experimental Tests
The testing procedure and preliminary results of the prototype operation are here presented.
Each test, as explained in the concept of the cycle, is composed by two successive phases. First the outdoor air
circulates at the maximum flow in the adsorption bed, until equilibrium with adsorption material is reached with
the air inlet condition, and the material can be considered as “quasi-saturated”. Due to the prototype design this
phase takes tens of hours, during which only the air at the inlet and outlet are monitored, in terms of temperature
and humidity. After that, hot water starts to circulate through the coil of the adsorption heat exchanger and heats
up the material. When the desired temperature is reached, flexible ducts are connected to the condenser and the
fan is turned on. The regeneration starts, and humidity and temperature at each step of the cycle and the inlet/outlet
water temperature are monitored. Finally, condensation starts, and water droplets are collected in a recipient,
Figure 6. At the end of each test the water is discharged and the total amount is finally weighted with a high
precision scale.
Figure 7 shows data monitored during the adsorption phase. This part of the test had a duration of more than 18
hours, with an average air inlet temperature of 22 °C and an average inlet air humidity of 8 g kg -1. The outlet air
from the adsorption bed reached a maximum temperature of 37.5 °C after around two hours from the start of the
test, showing as the combination of a very high amount of sorption mass (20.5 kg) and a low air flow rate (100
m3 h-1) leads to a huge inertia of the system. In this phase outlet air moisture content drops down to 1 g kg-1 at the
beginning of the test. The adsorption phase is stopped when outlet moisture content is around the inlet value.
Figure 8 and Figure 9 shows data monitored during the desorption phase, that have a duration of about 6.5 hours.
This phase has been divided in 5 successive intervals in which, between each other there isn’t air flow but only
hot water circulation. These intervals are visible in the graphs by the unshaded band, in this way at each interval
the desorption starts at higher temperature. Condensation temperature is between 15 and 20°C depending on the
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temperature of the water network. Air flow rate have changed from 50 to 100 m3 h-1 during the desorption phase.
The moisture content of the air had a big variation in each interval from 100 to 30 g kg-1.
In Figure 10 to Figure 14 the cycle on the psychrometric chart is depicted for each interval of the desorption phase.
It can be noticed that:
x

Maximum moisture content at the outlet of the bed reduces progressively in each interval as consequence
of the reduction of water contained in the adsorption material (red points)

x

Air in the condenser always reaches the saturation condition, and all points fall on the 100% line of
relative humidity (pale blue points)

x

The temperature difference between the outlet of the bed and the outlet of the heat recovery system
increases, following the increase of the sensible thermal exchange (red and yellow points)

x

There’s a big temperature difference between the inlet to the bed and the outlet of the heat recovery
system caused by high thermal losses that occur in the path through the flexible duct that connect these
two components. (blue points)

The total amount of water obtained from this test is equal to 2.318 kg. Starting from electrical power of the
resistance (1.25 kWel) and the total period of active desorption, 220 minutes, the thermal consumption is found to
be 4.583 kWhth. Then, the specific consumption results in 1.98 kWhth lt-1, that is 3.3 times the ideal value found
through the thermodynamic analysis shown in Table 1. It has to be considered that numerous thermal losses occur
in that system, the highest being in the duct between the condenser’s outlet and the sorption bed’s inlet, that can
be estimated from the temperature difference between these two points, equal to 0,5 kWh lt-1, or 25% of the total
amount.
Another point is that the definition of the thermal specific consumption parameter in terms of total values, total
thermal energy consumed and total water condensed, does not consider the transient behavior of the packed bed.
In other terms, despite the thermal power provided to this system is always constant, the production of water
decreases in time as the reduction of moisture content difference between inlet and outlet of the sorption bed. As
a result of that, specific thermal consumption is not constant but an increasing function of the operating time. This
behavior has been estimated in Figure 15, where positive difference of the air moisture content in the desorption
phase is compared with a specific energy indicator, eth, defined as follow:

݁௧ ൌ

ܲ௧
ܳሶ  כሺܺ௨௧ ߩ כ௨௧ െ ܺ ߩ כ ሻ

ൌቈ

ܹ݄

݃ݎுమை

This function has two characteristic behaviors in time:
x

Continuous increase. For each interval the increase is strictly correlated to the reduction of the outlet
moisture content. This variation is very consistent such that at the end of each interval the final value is
many times larger than the initial one.

x

Step behavior. The reduction of internal moisture content of the sorption material amplifies the
continuous increase between each interval. Instead the increase of the regeneration temperature between
each interval shift down the initial value of the specific energy consumption. In this case the temperature
and the duration of the hot water circulation period between each interval plays a fundamental role that
is strictly related to the diffusive resistance of the water vapor in the micropore of the sorption material.

The correct management of heat in the regeneration phase has a large influence on the efficiency of the process,
and thermal consumption can be reduced by an optimized control strategy.
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Figure 6. Water droplets formation during condensation are collected in a basin.

Figure 7. Air temperature and humidity profile during adsorption phase of the test
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Figure 8. Air and water temperature profile during desorption phase of the test

Figure 9. Air temperature and humidity profile during desorption phase of the test
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Figure 10. Cycle represented on psychrometric chart during
the 1st part of the desorption

Figure 11. Cycle represented on psychrometric chart during
the 2nd part of the desorption

Figure 12. Cycle represented on psychrometric chart during
the 3rd part of the desorption

Figure 13. Cycle represented on psychrometric chart during
the 4th part of the desorption

Table 2. Desorption interval

INTERVALS

Air
Temperature

min

°C

°C

30

65

57

nd

36

60

53

nd

50

63

56

4

th

49

74

65

5

th

55

81

71

2
3
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Figure 14. Cycle represented on psychrometric chart during
the 4th part of the desorption
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Figure 15. Evaluation of the specific thermal consumption of the desorption test (red), based on the variation of moisture content
between inlet and outlet of the bed (blue).

5. Conclusion
The goal of this research is to demonstrate the feasibility of a system that catches the water vapor from air for
many hours, such as a nocturnal period, and condenses this vapor using low temperature (50-80°C), solar heat.
The prototype here presented has been tested in the laboratory of Energy Department (DENERG) of Politecnico
di Torino. Preliminary results showed the capability to concentrate the water vapor contained in outdoor air for
18 of hours in the sorption material. Afterwards, with the use of heat under 80°C this vapor was released in about
one fifth of the time to an air stream and condensed in order to obtain liquid water. A quantity of 2.318 lt of water
has been obtained with an energy consumption of 4,625 kWth of heat for an active period of operation around 3,7
hours.
Efficiency and performances of the process can be increased, and different strategies will be implemented to
increase the efficiency of the system and reach values close to the theoretical value of 0,6 kWth lt-1, such as: the
increase of ducts insulation; reduction of the length of air ducts; improvement of the regeneration strategy. New
tests will be carried out with different outdoor temperatures and moisture contents, in order to simulate different
climatic conditions such as in hot humid and arid countries. Also, the condensation temperature will be varied in
a range of temperature between 15-35°C. Chemical test on water will be carried out in order to understand the
best treatment needed to transform it in potable water.
Finally, we may say that the experiment has validated the concept on which this type of machine is based, and has
shown an encouraging prospective.
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Table 3. Symbols legend

Quantity
Temperature
Moisture content
Relative humidity
Enthalpy
Volume
Energy
Specific energy
Power
Air flow rate
Density
Time
Mass

Symbol
T
X
RH
h
V
E
e
P
ܳሶ

U

t
M

Unit
°C
gw kga-1_
%
kJ kg-1
m3, lt
kWh
Wh gw-1
kW
m3 h-1
kg m-3
h
kg

Table 4. Subscripts legend

Quantity
Isoenthalpic
Isotherm
Water
Air
Thermal
Electrical
Inlet
Outlet
Condenser
Heat recovery
Adsorption packed bed
Adsorption
Regeneration

Symbol
iso-H
iso-T
w
a
th
el
in
out
cond
REC
bed
ADS
REG
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Abstract
Technical snowmaking is the only solution to run ski slopes at the beginning and at the end of the winter season
if natural snow is missing. However, technical snowmaking has several shortcomings e. g. high water and power
consumption. Furthermore, with current snowmaking technology, snow can only be produced below wet-bulb
temperatures of approx. -2.5 °C for compressed air and water guns or below approx. -4 °C for fan guns. This
paper presents the concept of a snow machine which can be driven by renewable energy sources, able to produce
high quality snow at temperatures above 0 °C, in all-weather conditions, and even in high summer season. The
proprietary technology is based on a steam jet ejector chiller (SJEC) and uses the triple point of water. The thermal
energy for the ejector can be provided by solar collectors or by a biomass steam boiler. Water is the only working
fluid in the entire refrigeration system, which guarantees an ecologically friendly concept for the snow supply.
Within the paper, the first operational experiences of the prototype as well as performance figures are presented.
Furthermore, a concept for the solar circuit of a solar-assisted snow machine is presented. Subsequently, the
system design and system performance of a solar-assisted machine will be evaluated for different scenarios. The
evaluation is based on simulation results gathered with a model based on mass and energy balances.
Keywords: Technical snowmaking; steam jet ejector chiller; solar-assisted; all-weather conditions

1. Introduction
At the beginning and at the end of the winter season, natural snow is often missing and ski slopes are closed. The
missing snow delays the opening of ski resorts, and represents a serious threat for the multibillion-dollar ski
tourism industry, resulting in great losses for the economy of the mountain regions. Technical snowmaking is the
only solution to run the ski slopes, but it has several shortcomings e. g. high water and energy consumption.
Energy is consumed mainly to generate compressed air and to pump water. Typically, 67 % of all energy
consumed in a ski resort is used for snowmaking (Smith 2010). A study, which evaluated the energy consumption
of ski resorts in Finland, indicates that the average electricity consumption for slope services including lift
operation, lighting and snowmaking amounts to approximately 34.6 MWh/a per hectare of snowed slope. The
share of snowmaking is high with an average energy consumption of approximately 24.1 MWh/a (Timonen and
Ikkunassa Oy 2010). Beside ski resorts, another sector which is dependent on technical snowmaking is indoor ski
domes. The specific energy demand for snow production and air cooling in indoor ski domes is even higher as
they are operated all year round even at high ambient temperatures.

1.1. Technical snow generation – State of the art
There are several physical processes to produce technical snow. The available processes split into nozzle
atomization of water, cooling technology or cryotechnology (Fuhrmann 1996). Snowmaking via nozzles is the
most common way. Snowmaking systems via nozzles can be divided into following subspecies: compressed air
and water guns (internal and external mixing guns), and fan guns. Compressed air and water guns can be mounted
on the ground or on a tower. These systems require pressurized water and compressed air from an external source
which is usually supplied by a central facility via a piping network. In contrast, fan guns use electric driven axial
fans to propel the water droplets to a huge distance and only require a small amount of compressed air which is
nowadays usually provided by an on-board air compressor. Fan guns typically have one or more rings of nozzles
which inject water into the fan air stream. Some separate nozzles are fed with a compressed air and water mixture
and provide the nucleation points for the snow crystals. For both systems the production of snow works by the
atomization of water into myriad water particles (droplets). A water-compressed air mixture is ejected from a
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nozzle at a pressure of 5 to 10 bar. During the expansion of the water-compressed air mixture the temperature
decreases and the water droplets freeze. Aside from the cooling effect by expansion, the water droplets are also
chilled by convection and evaporative cooling. The ice nucleation occurs on impurities in the water droplets. The
ratio of water and compressed air has a significant influence on the consistency of the snow. By regulating this
ratio, either a dry and powdery snow, a wet and heavy snow, or an ice glaze can be obtained (Pierce, JR. 1954).
While a relatively low ambient temperature favors the snowmaking process and decreases the necessary
compressed air volume flow, a higher snowmaking temperature increases the need for compressed air. A calm
wind is advantageous in order to enable a rapid removal of the crystallization heat. The two main factors, which
have influence on the effectiveness of snow production are air temperature and humidity, both combined in the
wet bulb temperature. Higher air humidity results in a longer cooling time of water droplets to reach the nucleation
temperature. With nozzle based systems snow can only be produced with low wet-bulb temperatures. The
borderline temperature where compressed air and water guns (snow lances) can start operation is approx. -2.5 °C
and the borderline temperature of fan guns is approx. -4 °C (Fuhrmann 1996). These requirements impede the
use of traditional technical snowmakers in many critical situations. According to a study from 2011 assessing the
energy use of mobile snowmaking at Swedish ski resorts, the energy demand to produce 1 m3 of snow is 0.58 –
0.72 kWhel for snow lances and 0.97 – 1.94 kWhel for fan guns. The snow production capacity varies for the
tested lances between 13 and 22 m³/h and for the fan guns between 15 and 34 m³/h. Thus fan guns are more
energy demanding but reach a higher snow production capacity (Rogstam and Dahlberg 2011).

1.2. All-weather snow machines
At wet bulb temperatures above approx. 0 °C some kind of active cooling process is required to produce snow,
either refrigeration technology or cryotechnology. Cryotechnology uses a cryogenic medium (e.g. liquid nitrogen
(LN) or liquid air) which is mixed in the snow cannon with compressed air and water. The cryogen is required to
cool the water droplets for snow generation at ambient temperatures above 0 °C. Alternatively, a room can be
chilled with cryogen. Then ordinary snow guns can be used to generate the snow in the chilled room.
Cryotechnology is complex and expensive, thus this type of snow production is only used for very special
purposes (e. g. snow production in summer as part of events) and thus not suitable for large scale snow production.
In the last decades temperature independent snow machines, also called »all-weather snow machines«, based on
different cooling technologies and processes have been developed. Compared to traditional snowmaking
technology via nozzles, snow production at temperatures above °C is energy demanding and the systems are
technologically more complex. These are the main reasons why all-weather snow machines are currently not
widespread. Most of the available all-weather snow machines are electrically driven and produce ice in different
forms (e.g. blocks, ice cubes, flake ice, plate ice) which is crushed afterwards to small flakes. However, the snow
quality is not comparable with natural snow or snow from nozzle systems, because just big chunks of ice are
crushed. The snow is not as fine as natural snow and has sharp edges. In contrast, snow machines based on ice
slurry generators produce snow by separating ice crystals from an ice slurry. The snow quality of these machines
is much closer to natural snow. At present several types of ice slurry generators exist (cf. (Kauffeld et al. 2005)):
x Mechanical-scraper type with rotating knifes, scrape blades, rotating brushes or screws
x Vortex-flow type with oscillatory moving cooled wall method
x Direct-injection or direct heat exchange type
x Fluidized-bed ice generator
x Vacuum freezing method
x Super-cooling water method
The main functionality of the different principles is described in (Kauffeld et al. 2005). Up to date mechanicalscraper method and vacuum freezing method are used for snow generation. Tab. 1 shows a comparison of market
available all-weather snow machines.
The snow quality of snow machines based on ice slurry generators differs, too. With the mechanical-scraper
method, the slurry has a slush consistence (cf. (Mogilevsky 2013)). Snow generated with the vacuum freezing
method is smoother than ice, which is scraped from a surface, as the ice is generated by formation of crystals in
water at the triple point conditions. However, for both technologies, main challenges are the ice separation from
the slurry and to produce dry and groomable snow.
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Tab. 1: On the market available all-weather snow machines (Source of Data: (Eikevik 2017), (Dieseth 2016))

Company
Product name
Country of origin
Principle
Type
Capacity
Power consumption
Water consumption
Working fluid
Size
Energy per m³
References

TechnoAlpin /
KTI

SnowTek
SnowGen
Finland
Ice Slurry
(scraper type)
Mobile
220 m³/d
(approx. 9.2 m³/h)
280 kW
1.4 l/s
(approx. 5.0 m³/h)
Ammonia

SF220
Italy

Stationary
220 m³/d
(approx. 9.2 m³/h)
227 kW
1.5 l/s
(approx. 5.4 m³/h)
Ammonia

1 x 40’ container +
snow separator

2x
40’ containers

30.5 kWh/m³
Winter Olympics
in Sochi 2014

24.8 kWh/m³
Winterberg (GER)
Sjusjøen (NO)

Flake ice

IDE

SnowMagic

VIM100
Israel
Ice Slurry
(vacuum freezing)
Mobile
200 m³/d
(approx. 8.3 m³/h)
250 kW
1.3 l/s
(approx. 4.7 m³/h)
Water
1 x 40’ and 1 x 20’
containers
+ snow separator
20.4 kWh/m³

SnowMagic 100
USA

-

Flake ice
Mobile
200 m³/d
(approx. 8.3 m³/h)
248 kW
1.6 l/s
(approx. 5.8 m³/h)
N/A
N/A
29.8 kWh/m³
Ski resorts in
Japan and USA

Fig. 1 illustrates a process scheme of an all-weather snow machine based on an ice slurry generator with vacuum
freezing method. Such a system consists of an evaporator where the ice slurry is generated, a snow separator, a
compressor, and a condenser. In the evaporator, water is taken to the triple point condition namely the point that
occurs at 0 °C and 6.1 mbar by reducing the evaporator pressure with a compressor. In these conditions, the
liquid, ice and vapor phases of water coexist in a stable equilibrium. The compressor feeds the water vapor against
a higher pressure into the condenser where it is liquefied again. Some of the water in the evaporator freezes
forming a water and ice mixture called ice slurry. The ice slurry is fed to the snow separator, where water and ice
crystals are separated.
Compressor

Snow
separator

Ice
slurry

Evaporator

Direct contact condenser

Condensate/
cooling water

Agiator

Fig. 1: Exemplary process scheme of an all-weather snow machine based on ice slurry generator with vacuum freezing method

Such a system has been realized by the company IDE Technologies Ltd. from Israel. The vacuum ice maker
(VIM) of IDE uses an mechanical driven centrifugal compressor to create a vacuum in the evaporator where the
ice slurry is generated. The suction vapor is fed to a direct contact condenser (mixing condenser). The direct
contact condenser is cooled by a chilled water spray (coolant). The chilled water is produced by a conventional
electric driven water chiller. A large surface area packing is installed in the condenser to increase the heat transfer
between vapor and coolant. The liquid consisting of condensate and the sprayed coolant is fed via a coolant pump
to the water chiller. The water vapor taken from the evaporator is replaced by chilled water. The ice slurry is
pumped to the snow separator, where snow is separated from water. The water from the snow separator flows
back to the evaporator. The IDE-system uses electricity as main driving energy to run the centrifugal compressor
and the water chiller for condensation of the coolant. (IDE 2017), (Ophir et al. 2011)

1.3. All-weather snow machine based on steam jet ejector technology
An alternative concept for technical snow production based on an ice slurry generator with vacuum freezing
method is presented in this paper. The system uses a thermally driven steam jet ejector to feed the water vapor
from the evaporator to the condenser. The main components of an ejector are the motive nozzle, the mixing
chamber and the diffuser. In the ejector an expansion of a motive steam takes place through a jet nozzle. Thereby
the expansion of the motive steam is accompanied by a large increase in velocity up to Mach numbers of 3 to 4.
The motive steam entrains the water vapor from the evaporator through momentum exchange. In a following
diffuser, the kinetic energy of the mixed vapor streams consisting of motive steam and water vapor from the
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evaporator is gradually transformed into potential energy respectively in pressure. Both vapor streams are
liquefied in the condenser. The condenser pressure represents the back pressure of the ejector and is related to the
cooling water temperature. If the temperature of the cooling water decreases the condenser pressure decreases,
too. Lower condenser pressure leads to a lower necessary motive steam pressure, which reduce the motive steam
consumption. This improves the thermal coefficient of performance (COP) of the refrigeration process. The steam
to run the steam jet ejector can be generated by e. g. waste heat, renewable sources or be provided from district
heating systems. Electric power is only used for auxiliary drives such as pumps, fans etc. Therefore the power
consumption is reduced to a minimum and makes an all-weather snow machine without using an electric driven
compressor an ecologically friendly concept of snow supply. The development of the snow machine started in
2012 thanks to a regional grant which financed the development of the first test rig. The snow machine was
commissioned in October 2014 in Val di Fiemme at the Nordic Ski stadium. Within an EU-project, which started
in 2017, a first prototype has been developed with a snow production capacity of approx. 2 m³/h. Furthermore, it
is planned to realize two demonstration plants with a snow production capacity of 4 m³/h, one with biomass and
one with solar energy as heat source. The foreseen location to erect the solar driven one is a ski dome in the
Netherlands and the biomass driven one in a ski resort in Italy. This paper presents first operational experience
as well as performance figures of the prototype, which is electric driven. The prototype has been presented on the
Interalpin trade fair in 2017.

2. Design and test operation of the prototype
The prototype of the snow machine consists of a single-stage steam jet ejector chiller (SJEC) with a snow
production rate of approx. 2 m³/h. The thermal power for the steam supply is nowadays provided by an electric
boiler for testing the technology. The mass flow of the steam is approx. 240 kg/h and the steam is provided at a
pressure of 4.5 bar(abs). A plate heat exchanger is used as condenser, which is cooled via a secondary cooling
water loop connected to a wet cooling tower. Two pictures of the prototype are shown in Fig. 2. The left picture
shows the installation at the Interalpin trade fair in Innsbruck in April 2017 and the right picture shows the
installation at the test site in Bolbeno, Italy, in July 2017. The system is integrated into a 20 ft container. The
hydraulic scheme of the snow machine with the main process data is depicted in Fig. 3. The steam jet ejector is
designed for a back pressure of approx. 40 mbar. According to the design of the cooling water circuit, this design
point corresponds to a maximum temperature of 20 °C (e.g. wet bulb temperature ݐௐ of 15 °C with 60 % rel.
humidity).

Fig. 2: Pictures of the prototype (left: trade fair installation at Interalpin 2017; right: installation at test side in Bolbeno, Italy)
Ejector

ELECTRIC BOILER
ṁ1 = 240 kg/h

MOTIVE STEAM
p1 = 4,5 bar(abs)
t1 = 148°C

Electric
boiler

Snow x x
x
x xx
x x
x
x xx
x x
x
x

SNOW PRODUCTION
V̇S = 2 m3/h
tS = 0°C
SUCTION STEAM
p0 = 6.1 mbar
t0 = 0°C

Wet cooler
Condenser

Evaporator

Vacuum
Pump

Snow
separator
Agitator

Fig. 3: Process scheme of the prototype
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The prototype has been tested on 28. July 2017 in Bolbeno, Italy. At the test site well water with a constant supply
temperature of approx. 10 °C was used for the heat rejection. Fig. 4 depicts the system temperatures and Fig. 5
the system pressures during the operation time from 16:10 – 17:40. The diagram in Fig. 6 depicts the heating and
cooling capacity, the evaporator temperature and the thermal COP of the SJEC from 16:55 – 17:40. The SJEC
was in operation from 16:22 – 16:40, from 16:43 – 17:08, from 17:15 – 17:31 and from 17:32 – 17:39. The
evaporator temperature and pressure decreases during the SJEC operation. During the short operation breaks the
evaporator was heated up with hot steam from the boiler (at 16:40 from 5 – 10 °C and at 17:07 from 0 – 15 °C).
The cooling water spreading was approx. 7.5 °C and larger than the designed 4 °C due to a lower flow rate of the
cooling water pump. However, the SJEC was running close to the design point of the SJEC of 40 mbar back
pressure. The condenser pressure was ranging between 32 – 41 mbar (see p2 in Fig. 5). The cooling capacity
plotted in Fig. 6 is calculated related to the evaporator water level and the temperature decrease of the evaporator
during the operation of the SJEC. The cooling capacity is underestimated as no heat input from the ambience as
well as from the ice slurry pump is considered. The heat consumption has been calculated to determine the thermal
COP. The steam consumption was calculated according to (DIN 28430) and (GEA Wiegand 2017). The product
of nozzle loss coefficient and outflow function is according to (Loschge 1914) constant for water vapor with a
value of 0.459. The calculated value was crosschecked with the electricity consumption, which was measured by
a current clamp.

݉ሶଵ ൌ ߙ ή ߰௧ ή ܣଵ ή ඥʹ ή ଵ ή ߩଵ
with:

(eq. 1)
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Fig. 4: Exemplary measurement data of the prototype: System temperatures
(read ejector motive steam inlet temperature t1 on right ordinate)
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In Fig. 6 the thermal COP ranges between 0.1 and 0.9 and is decreasing with declining evaporator temperature.
At a temperature close to 0 °C (time span after 17:30) the thermal COP is between 0.1 and 0.4. The calculation
of the cooling capacity does not consider the freezing of the water in the evaporator, so that the thermal COP is
underestimated in the temperature range close to 0 °C. Actually there is no possibility to directly measure the
cooling capacity while water freezes in the evaporator and thus to calculate a more accurate thermal COP value.
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Fig. 5: Exemplary measurement data of the prototype: System pressures
(read ejector motive steam inlet pressure p1 on right ordinate)
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Fig. 6: Exemplary measurement data of the prototype: Heating and cooling capacity, evaporator temperature & thermal COP

3. Solar-assisted snow machine
3.1. Solar steam generation
There are parabolic troughs and Fresnel collectors, innovative evacuated tube and high-vacuum flat plate
collectors available for the temperature range up to 250 °C. The collector types can be distinguished between
concentrating and non-concentrating systems. The usable irradiation of concentrating collectors is often
significantly lower compared to non-concentrating collectors. In case of 50 % lower irradiation the efficiency of
the concentrating collector has to be twice as high to reach the same yield. Hence, important selection criteria for
the choice of a suitable collector type are the solar profile at the system site and the required temperature.
Generally, there are two fundamental manners in which solar heat can be transferred to the ejector chiller system:
direct steam generation (DSG) and indirect steam generation with pressurized water loop and steam drum. With
DSG systems the motive steam is directly generated within the collector field and transported to the ejector.
However, an intermediate steam drum, which can be bypassed, can be useful as an additional heat capacity to
smooth the operation of the SJEC. In addition, it could also serve as droplet separator. The DSG technologies can
be realized with parabolic trough collectors or linear Fresnel collectors. In case of a direct solar steam generation
in the collector field, thermodynamic losses can be reduced. The control of the resulting two-phase flow has been
extensively researched and has been already demonstrated in first commercial pilot plants. Alternatively to the
line-focusing collector systems, evacuated tube collectors (ETC) can be used for DSG, too. This possibility has
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been investigated within the research project ProSolarDSKM (Joemann et al. 2016). However, until now there is
no commercial ETC available, which is designed for DSG.
The second technical solution for the solar thermal steam generation is a pressurized water loop. This means, that
boiling in the collector is inhibited by increasing the pressure in the solar collector. The water boils in a steam
drum subsequent to the collector field at lower pressure. The advantages of this technical solution are an easier
controllability of the solar thermal system as well as a more reliable operation condition of the collector field.
The pressurized hot water loop can be realized in different manners, either by hydraulic separation (heat
exchanger between solar loop and steam drum) or by applying a specially designed solar pump which maintains
an overpressure in the solar circuit in combination with a throttle valve before expanding into the steam drum. If
there is no hydraulic separation with a heat exchanger and thus no water-glycol mixture is used as heat transfer
medium one has to consider antifreeze protection if the ambient temperature can drop below 0°C.
Fig. 7 provides an exemplary hydraulic scheme for a solar loop of the presented all-weather snow machine.
However, there is a variety of possibilities. The following requirements have been defined for the system:
x Indirect steam generation with pressurized water loop and steam drum:

9

x Solar storage:

9

x Short start-up time of the SJEC (Æ small volume/capacity of the steam drum):

9

x Operation of SJEC only with heat from storage:

9

x Backup heating system:

9

x Reheating of solar fluid with backup system (prior to the steam drum):

9

x Operation of SJEC only with heat from backup system

9

To meet the various requirements of the solar loop, the system needs two pumps. One pump to feed the collector
field and a second pump to enable the operation of the SJEC with the backup system without solar energy. The
control throttle valve VRM-S1 is used to maintain the required overpressure in the system to inhibit boiling in
the solar loop. In case that the solar loop is not in operation, the valves VAM-S1 and VRM-S1 are closed. The
main operation modes are: 1) solar heating of the steam drum, 2) charging of the solar heat storage (no operation
of steam drum), 3) heating of the steam drum with heat from the storage (no operation of the solar field) and 4)
backup heating mode.
1) In case of solar heating of the steam drum both pumps are in operation. The proportion of the flow rates of
the pumps defines, whether the storage is simultaneously charged (P1>P2) or discharge (P1<P2). If both flow
rates are equal, the storage is neither charged nor discharged. To disconnect the storage the valve VAM-S3
can also be closed. In this operation mode, the valve VAM-S4 is open and the valve VAM-S2 is closed. If the
solar irradiance is not sufficient to reach the desired temperature, the backup system is used to heat the water
up.
2) If solar heat is available, but not required from the SJEC, the heat can be used to heat up the solar storage. In
that case, only P2 is in operation, VAM-S3 and S4 are open and VRM-S1, VAM-S1 and S2 are closed.
3) P1 is in operation, when heating the steam drum with heat from the storage. VAM-S3 is open and VAM-S2
and S4 are closed. The backup system can be used to increase the temperature level.
4) To heat up the steam drum with the backup system only P1 is in operation. The valve VAM-S2 in the bypass
is open and the valves VAM-S3 to the solar storage and VAM-S4 to the solar field are closed.
Control valve
Solar Collector

Backup
Steam
Drum
VRM-S1

Storage

P2
VAM-S3

VAM-S2
VAM-S1

VAM-S4

P1

Fig. 7: Hydraulic scheme of the solar loop for a solar driven all-weather snow machine
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3.2. Model of the snow machine
For the design of a solar-assisted snow machine, a calculation tool is required to evaluate different system designs
and to investigate the operational behavior at varying climate conditions. Such a calculation tool has been
developed based on a model of the system using mass and energy balances. The model describes the operational
characteristic of the different components, e.g. solar collector, SJEC, pumps, fans, etc. It calculates the pumping
power, pressure losses and flow rates of all hydraulic circuits for the determination of auxiliary power demand.
Furthermore, the model enables to do year-round calculations on an hourly basis. Microsoft Excel with its
spreadsheets in conjunction with VBA (Visual Basic for Applications) is used as software to compile parametric
studies for different parameters such as solar field size, storage size or nominal motive steam temperature of the
SJEC. Input data for the simulation are meteorological data, which are taken from Meteonorm database 4.0.
Consumption and yield data for the components as well as various indicators, such as the solar fraction or the
seasonal thermal and electrical efficiency of the system are calculated.

3.3. System design and system performance evaluation
In this chapter different aspects of the system design and system performance of a solar-assisted snow machine
with SJEC will be discussed and evaluated. The application scenario is the snow production for an indoor ski
dome. In order to assess the climatic influences on the system, three locations are considered (Doha in Qatar;
Seville in Spain; Essen in Germany). Below, the reference scenario and design parameters are listed:
x Snow production rate: 4 m³/h (constant Æ additional heat provided by a backup system)
x Cooling capacity: 215.2 kW (snow density: 500 kg/m³)
x Operation time: 08:00 – 18:00; Season: all year round
x Condenser technology: mixing condenser; heat rejection: wet cooling tower
x Motive steam design temperature: optimized in dependence of system site (climatic conditions)
x Motive steam consumption at varying operating conditions:
o

Motive steam pressure ଵ increases/decreases by the ratio of the back pressure ଶ to nominal back
pressure ଶǡ (min: 80 % of ଵǡ ; max: 115 % of ଵǡ )

x Nominal back pressure ଶǡ of SJEC: selected in dependence of climatic conditions to be able to
operate the SJEC ca. 95 % of the year (5 % no operation possible due to too high ݐௐ )
o

Essen:

ଶǡ = 37.7 mbar (corresponds to ݐௐ of 15 °C + ο ݐ12 °C + ο 2 mbar)

o

Seville:

ଶǡ = 48.3 mbar (corresponds to ݐௐ of 19.5 °C + ο ݐ12 °C + ο 2 mbar)

o

Doha:

ଶǡ = 67.6 mbar (corresponds to ݐௐ of 25.8 °C + ο ݐ12 °C + ο 2 mbar)

x Design of the internal and external cooling water loop and cooling tower
o
x

οݐ௧ௗ௦௧௪௧ ൌ ͵ǤͲι;οݐு௧௫ ൌ ͷǤͲι;
οݐூ௧௪௧ ൌ ͶǤͲι

Collector field:
o

ETC (Paradigma AQUA PLASMA 15/27)

o

Fresnel (Industrial Solar LF-11)

o

Specific collector area: 7.5 m² per kW cooling capacity of SJEC (total collector area: ca. 1,600 m²)

o

Specific storage volume: 10 l per m² collector area (total storage volume: ca. 16 m³)

x Design data of auxiliaries
o

Nominal pump efficiency ߟ ൌ ǤͻΨ (efficiency varies with flow rate of the pump)

o

Nominal pump head ܪ of the different pumps (pump head varies with flow rate of the pump):


Solar pump head ܪ ൌ ݉, storage pump head ܪ ൌ ͷ݉, backup system pump ܪ ൌ ͷ,
ice slurry pump ܪ ൌ ͳͷ, internal cooling water pump ܪ ൌ ͷ, external cooling water
pump ܪ ൌ ͳͷ
Æ to overcome pressure losses in the solar circuit a surcharge to avoid boiling in the collector
has been considered for the solar pump, the storage pump and the backup system pump

x Nominal efficiency ߟி and total pressure of the wet cooling tower fan ி
o

Fan efficiency ߟி ൌ ͲΨ; total pressure ி approx. 120 mbar
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For the design of a solar-assisted snow machine based on SJEC technology, it is important to consider that the
efficiency of the SJEC increases up to a certain level with increasing motive steam temperature, but contrary the
solar collector efficiency decreases with increasing temperature, which governs the motive steam temperature.
The design point is ought to be the optimum operation point taking both effects into account. Furthermore, each
solar collector type has a specific decrease of the efficiency with temperature, thus the selection of the design
point must be made in view of the selected solar collector type. Finally, it is an optimization problem, since both
influence the system efficiency. In Fig. 8 (left part) the average annual thermal COP of the SJEC is plotted over
the motive steam temperature for the three locations. For each location the respective dimensions of the SJEC (e.
g. nozzle diameter) have been optimized for the motive steam temperature. The required motive steam
temperature ranges between 140 and 160 °C to reach the highest possible efficiency. The comparison of the solar
fraction for the different scenarios (see right diagram in Fig. 8) indicates that the highest solar fraction is reached
at a lower temperature than the temperature level of the highest thermal COP. The reason for this is that the
collector efficiency and hence the collector yield decreases with increasing temperature (see Fig. 9). Furthermore,
the comparison points out that the ETC collector reaches the highest solar fraction (Essen ETC 100 °C; Seville
ETC 120 °C; Doha ETC 140 °C).
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Fig. 8: Average annual thermal COP of the SJEC in dependence of motive steam temperature (left) and solar fraction (right) in
dependence of motive steam temperature for ETC and Fresnel collector for the locations Essen, Seville and Doha
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Fig. 9: Average collector efficiency (left) and net collector yield (right) in dependence of motive steam temperature for ETC and
Fresnel collector for the locations Essen, Seville and Doha

The results of a parameter variation of the collector field and storage size for the location Seville are depicted in
Fig. 10. For the reference scenario with a specific collector area of 7.5 m²/kWCooling and a specific storage volume
of 10 l/m² a solar fraction of approx. 67 % is reached. Small solar fields with a specific collector area of 2.5 – 5
m²/kWCooling do not require heat storage. Larger solar fields require a storage size of 30 l/m², but not more. A
further increase in storage volume would not result in a significant increase of the solar fraction. In comparison
to solar driven cooling systems for comfort cooling, the required specific collector areas are significantly higher
(cf. (Joemann 2015) page 118). This issue can be explained by different reasons. The cooling load profile of a
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building is often dominated by the solar irradiation profile, thus the Solar-Load-Match is significantly higher.
Another reason is that the thermal COP of the SJEC is much lower due to a lower evaporator temperature of 0 °C.
Also the average solar field temperature to run the SJEC is higher than for a single stage absorption chiller which
decreases the solar heat yield.
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Fig. 10: Solar fraction in dependence of specific collector area and the specific heat storage volume for ETC (left) and
Fresnel collector (right) for the location Seville; nominal system temperature: ETC = 120 °C, Fresnel = 140 °C
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The annual sums of motive heat demand of the SJEC as well as gross and net heat supply are given by Fig. 11:
monthly based (left diagram) and hourly based (right diagram) timeline. The data are given for ETC and Fresnel
collector at the location Seville. The results prove that both collectors can provide the required motive heat to
operate the SJEC in summer from May to August. The Fresnel collector even provides some surplus heat. From
September to April, the backup heating system provides a significant amount of the heat to cover the demand.
The data in the right diagram, which are the yield of heat energy and the demand of motive steam over the day,
point out that the Fresnel collector provides the heat on a more constant level over daytime, whereby the solar
heat provided by the ETC collector has a bell-shaped course so that some surplus heat is generated between 13:00
and 15:00.

Motive heat demand
Gross heat (ETC)
Gross heat (Fresnel)

Net heat (ETC)
Net heat (Fresnel)

Fig. 11: Annual sums monthly for the year (left) and hourly for the day (right) of motive heat demand of the SJEC as well as gross
and net heat supply of the ETC and Fresnel collector for the location Seville; nominal system temperature: ETC = 130 °C,
Fresnel = 130 °C (same temperature to assure an identical motive heat demand of SJEC)

The electrical COP given in Fig. 12 is the ratio of the cooling capacity to the auxiliary power demand. The given
data are average values for electrical COP monthly for the year (left) and hourly for the day (right) of systems
with ETC collector. The nominal system temperature has been optimized to reach the highest possible solar
fraction (see right diagram of Fig. 9). The values range between approx. 6 and 14. The annual average values are
10.5 for Essen, 8.8 for Seville and 7.1 for Doha. At the design point of the system, the nominal power consumption
is 31.2 kW for Essen, 35.4 kW for Seville and 44.5 kW for Doha. At favorable ambient conditions, the power
consumption is significantly lower due to the higher thermal COP of the SJEC. Thus the annual average values
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for power consumption are 20.6 kW for Essen, 24.3 kW for Seville and 30.2 kW for Doha. However, it has to be
mentioned that the power consumption of the control cabinet, of the drives of valves and of the vacuum pump is
not considered, thus the electrical COP is slightly overestimated.
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Fig. 12: Average electrical COP monthly for the year (left) and hourly for the day (right) for ETC and for the locations Essen,
Seville and Doha; nominal system temperature: Essen = 100 °C, Seville = 120 °C, Doha = 140 °C
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The average electrical energy consumption is depicted in Fig. 13 monthly for the year (left part) and hourly for
the day (right part) of a system with ETC collector. The electrical energy consumption ranges between approx. 4
and 9 kWh/m³ depending on the climatic conditions. The annual average values are 5.1 kWh/m³ for Essen,
6.1 kWh/m³ for Seville and 7.6 kWh/m³ for Doha. In hot ambient climatic conditions the motive steam
consumption of the SJEC increases and thus the power consumption increases, too. The reason is that higher
amounts of heat have to be transported, mainly in the internal and external cooling water circuit. That also
explains the higher values for electrical energy consumption in the summer time (compare for Essen) and for
warmer regions like Doha. There is also a slight increase in power consumption throughout the day as the
temperature increases over the day. Summarizing, a contrary behavior of the electrical COP (see Fig. 12) can be
seen, which decreases while ambient temperature increases.

Essen

Seville

Doha

Fig. 13: Average electrical energy consumption monthly for the year (left) and hourly for the day (right) for ETC and for the
locations Essen, Seville and Doha; nominal system temperature: Essen = 100 °C, Seville = 120 °C, Doha = 140 °C

The electrical energy consumption of the presented technology for snow production is about 2.7 to 6 times lower
compared to other all-weather snow machines (cf. Tab. 1). Furthermore, it has to be highlighted that the presented
values are seasonal values. The consumption data for all-weather snow machines from Tab. 1 are only given for
the design point and are expected to be worse at a seasonal contemplation. Nevertheless, the snow machine based
on SJEC technology needs thermal energy, too. This should come from renewable energy source to assure a
sustainable system operation.
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4. Conclusion
The developed pilot plant of the all-weather snow machine represents an innovative system for high quality snow
generation at temperatures above 0 °C. The system is based on an ice slurry generator with vacuum freezing
method and uses a steam jet ejector as thermal compressor for the refrigerant. Water is used as refrigerant in the
process. The system can be operated with heat from renewable sources which enables a sustainable system
operation. With the aid of the pilot plant it was possible to examine the performance system. The functionality of
the system has been proven and the first measurement data of the pilot plant are giving a promising outlook.
Based on the experiences of the pilot plant, a concept for a solar-assisted snow machine has been developed. The
development of the concept includes the determination of the design points and the evaluation of the system
performance. Both have been realized by year-round calculation and simulating the operation of the system. The
simulation proves that the electrical energy consumption of the presented technology for snow production is about
2.7 to 6 times lower compared to other all-weather snow machines, which are currently available.
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Abstract
A new generation of solar collectors is based on thermochromic thin film technology, where the remarkable
optical changes of vanadium dioxide, through its reversible semiconductor-to-metal phase transition, are
exploited. This study reports on the infrared optical properties of VO 2 based coatings deposited on Al
substrates by reactive magnetron sputtering. Fourier transform infrared (FTIR) spectroscopy is used to
determine the emittance of a VO2 coated sample before (ε = ~6%) and after (ε = ~33%) the phase transition.
The angular dependence of the thermal emittance for such coating is investigated. It is found that the
emittance increases with increasing the angle from normal incidence. In literature it is widely reported that
the transition temperature of vanadium dioxide can be tuned by doping with different elements. An increase
in the transition temperature is desired for solar thermal applications and it is reached with the addition of Ge
into the VO2 matrix. Here we show that through Ge doping, the emittance switch, especially the emittance in
the high temperature state, can be optimized as well. An increase of ~10% in emittance is recorded.
Keywords: Solar thermal, thermochromic absorber coating, doped vanadium dioxide, overheating protection

1. Introduction
Due to their simple design and operation, solar thermal collectors for domestic hot water generation and
space heating are one of the most common solar energy harvesting systems in use today. Such collectors are
typically designed to cover between 50-80% of the annual domestic hot water demand. During cold periods
all the absorbed energy is useful. During hot periods, however, when solar radiation is abundant and demand
is low, stagnation occurs. Storage is limited and excess heat cannot be diverted. The heat transfer fluid
evaporates and temperature of the solar absorber can exceed 200°C. A self-draining system and special
valves are then necessary. At such temperatures, glycol degradation and further damage of the collector
occurs. Frame, thermal insulation, selective absorber coating deteriorate and become less efficient.
A novel type of thermochromic solar collector has been proposed [1, 2, 3]. Recently, industry has
demonstrated functional collectors on the real scale [4]. These new collectors are based on switchable
selective absorber coatings that can change their optical properties in the infrared spectral region so that they
can absorb and repel heat in a controlled manner. Thus, the stagnation temperature is limited and overheating
of the system is avoided. Until recently, this was one of the main drawbacks of thermal collectors.
The “smart” thermochromic absorber coating exhibits good selectivity (high absorptance, low emittance) up
to a given temperature and bad selectivity (high absorptance, high emittance) above that temperature in order
to prevent overheating. Here the material of choice is vanadium dioxide.
It undergoes a reversible thermochromic transition, during which its switch in thermal emittance and
subsequent heat dissipation to the surroundings at high temperatures is sufficient to limit the stagnation
temperature. Evaporation of the transfer fluid is avoided and thermal charges on the system reduced.
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1.1 Vanadium dioxide
Vanadium dioxide is an emblematic thermochromic material. It undergoes an ultrafast and fully reversible
first order semiconductor-to-metal (SMT) transition at 67°C.[5] Through the transition the crystal structure
changes from the low temperature monoclinic (P21/c) to tetragonal rutile (P42/mnm) at high temperature and
is accompanied by abrupt changes in electrical and optical properties.[6] A resistivity change of several
orders of magnitude and significant changes in the optical constants – especially in the infrared range – occur
at the transition. Due to these remarkable changes occurring close to room-temperature, vanadium dioxide
has been the object of overwhelming fundamental and applied research. Vanadium dioxide shows potential
in a wide range of applications ranging from smart windows[7] and radiators for space applications[8] to
microelectronic and device applications such as steep-slope switches[9], tunable capacitors[10] etc.
Meanwhile, the underlying mechanism – structural or charge driven transition – is still open to debate with
recent studies [11] suggesting a correlation-assisted Peierls transition, stressing the joint effect of lattice
symmetry breaking and Coulomb interactions. Additionally, discoveries of exotic VO 2 behaviors, such as the
very recently reported one order-of magnitude breakdown of the Wiedermann-Franz law in the vicinity of
the semiconductor-to-metal transition[12], push the fundamental research of VO2 even further.
Through doping with different elements, the optical and electrical properties of vanadium dioxide can be
tuned and, most importantly, its transition temperature can be tailored to suit various applications. W 6+, Mo6+
Ta5+ and Nb5+ have been widely reported as dopants decreasing the transition temperature[6]. Tungsten has
been regarded as one of the most efficient in doing so, enabling a reduction of 49-55°C per at.% dopant[13].
Therefore, for room temperature applications such as smart windows, tungsten doping is well-established.
On the other hand, increasing the transition temperature through doping has been less studied and the
identified dopants proved less efficient. Aluminium doping has been reported as both increasing and
decreasing the transition temperature. In [13], authors show that Al 3+ induces gradual amorphization of the
thin films without significant effect on the transition temperature. Cr 3+ and Fe3+ were reported to increase the
transition temperature with no more than 3°C [14]. Thermochromic VO 2 based solar absorber coatings, as
discussed in the present work, or the recent developments at microelectronic device level (where the required
switching temperatures are higher than the normal operating temperatures of the device), underline the
importance of an efficient and reliable doping which allows for a range of elevated transition temperatures to
be achieved.
Authors have recently showed that Ge doping is successful in increasing the transition temperature of
vanadium dioxide sputtered thin films and a transition temperature of ~95°C has been reached [15]. In
comparison, the currently available commercial products, based on Al doped (4 – 12 at.%) vanadium oxide
films, transition at 70° - 75°C. Therefore, the above 20°C temperature rise constitutes a significant increase
and an important step in establishing efficient vanadium dioxide based absorber coatings. In the present
work, authors determine the effect of Ge addition to the vanadium dioxide lattice from the thermal emissivity
point of view. First, the spectral reflectance and emissivity of a pure VO2 film in the mid-infrared range (215μm) is measured. The sample is measured both below and above the switching temperature. Then, the
angular dependence of the thermal emittance is discussed. Finally, the spectral emissivity in two differently
doped samples is measured and compared with that of a pure VO2 film. Thus, the influence of Ge doping on
the IR optical properties of the coatings - specifically their thermal emissivity - is determined.

2. Experimental
Pure and doped vanadium dioxide thin films have been deposited by reactive magnetron co-sputtering in
sputter-up configuration. A schema of the deposition chamber and the process is shown in Fig. 1.
The base pressure of the chamber was below 5·10 -8 mbar. The process gas is Ar (purity 99.999%) and O 2
(purity 99.995%) is the reactive gas for oxide formation. A mass flow controller regulates the Ar gas feed to
the chamber and the Ar flow is set to 17.4 sccm. Inside the chamber, a lambda-probe (Zirox XS22) oxygen
sensor is installed. Based on the pressure readings, a Proportional Integral Derivative (PID) feedback control
regulates the oxygen flow such that a constant oxygen pressure is maintained. The oxygen partial pressure
during depositions is 5.25±0.25 ·10-4 mbar, while the working pressure is ~7.1±0.1 ·10 -3 mbar.
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Fig. 1: Schematic representation of the sputtering chamber with targets, plasma glow and adjustable substrate holder

The magnetrons are run by DC power (MKS) for the vanadium target and radio frequency (RF) AC power
(Advanced Energy) for the germanium target. The metallic target discs are provided by Testbourne Ltd. The
purity of the 2” targets is guaranteed at 99.95% for the V and 99.999% for the Ge target. The power on the V
target is set to 150 W, whereas for the Ge source, RF power (13.56 Mhz) of 8W and 12W are applied. To
limit doping, magnets are removed from the magnetron, thus reducing the magnetic field and, subsequently,
the plasma density.
The films are deposited on 0.5 mm thick, 50 mm x 50 mm sized Al foil (Goodfellow) for the Fourier
transform infrared (FTIR) spectrometry, on stainless steel for the thermal imaging and on Si wafer for the
angular dependence determination. The deposition takes place at high temperature – 600°C is measured by a
stationary thermocouple above the rotating substrate holder. The thickness of the deposited films is estimated
at ~320 – 340 nm.
A commercial thermographic camera (FLIR Systems, Inc.) is used to visualize the optical switch of VO 2
based coatings over the transition and to determine the angular dependence of the emissivity of these
samples. The camera detects infrared radiation in the range of 7.5 - 13 μm.
The spectral reflectance is measured with a Bio-Rad FTS-175C Fourier transform infrared spectrometer
equipped with a 3” golden integrating sphere and a high performance nitrogen-cooled MCT detector for the
Mid-IR range (2-20 μm).

3. Results and discussion
3.1. Switching emittance
The optical switch of the thermochromic film in the infrared spectral region has been captured by thermal
imaging (Fig.2). A VO2 based coating has been deposited on reflecting stainless steel (SS) substrate. Below
the transition temperature, the semiconducting VO2 coating is transparent to the IR radiation and only the
substrate is seen on the thermal image. However, above the transition temperature, the film - deposited in the
middle of the SS sheet - appears on the thermal image as the VO2 becomes opaque to the infrared radiation in
its metallic state. Therefore, when deposited on a reflecting substrate such as stainless steel, copper or
aluminium, the thermochromic coating has a low thermal emittance below and a high emittance above the
transition temperature.

Fig. 2: Thermal image of the thermochromic absorber coating in the cold state with low emittance (left) and in the hot state
with high emittance (right)
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Then, with an FTIR spectrometer coupled with an integrating sphere and a Mid-IR MCT detector, the total
reflectance spectra of a VO2 coated aluminium sheet is determined. The measurement is done both below
and above the transition temperature (TC) of vanadium dioxide. Since the considered sample is opaque, from
the measured reflectance spectra, the spectral emissivity can be determined and the results are displayed in
Fig. 3. The thermal emittance of the thermochromic absorber in its two states considerably differs.
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Fig. 3: Spectral reflectance and corresponding spectral emissivity of the thermochromic absorber both below and above the
transition temperature of vanadium dioxide.

Above 100°C collector temperature, the operating temperature should be limited to avoid thermal stresses on
the system. The spectral emittance of a blackbody at 100°C peaks at around 8 μm wavelength. Therefore, the
emittance change in this spectral region is of special interest. In Fig. 3, at 8 μm, the emissivity changes
markedly from ~6% below TC to ~33% above TC.

3.2. Angular dependence
The angular dependence of the emittance of a thermochromic VO 2 film deposited on Si wafer, above its
critical transition temperature was determined. Since the coating is supposed to show metallic properties, the
emittance versus angle for a rough oxidized aluminum plate was measured for comparison. The
measurements were performed at 100°C for the VO2 and aluminium samples. The results are shown in Fig.
4a. The curves are similar. The VO2 coating in the metallic state follows the same trend of directional
emissivity as the Al plate, whose values are similar to those given in tables. They are roughly constant from
normal angles to about 60 degrees from the normal. At angles higher than 60 degrees the thermal emittance
rises and reaches a maximum at grazing angles. The thermal emittance is expected to drop to 0 when parallel
to the surface, but this measurement could not be made precisely with the experimental setup. This behavior
is well described by the Fresnel’s equation and typical results for metals are illustrated in Fig. 4b.
The emittance being higher at greater angles is beneficial as most thermal emittance measurements are done
at normal angles. Therefore the thermochromic coating will be more efficient at dissipating heat via radiation
than what normal measurements would predict.
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Fig. 4: a) Angular dependence of the thermal emittance of VO 2 and Al plate. b) Typical directional emissivity of a metal
according to Fresnel's relation with n=1.5 and k=7 [16].

3.3. Thermal emittance of doped thermochromic samples
The transition from low to high emittance of the thermochromic absorber at a temperature of 67°C might be
too low for solar thermal applications. Several elements have been reported to alter the phase transition
temperature of vanadium dioxide. The authors have long studied dopants capable of increasing T C to around
100°C. Recently [15], we have reported on the successful increase of the transition temperature to ~95°C.
This has been reached with 5.9 at.% Ge doping. In the next step, our aim is to measure the effect of such
doping on the thermal emittance of the samples. A pure and two Ge doped thermochromic coatings have
been deposited on Al sheet. The Ge content in the doped samples has been varied by applying different
power on the Ge target during deposition – 8W and 12W. This is calculated to correspond to 1.1 and 2.6 at.%
Ge in the samples, leading to transition temperatures of ~75°C and ~77°C respectively. The three different
samples have been compared and it is found that the emittance, notably in the hot state, is gradually
increasing with doping. Roughly 10% increase in emittance between the pure and the strongly doped sample
(with 12W applied on the Ge target) at 8 μm, is recorded. The results are shown in Fig. 5.
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Fig. 5: Spectral emissivity change between the low (dashed line) and high temperature state (solid line) of three samples with
different composition: pure VO2, weakly doped and strongly doped coatings.

1012

A. Krammer / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Using a simple model collector consisting of a glass cover, an air gap and a switchable absorber in thermal
contact with the water pipes, Baldi et al.[17] calculated the stagnation temperature map plotted as a
function of solar absorptance and thermal emittance. Based on this work and with the assumption that the
switch only impacts the absorber emittance, while the solar absorptance remains relatively unchanged, the
stagnation temperature is estimated to be lowered from ~195°C to ~150°C using pure VO2 based absorbers
and from ~185°C to ~140°C for Ge doped VO 2 based absorbers. At these reduced stagnation temperatures,
the degradation of glycols is mostly prevented and, at the typical pressures present in the collector (3 bars),
the evaporation of the heat transfer fluid is overcome.

4. Conclusions
Adding a thermochromic function to the currently available selective solar absorber coatings could bring
forward a new generation of smart solar thermal collectors where the stagnation temperature is limited and
overheating prevented. In this work, pure and Ge doped vanadium dioxide based thermochromic coatings
have been deposited by reactive magnetron co-sputtering on highly reflective substrates. Their optical
properties in the Mid-IR range have been determined. Pure VO2 films show high potential as their emissivity
changes significantly from 0.06 to 0.33 at the wavelength of interest of 8 μm. Moreover, the angular
dependent emittance measurements show that the emittance of the coatings in the hot state (above the
transition temperature of the thermochromic layer) is increasing with the angles from the normal. This
suggests that normal emittance measurements underestimate the total emittance of the coatings. Finally, it is
shown that, besides raising the phase transition temperature to 95°C, Ge doping has the additional advantage
of increasing the emissivity of the thermochromic coating above T C and, therefore, decreasing the stagnation
temperature of the collector.
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Abstract

Spectrally selective materials show high technical potential for use as radiative cooling heat exchangers for
buildings. Recent work by Stanford University has applied a photonic approach to tailor the optical properties of
a coating material. In a prototype test, a radiative cooler based on that photonic material has demonstrated the
ability to maintain radiator surfaces at below-ambient temperatures in the presence of intense, direct sunlight. This
paper presents the simulation and parametric analysis of photonic radiative cooling system that integrates the use
of the photonic radiative cooler and radiant floor cooling via the whole energy simulation program EnergyPlus.
The simulation was made for a medium office building with three floors and a total floor area of 5,000 m 2. Three
key design parameters including the radiator area, the storage tank volume to radiator area ratio, and the water
flow rate to radiator area ratio, which are expected to have a large impact on system performance, were
investigated in this paper. The results show that the percentage of cooling electricity savings from the photonic
radiative cooling system relative to a reference variable-air-volume system has a linear relationship with the
radiator area, and a quadratic correlation with the other two variables. The findings from this parametric analysis
are valuable to understand how component sizing affects system performance.
Keywords: radiative cooling, parametric analysis, building simulation, nanomaterial

1. Introduction
Space cooling accounts for about 15% of the total primary energy consumed by all commercial buildings in the
U.S. (DOE 2011). In the current practice, electricity-driven equipment such as room air conditioners, packaged
air conditioners, and chillers are usually the source of mechanical cooling. Although the mechanical cooling
equipment can operate reliably to maintain space thermal comfort, they are major energy consumers in buildings.
To reduce energy consumption for space cooling, more efforts are needed to utilize passive cooling techniques to
replace at least partially the mechanical cooling energy requirement. Possible passive cooling techniques fall into
three broad categories (Geetha and Velraj 2012): 1) solar and heat protection techniques to reduce heat gains; 2)
heat modulation or amortization techniques to modify heat gains; and 3) heat dissipation techniques to remove
heat gains. Radiative cooling belongs to the third category because it uses natural heat sinks (the sky) for heat
dissipation.
Radiative cooling refers to the physical process by which a body loses heat to another body of lower temperature
via long-wave radiation. In the case of buildings, radiative cooling results from the thermal radiative heat transfer
between building surfaces and the colder atmospheric layers in the sky. For a surface with high thermal emittance,
the maximum radiative cooling power is about 100 W/m2 for clear night sky and low ambient relative humidity
(Meir et al. 2002). Because of the significant potential of radiative cooling, many studies have been conducted to
design suitable materials and systems to make use of radiative exchange with the sky to condition buildings. In
general, there are two methods of applying radiative cooling in buildings (Argiriou 2013): passive radiative
cooling and active radiative cooling. With passive radiative cooling, the building roof radiates towards the sky
and the cooled roof surface temperature then contributes to decreasing the conductive heat gains from the exterior.
Representative design strategies of passive radiative cooling include moveable insulation and cool roofs (AlObaidi et al. 2014). With active radiative cooling, a heat carrier (air or water) is circulated between the interior
spaces and radiative panels on the roof. Example studies on active radiative cooling can be found in (Eicker and
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Dalibard 2011, Mihalakakou et al. 1998, Parker 2005). These studies vary with respect to the characteristics of
radiative panels, the heat transfer medium used, and the system design.

2. Photonic Radiative cooling
Spectrally selective materials have high technical potential for radiative cooling applications by tailoring the
spectral optical properties (e.g., emissivity and reflectivity) of the surface in order to maximize thermal heat losses
and minimize absorbed solar radiation. In the context of radiative cooling, heat losses occur in the infrared (IR)
wavelength range, for which a 300 K blackbody radiation peaks at approximately 10 microns. The blackbody
radiation peak shifts to shorter wavelengths with higher temperatures, but is still in this approximate range for
most buildings applications. Spectrally selective materials can potentially offer the capability of daytime radiative
cooling, which is highly sought after because of its potential to offset peak cooling loads. However, realizing
daytime radiative cooling is severely complicated by both solar irradiance, which peaks at approximately 1,000
W/m2 between 0.25 and 3 microns (Granqvist 2003), and atmospheric absorption. Without an effective solar
irradiation heat shield in place, solar irradiance will easily swamp any radiative cooling effect during most of the
day. Atmospheric absorption is problematic in that at many infrared wavelengths, the heat transfer phenomena at
a conventional building surface or from radiative panels are closely coupled with the surrounding air (atmosphere
is opaque to thermal radiation) and can be further complicated by sky conditions. There is however, a range
between 8 to 14 microns where atmospheric absorption is negligible and the buildings thermal radiation can
effectively be exchanged with the coldness of outer space. Thus, for optimal cooling, the spectral reflectivity of a
building envelope coating would then be (Granqvist 2003):
x

R(λ) = 1 for 0.3 μm < λ < 3 μm (Daytime radiation shield)

x

R(λ) = 0 for 8 μm < λ < 14 μm (Thermal emission)

Much of the initial work [e.g., Eriksson and Granqvist 1986, Niklasson and Nilsson 1995) on spectrally selective
materials focused on pigments (e.g., ZnS, and ZnO) and sputtered multilayer dielectric films (e.g., MgO, LiF, and
oxynitride) on Aluminum backing (infrared reflective). Although such materials are relatively easy to fabricate
and deposit, their solar reflectivity is only approximately 80-85%, which means that daytime radiative cooling is
not possible, with the exception of early morning or late evening when the solar irradiance is low. Because of the
inability of standard materials to meet the strict requirements for daytime radiative cooling, there has been recent
research into advanced materials with tailored optical properties to fill the need. These advanced materials are
primarily featured of nanomaterials or nanostructured and microstructured thin films (Gentle and Smith 2015,
Raman et al. 2014).
The work presented in this paper is based on the nanostructured coatings developed by a research team at Stanford
University (Raman et al. 2014). The advanced coatings are made up of seven one-dimensional photonic layers.
The incorporation of the micro or nano photonic layers allows the tailoring of the optical properties of the coating
in ways not possible with bulk materials. Such a photonic structure has achieved spectrally selective emittance:
strongly reflective over visible and near-infrared wavelengths but strongly emissive between 8 and 14 μ (Fig. 1).
When exposed to direct sunlight exceeding 850 W/m2, the photonic radiative cooler maintained its surface
temperature 4.9°C below the ambient air.
1.0
0.9
Emissivity

0.8
0.7
0.6
0.5

Atmospheric
transparent
window

0.4
0.3
0.2
0.1
0.0
3

4

5

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Wavelength (µm)

Fig. 1: Photonic material emissivity in the infrared range
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3. Photonic radiative cooling System design
It must be noted that the nanostructured coating material studied in this paper is still at the very early research
stages. No commercial photonic radiative cooling panels are available, let alone the application of photonic
radiative cooling systems in buildings. Many materials presented in the following are more on the conceptual
design than the real application design because the focus is to estimate the potential of energy savings from
photonic radiative cooling and the associated impact of key design variables.
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Fig. 2: Schematic diagram of the photonic radiative cooling system

Fig. 2 shows the schematic of the proposed radiative cooling system, which consists of two hydronic loops: a
radiative cooling loop and a space-cooling loop. These two loops are coupled via a cold-water storage tank. The
radiative cooling loop circulates water through a roof-mounted radiator via a constant-speed pump (Pump 1 in
Fig. 2), which draws water from the storage tank and delivers cold water back to the tank. The pump is controlled
to run whenever the temperature at the outlet of the radiator (ܶௌூ ) is lower than the temperature of water at the
outlet node of the tank (ܶௌை௨௧ ), subject to the constraint that the loop will not run when the radiator temperature
falls below 1°C. The space-cooling loop uses the water storage tank and a supplementary air-cooled chiller to
provide cooling. A variable-speed pump (Pump 2 in Fig. 2) serves the space-cooling loop and adjusts the flow as
necessary to provide sufficient cooling water to the space. If the outlet tank water temperature for the space cooling
loop (ܶௗை௨௧ ) is colder than the chilled water temperature set point (ܶ௪ǡ௦ ), i.e., ܶௗை௨௧ ൏ ܶ௪ǡ௦ , both valves
V2 and V3 modulate open, mixing bypassed return water with cold water from the storage tank such that the
desired water temperature set point is achieved. Under this scenario, the chiller is not used. If ܶௗை௨௧ is higher
than the chilled water return temperature (ܶ௧ ), valve V2 closes, the water tank is bypassed, and only the chiller
operates to address the cooling load. If ܶ௪ǡ௦ ൏ ܶௗை௨௧ ൏ ܶ௧ , valve V3 closes and the chiller operates to address
the remaining cooling load unmet by the tank.
Because radiative cooling generates cool water at a relatively higher temperature than the chilled water from
conventional hydronic systems, it is favorable to employ a zone-level system design that makes use of hightemperature water for cooling. Therefore, as Fig. 2 shows, hydronic radiant floors are used to address the space
sensible loads. In the radiant floor design, water tubes spaced at 150 mm are embedded in cement screed for
sensible heat exchange with the space. The water tubes are separated from the concrete thermal mass by a 25-mm
thick insulation layer (Raman et al. 2014).
To maximize the contribution of radiative cooling, the cold water supplied from the system should be controlled

1017

W. Wang / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

to run at the highest possible temperature. This minimizes the use of the chiller by bringing the supply-water
temperature set point closer to the tank water temperature. To achieve a balance between meeting the space cooling
demand and maximizing radiative cooling, the supply-water temperature set point is reset according to the
following strategy. If the average temperature for all thermal zones is above the space cooling set point more than
0.27°C, the supply-water temperature set point is decreased at a rate of 2°C per hour. On the other hand, if the
average temperature is below the cooling set point more than 0.13°C, the supply-water temperature set point is
increased at a rate of 2°C per hour. The supply-water temperature set point is limited to the range between 12.8°C
and 18.3°C. Note that the above strategy supply-water temperature reset is based on our engineering experience
for this simulation study oriented towards the dry climate in Las Vegas. Refinement and modifications may be
needed for real implementations and for different climates.
As mentioned earlier, an air-cooled chiller is used in the photonic radiative cooling system to provide auxiliary
cooling whenever the tank water temperature is higher than the supply-water temperature set point. Because of
the high supply water temperature, it is desirable to use a low-lift chiller for supplemental cooling, such as that
from Katipamula et al. (2010) to achieve superior performance at part load and “low lift” conditions (reduced
difference between the entering condenser air temperature and the leaving chilled water temperature). These
conditions are representative characteristics of hydronic radiant systems, which use much warmer chilled water
temperatures (e.g. ~15°C) than conventional hydronic cooling systems.
A dedicated outdoor air system (DOAS) is used to provide ventilation air to the building in the absence of
conventional air-handlers. The DOAS contains a constant volume fan, a hydronic heating coil and a directexpansion cooling coil for air conditioning. The supply-air temperature set point of the DOAS is set at 12.8°C
when the outdoor-air temperature is higher than 16°C, 18°C when the outdoor-air temperature is lower than 10°C,
and linearly between the above boundary set points when the outdoor-air temperature lies in the range between
10°C and 16°C.
Regarding the sky radiator on roof (Fig. 3), it is conceptualized as a flat, metallic plate with its surface covered
with the nanostructured, spectrally selective coating material as described in the previous section. Underlying the
surface layer is an array of metallic piping, welded to the underside of the top plate. Each pipe runs parallel from
an inlet manifold on one side of the radiator and returns to an outlet manifold on the other side of the radiator.
The spacing between pipes is 150 mm (6 in.) and the pipe diameter is 19 mm (0.75 in.). Water pipes are located
in-between the radiative cooler and a thin thermal conductive layer (e.g., aluminum plate). The sky radiator is
integrated with the roof construction. To mitigate the convective heat gains from the surrounding, the photonic
radiative cooler (Fig. 3) is covered with a 25-μm low-density polyethylene film and there is a 25 mm air space in
between them. The use of polyethylene film follows the prototype design by the photonic radiative cooling
material developer (Raman et al. 2014).
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Fig. 3: Roof-integrated photonic radiator design

4. Building Model and Reference System
The building model originated from the Building Energy Codes Program (DOE 2015), which maintains a series
of EnergyPlus models in compliance with different versions of commercial codes. A prototype medium-sized
office building was used for the parametric analysis. The building (Fig. 4) has three floors and a total floor area
of about 5000 m2. The building has a rectangular shape with an aspect ratio of 1.5. Windows are distributed evenly
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in continuous ribbons around the perimeter of the building. The window fraction of the overall façade area is 33%.
The building construction includes steel-framed walls, a flat roof with insulation above the deck, and a slab-ongrade concrete floor. The performance values of the exterior envelope meet the minimum requirement of
ASHRAE Standard 90.1-2013 (ASHRAE 2013). More detailed description about the building model including
thermal zoning and internal loads can be referred to Thornton et al. (2011).

Fig. 4: Axonometric view of the medium office building

To investigate the impact of different design parameters of the photonic radiative cooling system on building
energy consumption, we defined a reference system to represent the prevailing technology used to condition
medium-sized office buildings. With a reference system, the potential of energy savings from different design
scenarios of the photonic radiative cooling system can be conveniently derived and compared in a straightforward
manner. The reference has an individual variable-air-volume (VAV) system for each floor (Fig. 5). All equipment
types, efficiency, and system design features followed Standard ASHRAE 90.1-2013. The building model is
essentially the same as the original source (DOE 2015) except for one change. The original source used the mean
air temperature to define the heating and cooling set points at 21°C and 24°C, respectively. They were changed
to use operative temperature for thermal comfort, with heating set point at 21.6°C and cooling set point at 25.7°C.
Such a change is necessary to make a fair comparison between the VAV system and the photonic radiative cooling
system. The use of hydronic radiant floors is favorable for occupant thermal comfort because of its higher floor
temperature for heating and lower floor temperature for cooling relative to the VAV system.
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Fig. 5: Schematic diagram of the reference VAV system for each floor

5. System Modeling and Simulation Matrix
The photonic radiative cooling system, the reference VAV system, and the building were all simulated with
EnergyPlus, a dynamic, whole building simulation program that supports a large variety of mechanical systems
and components. Because there is no existing object in EnergyPlus for the novel photonic radiator, the energy
management system (EMS) module in EnergyPlus was used to create a user-defined model of the radiator that is
directly interfaced with the rest of the hydronic system specified in EnergyPlus. The EMS supports a simple
programming language through which the user can construct new models and customize control sequences. To
calculate the expected outlet temperature from the rooftop radiator and the average temperature of the radiator,
the rooftop radiator was modeled in the EMS as a discretized heat exchanger by dividing the radiator into a discrete
number of segments (Fig. 3 shows on segment as enclosed in the dashed lines). Heat transfer processes involved
in the modeling of the photonic radiator includes the following:
x Absorbed solar radiation (Qsolar, W/m2);
x Conduction (Qcond, W/m2) heat transfer between the underside of the radiator and the underlying building
roof;
x Convection (Qconv, W/m2) heat transfer between the upper radiator surface and the ambient air; and
x Net longwave radiation (Qrad, W/m2) heat transfer between the upper radiator surface and the sky, which
combines the outgoing longwave radiation emitted from the radiator minus the downward radiation from
the sky absorbed by the radiator.
Detailed modeling of the photonic radiative cooler and the strategies used for the system simulation were reported
in a previous paper (Wang et al. 2016) and are no longer repeated here.
Many design variables potentially affect the performance of the photonic radiative cooling system. Examples of
those design variables include the sky radiator area, the tank size, the water flow rate in the radiative cooling loop,
the system control variables (e.g., the supply water temperature), and building design variables (e.g., building
location, area, and envelope thermal resistance). Recognizing that performing an exhaustive parametric analysis
is resource-prohibitive, we decided to select the following three variables for further parametric analysis: the sky
radiator area, the cold-water storage tank size, and the cold-water flow rate in the radiative cooling loop. These
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three variables were thus selected because they are usually regarded as the key variables to be considered for a
radiative cooling system design. Both the baseline values and the perturbed values of these three variables are
discussed below.
The sky radiator area directly affects the amount of free cooling that the system can provide. A larger radiator
area can generate more cooling but also implies a higher initial cost. In addition, practical constraints may apply
for the area of roof-integrated radiators because the existence of mechanical equipment, ventilation and roof access
infrastructure makes it unrealistic to cover the entire roof with the radiative panels. In the baseline mode, the sky
radiator is assumed to occupy 50% (i.e., 830 m2) of the roof area. Additional values studied for the parametric
analysis include 30% (498 m2), 40% (664 m2), 60% (996 m2), and 70% (1163 m2) of the roof area.
The cold-water storage tank plays an important role in the system as the mismatch (temporal or magnitude)
between radiative cooling capacity and space cooling load is common throughout the whole year. However, no
practical design guide was found to determine the optimal size of tank storage. Eicker and Dalibard (2011) used
a 1.2 m3 storage tank for a net-zero home with a radiator area of 38 m2. We simply scaled up the tank size following
the same storage tank volume to radiator area ratio (i.e., 1200 L/38 m2 = 31.6 L/m2), which ends up with a tank
volume of 26.2 m3 in the baseline model. In the parametric analysis, the tank size was perturbed to take 50%,
75%, 125%, and 150% of the baseline value, which has the storage tank volume to radiator area ratio of 15.8
L/m2, 23.7 L/m2, 39.4 L/m2, and 47.3 L/m2, respectively.
The cold-water flow rate was also explored in the parametric analysis to investigate its impact on system
performance. The baseline model had a cold-water flow rate at 26 kg/h per m2 of radiator area. In the parametric
analysis, the cold-water flow rate was perturbed to take 50%, 75%, 125%, and 150% of the baseline value, which
respectively corresponds to 13.0 kg/h, 19.5 kg/h, 32.5 kg/h, and 39.0 kg/h per m 2 of the radiator area.
Tab. 1 summarizes the parameter values used in the baseline design as well as 12 other parametric models. It
needs to be noted that in each run, a single variable was perturbed in the parametric analysis, relative to the
baseline. Multi-variable parametric analysis is left for future work.
Tab. 1: Simulation runs for parametric analysis

Run

% of roof area
used for radiator

Storage tank
volume to radiator
area ratio (L/m2)

Water flow rate to
radiator area ratio
(kg/h/m2)

1 (baseline)

50%

31.6

26.0

2

60%

31.6

26.0

3

70%

31.6

26.0

4

40%

31.6

26.0

5

30%

31.6

26.0

6

50%

15.8

26.0

7

50%

23.7

26.0

8

50%

39.4

26.0

9

50%

47.3

26.0

10

50%

31.6

13.0

11

50%

31.6

19.5

12

50%

31.6

32.5

13

50%

31.6

39.0

6. Simulation Results and discussion
All simulation runs shown in Table 1 were made for the location of Las Vegas, NV. Simulation results are
discussed below.
As Fig. 2 shows, the sky radiator provides cooling and thereby reduces the time needed to run the electric chiller.
Therefore, in comparison with the reference VAV system, the photonic radiative cooling system saves the
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electricity for cooling, saves the fan energy, but also introduces additional pump energy as needed by the hydronic
system. We will focus on the cooling electricity savings only because 1) fan energy savings is mainly due to the
use of DOAS, which is not exclusive to photonic radiative cooling; and 2) the pump energy is negligible in
comparison with cooling energy.
Fig. 6 shows the impact of sky radiator area on cooling electricity savings. The following can be seen from this
figure:
x Relative to the reference VAV system, the photonic radiative cooling system saved 42% cooling electricity
for the case of sky radiator occupying 50% of the roof area. The percentage of savings increased by 2% as
the roof area used for the sky radiator increased by every 10%.
x There is a linear relationship between the percentage of cooling electricity savings and the percentage of
roof area for radiative panels. Eq. 1 is the linear regression derived from the five sets of data with different
radiator areas.
PerClgElec=0.204*PerRA+0.317

(eq. 1)

Percentage of cooling electricity
saving relative to the VAV system

where, ܲ݁ ݈ܿ݁ܧ݈݃ܥݎis the percentage of cooling electricity savings of the photonic radiative cooling
system, and ܲ݁ ܣܴݎis the percentage of roof area used for radiative panels.
50%
45%

40%
y = 0.2043x + 0.3166
R² = 0.996

35%
30%
25%
20%
20%

40%

60%

80%

Percentage of roof area covered with radiative cooling panels

Fig. 6: Impact of radiator area on cooling electricity savings

Fig. 7 shows the impact of tank size on cooling electricity savings. This figure indicates that:
x Relative to the reference VAV system, the photonic radiative cooling system saved 42% cooling electricity
for the case of baseline design of the cold-water storage tank size. The percentage of savings increased to
42.7% and 43.3% if the tank volume to radiator area ratio (VAR, L/m2) was increased to 39.4 L/m2 and
47.3 L/m2. The percentage of savings decreased to 38.8% and 40.7% if the VAR was decreased to 15.8
L/m2 and 23.7 L/m2.
x The marginal benefit decreases with the increase of tank size. It is reasonable to expect that the cooling
electricity savings will reach to a peak at certain value of VAR, beyond which no marginal benefit can be
achieved.
x A quadratic correlation exists between the percentage of cooling electricity savings and the tank volume to
radiator area ratio. Eq. 2 is the regression derived from the five sets of data with different values of VAR.
PerClgElec=-0.00004*VAR2 + 0.0037*VAR+0.3394

(eq. 2)

Fig. 8 shows the impact of the water flow rate to radiator area ratio on cooling electricity savings. This figure
shows that:
x The percentage of cooling electricity savings increased from 42% to 44% if the water flow rate to radiator
area (FAR, kg/h/m2) was decreased from 26 kg/h/m2 for the baseline by half to 13 kg/h/m2. No evident
change of cooling electricity savings was observed if the FAR was increased from the baseline.
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x A quadratic correlation also exists between the percentage of cooling electricity savings and the water flow
rate to radiator area ratio. Eq. 3 is the regression derived from the five sets of data with different values of
FAR.

Percentage of cooling electricity
saving relative to the VAV system

PerClgElec=0.000005*F2 - 0.0036*FAR+0.475͵

(eq. 3)

50%
45%
40%

y = -4E-05x2 + 0.0037x + 0.3394
R² = 0.9971

35%
30%
25%

20%
12 15 18 21 24 27 30 33 36 39 42 45 48
Storage tank volume to radiator area ratio (L/m2)

Percentage of cooling electricity
saving relative to the VAV system

Fig. 7: Impact of storage tank volume to radiator area ratio on cooling electricity savings

50%
45%
40%
y = 6E-05x2 - 0.0036x + 0.4753
R² = 0.9731

35%
30%
25%

20%
12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Water flow rate to radiator area ratio (kg/h/m2)

Fig. 8: Impact of water flow rate to radiator area ratio on cooling electricity savings

The difference of cooling electricity savings is attributable to the capacity of radiative cooling relative to the
system cooling demand. As Fig. 2 shows, the water returned from radiant floors is cooled by the storage tank or
the air-cooled chiller. The tank cooling energy is from the radiative cooler, so it can be regarded as “free” energy.
For the photonic radiative cooling system, the percentage of free energy used to address the cooling load for each
month is illustrated in Fig. 9 and Fig. 10, respectively illustrating the impact of radiator area and storage tank
volume to radiator area ratio. The results for flow rate to radiator area ratio is not shown because of its minor
impact on cooling electricity.
Fig. 9 and Fig. 10 show the following:
x For both cases, the percentage of “free” cooling from the sky radiator was the lowest in the summer
months when there was a higher cooling load and a lower radiative cooling potential.
x As expected, the percentage of free radiative cooling increased with the sky radiator area (Fig. 9) and the
tank size (Fig. 10).
x The percentage of free radiative cooling is less sensitive to the tank size than to the radiator area. Over all
12 months, the average difference of cooling electricity savings is 14% by changing the sky radiator area
from 30% to 70% of roof area, while it is about 9% by changing the storage tank volume from 50% to
150% of its baseline design.
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Percentage of hydronic loop load
addressed by radiative cooling

x For the baseline model, the free cooling from the sky radiator is can satisfy more than 90% of the entire
building cooling load in January, February, March, November, and December. Such observation still holds
true when the sky radiator area is reduced down to 30% of the roof area.
100%
80%
60%
40%

20%
0%
1
30%Roof

2

3

4

40%Roof

5

6
7
Month

50%Roof

8

9

10 11 12

60%Roof

70%Roof

Percentage of hydronic loop load
addressed by radiative cooling

Fig. 9: Percentage of free cooling relative to radiator area
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Tank125%

10

11
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Fig. 10: Percentage of free cooling relative to tank volume to radiator area ratio

It needs to be noted that the electricity savings presented in this section should be interpreted as the outcome of
system change, instead of the photonic radiative cooler only. The technical report (Fernandez et al. 2015) can be
referred to for the benefits of the photonic radiative cooling system in comparison with other alternative systems
(e.g., hydronic radiant systems and nighttime radiative cooling systems). In addition, using the regression
equations to extrapolate results beyond the ranges investigated in this work may be questionable.

7. Conclusions
The photonic radiative cooling system has a great potential in building applications to save cooling electricity,
compared to typical VAV systems for office buildings. The detailed energy simulation showed that for a threefloor medium office building located in Las Vegas, a baseline design of the photonic radiative cooling system
with 50% of the roof area used for radiator and cold water storage tank sized at 31.6 L per m 2 of radiator area
saved 42% cooling electricity relative to the reference VAV system. Based on a parametric analysis for three key
design parameters, namely the radiator area, the storage tank volume to radiator area ratio (VAR), and the water
flow rate to radiator area ratio (FAR), the simulation results revealed that the percentage of cooling electricity
savings had a linear relationship with the radiator area, and a quadratic relationship with both VAR and FAR. The
percentage of savings increased by 2% as the roof area used for the sky radiator increased every 10%. The marginal
benefit decreased with the increase of storage tank volume to radiator area ratio. The cooling electricity savings
decreased by if the flow rate to radiator area ratio was increased from 13 kg/h/m 2 to 26 kg/h/m2, beyond which
there is no change of electricity savings. The percentage of free radiative cooling increased with the sky radiator
area and the tank size. The percentage of free radiative cooling is more sensitive to the radiator area than to the

1024

W. Wang / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

storage tank volume to radiator area.
Further investigation can be made for other variables such as the radiator orientation if standalone sky radiator is
used. Design optimization of multiple variables is also worth considering in future work.
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Abstract

In order to realize Nearly Zero Energy Buildings and make the existing building stock energy efficient, the
energy demand for heating and cooling and the electrical energy consumption needs to be reduced drastically.
The next step in the so-called Trias Energetica is the local production of renewable energy, both electricity and
thermal energy. A large (growing) part of the energy demand is related to hot water consumption. Here thermal
solar energy can play an important role. Therefore, development of easy to integrate and install, efficient
thermal solar systems is essential. Moreover, the main disadvantage of thermal solar energy systems, i.e. the
required south orientation on z tilted roof and the competition with PV systems needs to be tackled to increase
the applicability of such systems. In this paper the development of the Sunridge® system, a ridge integrated
solar domestic hot water system, is described. A tube in tube concept as SDHW is developed and is placed on
the ridge of the roof. The outer tube contains the spectral selective layer and the inner tube is the storage
volume, a transparent cover is placed as outer layer. Heat is transferred from the outer tube to the inner tube
by means of the effective boiling and condensation of water under low pressure between the two cylinders.
The system will be inherent safe for overheating and freezing. The performance and end user price target is to
be in the order of the price /performance of a standard SDHW system, nowadays on the market. The final
design for the system is ready and pre-production takes place. In 2018 the first systems will go to the market.
Keywords: Integrated collector system, Solar domestic hot water, system, ridge integrated solar energy system,

1. Introduction
In order to realize Nearly Zero Energy buildings not only renewable electricity has to be produced, but also
energy consumption needs to be reduced as well as renewable heat needs to be generated and used
effectively. The heat demand of existing and new buildings is about 1.5 to 3 times higher than the electricity
demand. A large part of the energy consumption in buildings is for space heating, space cooling and hot tap
water production. The yearly energy needed for hot tap water is about the same as the yearly electricity
demand for a household. In the next years the demand for electricity will increase, the demand for house
heating will decrease but the energy needed for hot tap water will increase (comfort!). Better insulation of the
buildings, energy efficient windows, and heat recovery results in a lower space heating demand in the
building. For the reduction of the energy consumption for hot tap water production, new high efficient
equipment such as HE gas burners and heat pumps offers possibilities, but still fossil energy is needed. For
hot tap water production, the solar domestic hot water system is a good alternative. Thermal solar energy
systems can reduce the heat demand and especially the heat demand for hot water production. However,
thermal solar energy systems have some draw backs. These are among others:
x
x
x
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x
x
x

the space needed in the house for the water tank.
an easy to integrate and install, efficient thermal solar system is under development.
aesthetics

These main disadvantages are tackled through the development of the Sunridge® system. This development
of a ridge integrated solar domestic hot water system, is in this paper further described. As ridge integrated
system, the Sunridge® system is truly orientation independent. The system under development is a tube in
tube concept placed on the ridge of the roof (see fig 1) . The ridge integrated solar energy system offers the
integration of a solar product at a place of the building (the ridge) which has a low attention factor
(aesthetics), is not in competition with other energy systems at that place, integrates also the water tank (no
extra space in the building needed), is scalable to fit the ridge length and the Sunridge® product deviates not
too much from ridge caps or upper roof tiles.
From street level the system is almost
invisible. For safety and health reasons the hot
water temperature should be higher than ca. 60
°C. So the energy consumption in the built
environment will be more and more
dominated by the energy needed for the hot
water production, at relative high temperature.
A typical SDHW system reduces the
conventional energy consumption by about
50%. Since the Sunridge® product will be
very well suited for especially the existing one
family buildings the market potential is huge
(approx. 120 million existing dwellings across
Europe are suited). The product is orientation
independent, suited for both tilted roofs and
flat roofs and modular adaptive to the length
Fig 1 Artist impression of the. Sunridge® system on the ridge of a
of the ridge. The calculated energy
dwelling.
performance for 3 modules is that more than
50% of the energy consumption needed for
hot water will be produced by the Sunridge® system. This performance will, of course, vary according to the
climate, the number of modules and the hot water consumption. Higher contribution (>75%) in the South of
Europe and lower contribution in the Northern countries of Europe (approx. 40%).

2. Technology of the Sunridge® system.
The Sunridge® product is a solar system in which the absorber for solar energy and the storage tank, for
the hot water, have been merged into one unit.(
see figure 2). The product consists of two tubes
whereby one tube is assembled into the other.
The inner tube is the container for (hot) tap
water. The outer tube (copper) will be provided
with a special layer with which the absorbed
solar energy is efficiently transferred into heat.
Water is placed in the space under low pressure
between the inner and outer tube in order to
transport the solar heat form the outer tube to the
inner tube. When the outer tube is heated by
solar energy, the water evaporates. The
evaporated water condenses at the inner tube and
Fig 2. Scheme of the Sunridge® system.
transfers in this way the heat from the outer tube
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to the inner tube. The condensed water drips of the inner tube and the whole process of evaporation and
condensing starts again. In case of absence of solar energy, the heat transfer from the inner tube to the outer
tube is only possible through radiation because the inner tube does not come direct into contact with water.
The inner tube serves as storage tank for the hot water. When the outer tube is heated, this water evaporates
and consequently condenses on the colder side of the inner tube. In this way the solar heat is efficiently
transported to the storage tank. Because the space between the inner and the outer tube is vacuumed, as a result
of which the storage tank works as a thermos flask.
In figure 3 the physical process, used in the modelling are shown. The solar irradiation passes the outer
transparent cover. For the largest part of the solar radiation
passes heats the first copper cylinder. heats the outer
surface of the outer tube. Heat losses are occurring due to
re-radiation and convection. The first cylinder is equipped
with the spectral selective layer. The radiation losses are
low due to the low emissivity of the layer. The space
between the tubes is under very low pressure enabling the
water to evaporate and condensate to the inner tube, filled
with tap water. In this way the solar heat is transferred to
the inner tube and heats the tap water storage tank.
The Sunridge® product is placed on the ridge of the
dwelling and placed in series of modules in order to reach
the required volume for storing the hot water. Dependent
on the number of modules connected the volume can go up
to 130 liters, for a typical Dutch one family house. Due to
the characteristic of the tubular SUnridge® system and the
placement of the system at the ridge of the roof, the system
performance is now almost independent of the orientation
Fig. 3 Energy flows in the Sunridge® System
of the dwelling. Another advantage of the integrated
system is the fact that in this concept an extra storage tank
for hot water is not needed inside the dwelling, but is integrated at the roof. In this way a large market for
SDHW systems now becomes available especially in refurbishment sector.

3. Experience with previous system
The first development of the Sunridge® system (Ekonok system) started some years ago. The
manufacturing of tube in tube construction with vacuum has been carried out successfully. The principle of
heat transport and diode function through the water/vapor under low pressure was tested and the performance
is designed. The long-term performance and durability of the system was demonstrated in a field test over
more than 10 years. After first market introduction, the market development stagnated at that time. The overall
system concept had some drawbacks. These were:
x Installing the system on the roof and the connection to the tap water circuits was too complex, due to
the connection of the modules connection under the roof.
x Deterioration of the transparent polymeric cover was going too quick
x The heat losses were high, for reasons of not having a spectral selective layer
x Industrial redesign of the system and production process was delayed
The system concept has been proven over the years. Therefor the redevelopment of the Sunridge system
started with the help of the InnoEnergy innovation project. In order to get a good starting point for this
development a module of the old system was tested at IREC.
In Figure 4 the calculated output of the DST test is presented. Under Dutch conditions the Sunridge system
(consisting of 3 elements) had a performance of 2.6 GJ based on 100 L/day from 10°C to 65°C, preheated by
the system, tested outdoors according to the DST test method in 2002. Since than the DST method is using
other climatic conditions and is using other testing parameters. Nowadays the performance would be in the
order of about 2.75 GJ.
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A module of the old system has been tested at IREC. In figure 4 is shown that the module produced in 2015
without spectral selective layer gives the performance comparable to the old system.
The new design of the Sunridge system is based on spectral selective layer and new other materials is opting
for 3. GJ for the Dutch conditions.

Fig 4. The output of the old Sunridge® system based on the DST test.

4. The Industrial Design.
As described in chapter 3 the old system had some drawbacks, reasons why parties in the market could not
enter the market well enough. Some developments were needed and at that point of time this investment could
not be made.
Since InnoEnergy (Knowledge Innovation Community of European Institute of Technology) started in
2010, a new vehicle became available supporting the further developments of products with a relative high
TRL(technology readiness level) level from about TRL=6. This opportunity was used to develop a KIC
InnoEnergy innovation project [1]. The Sunridge® product is since end 2014 under development to realize a
competitive product for the market by 2018. The following aspects are under development:
x improve the performance of the systems (higher solar absorption and lower heat losses);
x make an inherent safe product for overheating and freezing;
x an esthetic, simple and scalable ridge integration for new and existing dwellings;
x Easy to be installed by roofers and installers
x Robust and quick connection for the modules;
Furthermore, the goal of the development in this InnoEnergy innovation project is to develop the pilot
prototype production line, showing the manufacturing process at small scale, proving the realistic end price of
the system and showing the high performance under realistic conditions.
The program of requirements was made with the following main aspects:
x The product has to withstand all the tests according to the standard and internal Monier standards for
roofing product, such as wind, ventilation, hail, durability and safety.
x The product must be easy adaptable to different widths of the roof.
x Product should be easy to install by roofing companies
x Installation connections: only at one place of the roof connection through the roof for connection the
water pipes to the aux and mains water supply.
x Inherent safe overheating and freezing protection.
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Based on these requirements the industrial design of the Sunridge system was made, leading to the following
important systems parts to be further developed and tested. These are
x The transparent outer cover. The choice has been made to use glass tubes.
x Stainless steel as the material for the inner tank containing the drinking water. Copper as material for
the outer tank with water under very low pressure for the heat transfer between the outer and the inner
tube.
x Spectral selective layer applied on the outer copper tank.
x Supporting construction for quick installation between the ridge and the system, in the form of
dedicated aluminum profiles.
In the following figures 5 to 9 the results of the industrial design are showed.
Besides the solar and thermal performance, the durability, safety and ecological performance must be
excellent. And of course, last but not least the price performance ratio must be competing with normal solar
domestic hot water system.
The roofing company Monier is participant in this project and has the rights for the first market introduction.
For this reason, the systems overall performance and the integration in the roof should fulfill all the requirement
of the quality of products which are standard at Monier. For this reason, the durability and safety tests will be
performed by Monier in their roof testing Centre in Heusenstamm, Germany.

Fig 5. Spectral layer on copper tube

Fig 6. Mock-up of the Sunridge®

Fig 8. End cap for the module

Fig 7. Ridge profile, upper for the system,
under profile to the beam of the ridge
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Fig 9. Detail of the tube on
the aluminium profile

Fig 10. Inlet-outlet connection to the module
Spectral layer on copper tube

Fig 11. Connenction between the modules

5. Testing the new Sunrise system
In the spring 2017 one module for the Sunridge system consisting of the spectral selective layer and glass
transparent layer was delivered at IREC, for outdoor performance testing. In figure 12 the system placed at the
testing roof at IREC is shown.

Fig. 12. The Sunrise system at test facility at IREC( Taragona Spain)

During summer 2017 one module of the Sunridge system was tested. This module was 1.4 m long and had
a tap water content of 35 l.
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5.1

Performance testing

The system was tested according to the DST test method described in the EN 12976. The performance of
the new Sunridge module is compared to the old Econok system. Based on the test results obtained in summer
2017 the DST parameters were established. These parameters are used for the long term performance
calculations for various climatic conditions and tap water consumptions. In figure 13 the outcome of the new
module is presented and compared to the old module. The results shown are for one module. For typical one
family conditions about 3-4 modules will be used.

Fig. 13. Results from the DST test. Yearly energy output for one module for various climatic zones and
different daily hot water consumptions. Comparison between the old Eocnok module and the new Sunrise
module

From the testing the following conclusions for the Sunridge system under development were drawn,
incomparison to the previous (Ekonk) system:
x The DST model parameters points at lower storage losses
x The DST parameters point sat significant mixing during draw-off
x The performance increase is in the order of 10 to 25%
Based on the test results for only one module it is shown that the goal set for the performance improvement
of at least 10% for Dutch conditions is clearly met. Complete Sunrise® system, consisting of 3 modules,
will be demonstrated end 2017 and beginning 2018 in The Netherlands. Moreover, in April 2018 the solar
key mark testing for the complete system will start.
Based on the tests at IREC summer 2017 the design model of the system is validated. This design model is
a dedicated TRNSYS model for the Sunrise system. Moreover, a detailed model for the Sunrise system has
been developed at TNO. With this model the effective collector efficiency curve can be calculated. This
effective collector curve is used in the design model. W
With the design model the lay-out of the system can be calculated based on the climate and predicted hot
water consumption. The result is a predicted performance, energy savings and number of modules needed.
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5.2

Outdoor Shock test

As part of the testing at IREC, internal and external shock test have taken place and the stagnation temperature
has been characterized. These tests have been performed according to the
EN12975-2 standards.
The stagnation temperature measured for the system fully filled with
tap water reached a value of 63,4 °C. using the standard conditions of the
EN 12975-2 means that this a value is 67,7 °C.
The internal and external thermal shock tests were performed and the
results showed no damages or leakage. Moreover, the vapor pressure of
the vacuum space between the tubes showed no significant changes. At
the first external shock test significant condensation at the glass tube was
Fig. 14. Condensation after the first
detected visually (see fig 14).
external shock test.

5.3

Overheating and freezing test

As discussed in 5.2 the stagnation temperature of the system has been measured. In the case of long period
of absence (holiday) and high solar radiation the temperature in the tank of the Sunridge system can be very
high, even higher than 100 Ԩ. for this reason a well-known safety control will always be a part of the installed
installation.
Since the complete system is place outside freezing during winter conditions can occur. For this reason, the
Sunridge will be equipped with an electrical tracer. The typical vulnerable aspects in the design are in the inlet
and outlet tap water piping and the connecting pipes between the modules (see fig 14 and 15).

Fig. 15. Tracer on the connection pipe between the
modules

Fig. 16. Electrical tracer to the inlet and outlet pipe of the
module.

In a freezing cabinet at TNO the Sunridge system including the installed electrical tracers were tested
according the requirements of EN 12976-2. The complete system has to withstand an outdoor temperature of
-20°C during a period of 12 hours with a start temperature of the tap water of 5 °C In fig. 17 the test results are
shown.
The system was tested under -20°C for more than 30 hours. The temperatures of T203, T204 and T205 are
around 0°C, but the more critical temperatures of the connecting pipes are above 15°C. The temperatures T
deep and T shallow drop to a still safe level of slightly below 3°C.
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Fig. 17. Temperatures in the and around the Sunridge®water tank during the freeze testing

The conclusion from the test was that the Sunridge® system equipped with the electrical traces and the
clckon sensor placed on the right position, fulfills the EN12975-2 requirements with respect to withstanding
freezing.

5.4

Wind load design

The Sunridge® system is mounted on an
aluminum profile. This profile clicks in to a profile
that is connected to the ridge. The wooden beam
for the ridge is connected to the roof plates by
means of a number of clamps. Wind loads will
come on the glass tube of the Sunridge® system.
These forces will generate momentum to the roof.
The connection from the system to the roof plates
have to withstand severe wind loads. For this the
most severe conditions from the standards are
taken. In this case that is the British Standard for
wind loads on roofs. The glass tube is mounted on
the aluminum support profile. The profile is
screwed on the beam of the ridge. This is a new
wooden beam mounted with ridge batten holders
on the roof plates. A dedicated design has been
Fig 18. The aluminum profile connected to the beam and the clamp
for holding the wooden beam for connection to the roof plates.
made for the ridge batten because they form a
constructive unit with profiles. In order to with
stand the wind load, the place and thickness of the screws was calculated. Moreover, this was also carried out
for the clamps and ridge batten holder. Hereafter this was manually tested at the test roof set-up at Monier. A
first quite simple tests showed that the steel support for the beam were not strong enough. Redesign was
carried out and this ended up with thicker clamps. In figure 19 the testing of the system and forces are
shown.
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Fig. 19 Forces on the Sunridge system

6. .Production
An important aspect of the project is the cost price of the Sunrise® product. The cost price is among others
determined by the bill of materials, bill of labor and the production process.
The flow chart for the production process is developed. A very import step in the production is the welding
process of the end caps for the tubes with the tap water connections. Since the pressure between the copper
outer and stainless steel inner tube is very low, leakage can occur. For the welding process an excellent supplier
has been selected. The welding of the copper tube and the stainless steel tube is performed at a manufacturing
plant with an automated rolling and welding process. The next step is the welding of the end caps first to the
stainless-steel tanks. Here the connecting pipes for inlet and outlet tap water are welded to the caps.
Then stainless-steel end caps are welded to the copper tube with connecting water pipes through this end caps.
This welding of the end caps is a very critical production step. The welding has to be airtight since a very low
pressure between the tubes is needed for the working of the Sunridge® system.

Fig. 20: Industrially designed module complete with caps and the tap water connections between the modules.

In figure 20 the industrial design of a module is presented. In the figures 21-24
the welding process is shown.
The field demo modules are produced in March 2017. About 25 modules will
be produced. From this demo modules a number of about 15 modules will be
used for performance testing and testing as demo in the field. Other modules
will be used for risk assessment test at Monier test Center in Heusenstamm.
Based on the test results for the performance, installing in the demo, risk
assessment testing and other new information the final design will be made
during 2017/2018. This also will lead to a final production plan with bill of
materials and bill of labor. In the end the cost price will be determined. During
2018 first modules will be sold to the market through the channels of Monier.
Fig. 21 Welding of the copper tube.
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Fig.22. The end cap with tap water connection. Welding of copper
tube, stainless steel cap and copper water tube.

Fig.22. The longitudinal automatic welding machine.

7. Conclusions
In this paper the development of the ridge integrated solar water heating system, Sunridge® is described.
The Sunridge system consist of a number of modules coupled and placed on the ridge of the roof. With this
flexible design for the system, the solar energy contribution to the hot tap water can be tuned to the demand,
the climate and the dwelling. The energy performance of the ridge integrated system can be about 50% of
the energy demand for hot tap water and most important this is orientation independent. Moreover, the ridge
integration enables the roof of the dwelling being used for other purposes, such as photo voltaic panels and/or
roof windows.
The Sunridge system is a preheater for hot tap water with the tap water storage tank placed outside the
dwelling, on the roof. The design of the system enables an inherent safe product, easy to install and to connect
to the hot water system in the dwelling.
The industrial production process is designed in order to produce the system at high quality in a professional
way. The overall cost price including installing the system is expected to be competitive the standard solar
thermal domestic hot water systems. The production process can be up scaled to large numbers in a due time,
due to the modular set-up of the system and production. In 2018 the Sunridge® product will be introduced
in the market in The Netherlands.
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Abstract
High temperature is a challenging problem with all solar collectors that are using PV panels for electricity production.
Cooling of PV panels using traditional fluids become not effective as for the poor thermal properties of these fluids.
Dispersion of nanoparticles with different liquid was found to enhance the thermal properties of these liquids.
Nanofluids and Nano-Phase Change Materials (Nano-PCMs) were considered as promising solutions to enhance the
performance of PV/Thermal (PV/T) systems. Nanofluids can be used beneath the PV for cooling or above it for
optical filtration. In addition, Nano-PCM can be used beneath the PV for cooling and storage. In this study, an
analytical solution was developed to evaluate the effect of using nanofluid filtration and nano-PCM on the overall
performance of the PV/T solar collector. Four models were examined alternating between the presence and absence
of optical filtration and lower nano-PCM layer. Neglecting the storage side, it was found that without optical
filtration, presence of nano-PCM below the PV module decreases the overall efficiency (thermal + electrical) by
around 6.7%. In contrast, presence of optical filtration decreases this percentage to be less than 1%. Moreover, using
the optical filtration alone improves the overall efficiency by 6-12%.
Keywords: Nanofluid, PCM, PV/Thermal, PV cooling, Optical filteration

1. Introduction
Solar energy is considered one of the most promising sources of renewable energies that should be used efficiently
to be able to completely replace the fossil fuel energy very soon. Many devices are used for the collection process of
solar radiation. Hybrid Photovoltaic/Thermal collectors are found to combine the advantages of electrical and thermal
energy generation as well as solving the problem of performance degradation of PV cells because of high temperature
by cooling the PV panels. In this demand, many researches had been made alternating from changing the design of
the collector to using different cooling fluids to attain the highest possible overall efficiency.
Hussain et al. (2013) studied the efficiency of using honeycomb channels beneath the PV in enhancing the thermal
efficiency of hybrid PV/T collector cooled by air. They examined the enhancement under different flow rates. It was
found the thermal efficiency enhanced from 27% to 87% when using honeycomb channels with air mass flow rate
of 0.11 kg/s. Fudholi et al. (2014) investigated a study for different configurations of water cooled PV/T under
different mass flow rates and solar irradiation levels. Three different new absorber channels were proposed; web
flow absorber, direct flow absorber, and spiral flow absorber. They found that as the mass flow rate increases, the
PV temperature decreases and the electrical efficiency increases. Also, increasing the solar radiation level increases
the PV temperature and the generated electrical efficiency. They ended up with that the spiral flow absorber presented
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the highest overall performance at solar incident radiation of 800 W/m2, with overall, thermal, and electrical
efficiencies of 68.4, 54.6, and 13.8% respectively.
Nanofluids, which was first proposed by Choi and Eastman (1995), for enhancing the thermal properties of different
fluids were used for the cooling purposes of the PV module as well as collecting the large possible amount of heat
from solar radiation. Nanofluids were used in channels below the PV module (H Zhu and C Zhang, 2006; A Kasaeian
et al., 2015; W I.A.Aly, 2014) and were recently used to flow in the front of the PV module for optical filtration (N.
E. Hjerrild et al., 2016) beside the cooling objective. Vakili et al. (2016) examined the effect of using graphene
nanoplatelets in enhancing the heat transfer in solar collectors as it is dispersed in a deionized water as a base fluid.
The authors tried different concentration in weight fractions of 0.0005, 0.001, and 0.005, and different mass flow
rates of 0.0075, 0.015, and 0.225 kg/s. Maximum efficiency was obtained at mass flow rate of 0.015 kg/s and there
was an enhancement in the thermal efficiency with increasing the concentration of the nanoparticles. Hajjar et al.
(2014) proposed a study on the thermal conductivity enhancement as a result of using graphene oxide nanofluids.
Through all types of GO/water nanofluids, GO 5 had the best enhancement in thermal conductivity relative to that
of water (about 47.54% more than water at 40°C). In addition, regarding its optical properties, they examined high
absorptance for the graphene oxide nanofluid in the spectral range of solar radiation. Hassani et al. (2016a, 2016b)
used nanofluid as spectrally-selective material for the solar irradiation. They found that the nanofluid-optical filter
did not prevent solar radiation from reaching the PV panels, and at the same time, it gets the most benefit from the
solar thermal energy. Moreover, silver/water nanofluid was found to be better than only water, as water alone is not
capable of absorbing except the IR spectra.
As the solar radiation is not constant throughout the day and the need for the availability of energy in the night time,
it became necessary to have storage for the absorbed solar radiation. Phase Change Materials (PCMs) were found to
be the best storage idea with solar collectors, as it has very high capacity and it makes cooling as well. In contrast,
low thermal conductivity of PCM causes a resistance for heat transfer so dispersing some nanoparticles for
enhancement of thermal conductivity was proposed reaching the Nano-PCMs concept. Colla et al. (2017) discussed
the feasibility of using alumina and carbon black nanoparticles with pure paraffin waxes PCM. Two PCM materials
were examined (RT20 and RT25) with the addition of nanoparticles (Carbon black and Aluminum oxide). They
ended up with that the addition of alumina can make an enhancement in the latent heat while CB will be able to make
an enhancement in the thermal conductivity that is required. Su et al. (2017) investigated a comparative study on the
benefits behind using PCM in cooling the hybrid PV/T solar collectors. The effect of PCM position relative to the
cooling channels on the surface temperature, outlet temperature and the efficiencies were studied as well as the effect
of the thickness of the PCM layer. It was found that putting the PCM on the upper side of the duct with 3 cm thickness
gives higher overall efficiency.
The current paper studies the effect of existence of optical filtration above the PV and PCM beneath the PV in
enhancing the overall efficiency of the PV/T solar collector by studying four different models alternating between
existence and absence of optical filtration and PCM layer. It was found that existence of optical filtration above the
PV and absence of PCM layer beneath the PV will result in the best performance.

2. Method:
The analytical equations governing the energy transfer through the PV/T were developed. These equations included
all the physical, optical, thermal, and electrical contributions of the system. A systematic study for the governing
equations was studied under reasonable assumptions to examine the thermal and electrical performance of the PV/T
under different configurations.

2.1.

The physical model:

In this part, the physical descriptions of the different provided configurations (M-1 to M-4) are discussed. Model-1
consists of one PV module, one thermal unit below the PV for the cooling purposes at which water/graphene
nanofluid is used, and one thermal above the PV for the optical filtration purposes at which water/silver is used. Also,
single PCM layer under the PV with graphene nanoparticles for storage and cooling as well. Model-2 is the same as
Model-1 but without nano-PCM layer at the bottom of PV. Model-3 is slightly different from Model-1 that the optical
filtration was removed and a vacuum channel was added at the bottom of the cooling channels. Model-4 is exactly
like Model-3 but also without using nano-PCM layer at the bottom of the PV panels. Figure 1 shows schematic
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diagrams for the proposed designs for the PV/T solar collector.

(a)

M-1

(b)

M-2

(c)

M-3

(d)

M-4

Figure 1 Numerical solution models

2.2.

Working principles of PV/T configurations:

Figure 1-(a) shows the configuration of the first model M-1. In M-1, the incident solar radiation reaches the PV cells
after passing through the first cover glass, then through the optical filtration fluid channel through. The optical
filtration fluid is responsible for allowing the solar radiation within the useful spectral range for electricity production
only to pass through. The nano-PCM layer at the bottom of the PV is responsible for storing heat as well as
transferring heat to the cooling fluid beneath the PV module. Nanoparticles were added to the PCM layer to enhance
its thermal conductivity. It was guessed that the nano-PCM layer may resist the heat transfer to the cooling fluid and
that’s why it was removed in M-2. In Model-3, the optical filtration was removed totally and the solar radiation
reached the PV cells directly. In M-4 the nano-PCM layer was also removed.

2.3.

Mathematical model:

The simple general numerical models presented later were used to evaluate the performance of the PV/T collector
through the calculation of the different temperatures, thermal, and electrical efficiencies using previously calculated
optical and thermal properties. Table 1 shows the governing equations for the four proposed models. The assumptions
that were used in this study are listed in Table 2. In addition, the technical data of the proposed models are available
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at Table 3. The optical properties for the optical filter were taken from literature [10,11]. Table 4 summarize the
thermal and rheological properties of the main substances used in the models.

Table 1 Governing equations for the proposed Models

M- #

Balance

Governing Equations

Glass cover

ߙ  ܩൌ ݄ି ൫ܶ െ ܶ ൯  ݄ି ൫ܶ െ ܶത ൯

Optical fluid
PV panel

1

Back plate
Plate 1
Cooling fluid

߬ ߙ  ܩൌ ݄ି ൫ܶത െ ܶ ൯  ݄ି௩ ൫ܶത െ ܶ௩ ൯ 

݉



 ܿ

(eq. 1)
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ܮ
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(eq. 3)
(eq. 4)
(eq. 5)
(eq. 6)

Insulation
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Efficiency
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Optical fluid
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Equation no.
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Efficiency
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Plate 1
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Efficiency
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(eq. 26)
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Insulation

݄ǡିூ ൫ܶ െ ܶூ ൯ ൌ ݄ூି ሺܶூ െ ܶ ሻ

(eq. 27)

Efficiency

ᢡ ൌ ᢡ ൣͳ െ ߚ ሺܶ െ ܶ ሻ൧

(eq. 28)

Table 2 Assumptions considered in the present study

Assumptions
1

Steady state

2

Normal incident radiation

3

Radiation losses from glass cover or insulation to atmosphere were neglected

4

Very thin glass covers, plates, and insulation so conduction was neglected

5

Working fluid is flowing through a rectangular channel

6

Heat transfer was only considered in one dimension

7

All fluids remain liquids through the operation of the system

8

Thermal properties were calculated at an average temperature of 30°C

9

Negligible pumping power due to very low mass flow rate

10

Reference electrical efficiency of 12%

Table 3 Technical design data of the different solar collectors investigated in the present study

Item

Specifications

Glass cover-1

߬ ൌ ͲǤͻ
ߙ ൌ ͲǤͲͷ

M-1

M-2

M-3

M-4

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

Nanofluid, water/silver [11]
Optical filter

߬ ൌ ͲǤʹ
ߙ ൌ ͲǤ͵ͺ

Glass cover-2
PV cell

߬ ൌ ͲǤͻ
ߙ ൌ ͲǤͲͷ
Multi-crystalline
ߙ ൌ ͲǤͻͶͷ

Back-plate
Nano-PCM

PCM/graphene

Plate-1

√

√

√

√

Working fluid

Nanofluid, water/graphene

√

√

√

√

Plate-2

ߝ ൌ ͲǤͻ

√

√

√

√

√

√

√

√

Vacuum
Insulation

√

√

Table 4 Thermal and rheological properties

Substance/Property

1042

k

μ
-6

Air

0.026424

18.718×10

Water

0.615504

0.000797345

ρ

Cp

1.165285

1007.22

995.65

4180.02

PCM

0.195

0.01145

820

2500

Graphene

5000

-

1000

15

Silver

429

-

10500

235
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2.4.

Thermal and rheological properties of nanofluids and nano-PCM:

The equivalent thermal properties for the nanofluids and nano-PCM were calculated based on the formulas that are
available in the literature.
Thermal conductivity:
݇ ൌ 

 ାଶ ିଶ൫ ି ൯
 ାଶ ା൫ ି ൯

൨ ݇ 

(eq. 29)

Dynamic viscosity:
ଵ

ߤ ൌ ሺଵିሻమǤఱ ߤ 

(eq. 30)

Density:
ߩ ൌ ߩ  ሺͳ െ ሻߩ

(eq. 31)

Specific heat:
൫ߩܿ ൯ ൌ ൫ߩܿ ൯  ሺͳ െ ሻ൫ߩܿ ൯

(eq. 32)

Table 5 shows the thermal and rheological properties of the nanofluids and nano-PCM used in the present study.

Table 5 Properties of Nanofluids and nano-PCM



μ

ρ

cp

k

Optical filter

0.001

0.0008

1005.1543

4138.8

0.61734

Working fluid

0.001

0.0008

995.65

4175.855

0.61735

Nano-PCM

0.001

-

820.18

-

0.19558

2.5.

Temperature distribution::

In the current section, the equations describing the temperature distribution throughout the optical filtration and
cooling nanofluids used with M-1 were formulated. The energy equations that communicate between the fluids
temperatures and its surroundings were used.
The working fluid:
From eq. 6:
݄ି ൫ܶ െ ܶത ൯ ൌ ݄ିூ ൫ܶത െ ܶூ ൯ 

݉  ܿ ݀ܶ

ܮ
݀ݔଶ

By rearranging,



ௗ்
ௗ௫మ

ൌ

ൣ݄ି ൫ܶ െ ܶ ൯ െ ݄ିூ ൫ܶ െ ܶூ ൯൧

݀ܶ
ܮ
ൌ 
ൣ݄
ܶ  ݄ିூ ܶூ െ ܶ ൫݄ି  ݄ିூ ൯൧
݀ݔଶ
݉  ܿ ି 

Take  ܣൌ



  


  

൫݄ି ܶ  ݄ିூ ܶூ ൯,  ܤൌ


  

൫݄ି  ݄ିூ ൯

݀ܶ
ൌ  ܣെ ܶܤ
݀ݔଶ
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்ǡೣమ

න
்ǡ

௫మ
݀ܶ
ൌ න ݀ݔଶ
 ܣെ ܶܤ









ܶ  ሺݔଶ ሻ ൌ െ ቂ െ ܶǡ ቃ ݁ݔሺെݔܤଶ ሻ








(eq. 33)

ܶ ሺܹሻ ൌ െ ቂ െ ܶǡ ቃ ݁ݔሺെܹܤሻ
ܶത ൌ

(eq. 34)

ͳ ௐ
ͳ ௐ ܣ
ܣ
න ܶ ሺݔଶ ሻ݀ݔଶ ൌ න  െ  െ ܶǡ ൨ ݁ݔሺെݔܤଶ ሻ൨ ݀ݔଶ
ܹ 
ܹ  ܤ
ܤ


ܶ ത ൌ െ

ଵ
మ ௐ



ൣ ܣെ ܶܤǡ ൧ሾ݁ݔሺെܹܤሻ െ ͳሿ

(eq. 35)

The optical filter channel:
From eq. 2:
߬ ߙ  ܩൌ ݄ି ൫ܶത െ ܶ ൯  ݄ି௩ ൫ܶത െ ܶ௩ ൯ 

݉  ܿ ݀ܶ

ܹ
݀ݔଵ

By rearranging,



ௗ்

ൌ

ௗ௫భ

ௐ

ൣ߬ ߙ  ܩെ ݄ି ൫ܶ െ ܶ ൯ െ ݄ି௩ ൫ܶ െ ܶ௩ ൯൧

  

݀ܶ
ܹ
ൌ 
ൣ߬ ߙ  ܩ ݄ି ܶ  ݄ି௩ ܶ௩ െ ܶ ൫݄ି  ݄ି௩ ൯൧
݀ݔଵ
݉  ܿ  

Take  ܥൌ

ௐ
  

ൣ߬ ߙ  ܩ ݄ି ܶ  ݄ି௩ ܶ௩ ൧,  ܦൌ

ௐ
  

൫݄ି  ݄ି௩ ൯

݀ܶ
ൌ  ܥെ ܶܦ
݀ݔଵ



்ǡೣభ

න
்ǡ

௫భ
݀ܶ
ൌ න ݀ݔଵ
 ܥെ ܶܦ


ܶ  ሺݔଵ ሻ ൌ
ܶ ሺܮሻ ൌ
ܶത ൌ









െ ቂ െ ܶǡ ቃ ݁ݔሺെݔܦଵ ሻ

(eq. 36)





െ ቂ െ ܶǡ ቃ ݁ݔሺെܮܦሻ

(eq. 37)



ͳ 
ͳ  ܥ
ܥ
න ܶ ሺݔଵ ሻ݀ݔଵ ൌ න  െ  െ ܶǡ ൨ ݁ݔሺെݔܦଵ ሻ൨ ݀ݔଵ
 ܮ
 ܮ ܦ
ܦ

ܶ ത ൌ




െ

ଵ
మ 

ൣ ܥെ ܶܦǡ ൧ሾ݁ݔሺെܮܦሻ െ ͳሿ

(eq. 38)

Table 6 Reference values used
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L (cm)

103.5

Twf, in (K)

298

W (cm)

100

Tof, in (K)

298

Lc (cm)

100

Vam (m/s)

1

ο࢚ࡼࡹ (cm)

0.5

mo (kg/s)

0.0104

Working fluid channel width (cm)

4

ɳref (%)

12

Optical filter channel width (cm)

2

β

0.0045

Tam (K)

298

A.S. Abd-Elrazik / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

2.6.

Calculation of heat transfer coefficients for M-1:

For flow over flat plate surfaces, ܰ ݑൌ ͲǤͺܴ݁

ଵൗ
ଵ
ଷ ܲ ݎൗଶ ,

ܴ݁ ൌ

Using the properties of air mentioned before and that ݄ ൌ

ఘ௩
ఓ

ቚ

, ܲ ݎൌ


ఓ


ቚ



ே௨ೌ


݄ି ൌ ݄ூି ൌ ͷǤͲͷܹȀ݉Ǥ ܭ

For internal laminar flow with constant heat flux inside rectangular channels, and with height to width>8, Nu=8.24,
Then for the optical filter fluid, ݄ ൌ

ே௨
ǡ

With Dh, of = 3.92 cm, and the properties of the optical filter nanofluid,
݄ଵି ൌ ݄ଶି ൌ ݄ଶିᇲ ൌ ݄ூିᇲ ൌ ͳʹͻǤͳͷ ܹ Τ݉Ǥ ܭ
And for the working fluid, ݄ ൌ

ே௨ೢ
ǡೢ

With Dh, wf = 7.69 cm, and the properties of the working fluid nanofluid,
݄ଵି௪ ൌ ݄ଶି௪ ൌ Ǥͳ͵ ܹ Τ݉Ǥ ܭ

3. Analytical results and discussion
The governing equations were solved separately for each model and the results are shown in Figure 2, Figure 3,
Figure 4, and
Figure 5. In addition, the results for solving the governing equations for conventional PV
module were also discussed.
Studying the effect of existence of optical filtration, a comparison were held between the performance of models 1
and 2 versus that for models 3 and 4, it can be seen clearly that the existence of the optical filtration helped in
enhancing the overall performance of the PV/T system. Comparing the models with optical filtration to the models
without optical filtration, it was found that the PV temperature has decreased by 16-27.6 ˚C (Figure 2), electrical
efficiency increased by 0.87-1.49% (Figure 3), and thermal efficiency increased by 11.7-17.4% (Figure 4).
The effect of the existence of the nano-PCM layer below the PV module can be distinguished by comparing the
performance of M-1 with M-2 and M-3 with M-4. It was found that treating the nano-PCM on its thermal conductivity
and neglecting its storage effects will end up with the result that existence of nano-PCM will decrease the
performance due to low thermal conductivity and as a result resistance to heat transfer from the bottom side of the
PV to the cooling fluid. Figure 2 to
Figure 5 show that the effect of nano-PCM existence is not significant
in the models that deal with optical filtration fluid; M-1 and M-2, M-3. In contrast, the effect of existence of nanoPCM layer in resisting the heat flow is very clear when comparing the performance of M-3 to M-4.
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350

341.7

339.6

T CELL (K)

340

Conv. PV
325.7

330
320

312

310

M-1
M-2

309.7

M-3
M-4

300

290
Figure 2 PV cell temperature for different models

11.24%

12%
10%

11.37%
9.75%

9.64%

10.50%
Conv. PV
M-1

ɳC

8%

M-2

6%

M-3

4%

M-4

2%
0%
Figure 3 Electrical efficiency for different models

100
79.01

ɳTH (%)

80

78.94
61.21

60

67.23

Conv. PV
M-1
M-2

40

M-3
M-4

20
0

0.00

Figure 4 Thermal efficiency for different configurations

100

90.25

90
80

70.96

70
ɳTOT (%)

90.31
77.73

60

M-1

50

M-2

40

M-3

30
20
10

M-4
9.64

0
Figure 5 Total efficiency for different configurations
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4. Conclusions
In the current paper, an analytical solution based on steady state assumption was developed. Four different models
of hybrid PV/T solar systems studying the effect of optical filtration and nano-PCM technologies were studied. The
governing energy equations for the heat transfer throughout the four models were solved to evaluate the solar
utilization performance. From the discussion of the results, different conclusions were attained and can be
summarized in:
x

Using optical filtration is highly beneficial in enhancing the overall performance of PV/T systems.

x

Neglecting the storage effect of the nano-PCM, existence of nano-PCM layer below the PV cells resists heat
transfer to working fluid and thus increase the temperature of PV cells and decrease the performance of
PV/T.

5. Additional work:
x

Considering the honeycomb channels during analysis should end up with more enhancement in the
performance of the PV/T.

x

Using only one channel for optical filtration may increase or decrease the performance, so it needs to be
studied.
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Abstract
This work, performed in the context of the LowUP H2020 European project, presents a modelling approach
for innovative renewable technology consisting of a hybrid solar photovoltaic-thermal (PV/T) collector
system that includes Phase Change Material in its back layer. The whole model is described focusing on the
mathematical representation of the PCM layer and its associated non-linear behaviour. Main modelling
assumptions are based on an energy balance for the PCM and a simple representation of the phase change
process through the parametrization of the h-T curve. The thermal resistance between the absorber and the
PCM layer is identified as a key model parameter, and its influence is demonstrated in a preliminary
simulation analysis of different designs. Thus, the model developed within this work provides interesting for
integration into energy simulations, enabling contributions to the design and smart operation of sustainable
heating and power systems.
Keywords: PV/T solar panels, Phase Change Materials (PCM), mathematical model, TRNSYS

1. Introduction
Hybrid PV/T solar collectors have been widely studied and developed in the past years (Chow 2010, IEASHC 2005). They increase global system’s efficiency and enables that the amount of low-grade heat
dissipated by PV cells (that will be otherwise rejected to the ambient) can be used to meet thermal energy
demands (DHW or space heating) through the application of low exergy concepts in heating facilities.
Indeed, this idea is being investigated within the LowUP European project (LowUP 2017), aimed at
integrating different low-grade energy sources for innovative, efficient heating solutions.
LowUP works to improve the design and operating performance of this technology, particularly addressing
the demonstration of a novel PV/T system that includes a Phase Change Material (PCM) in the back layer of
the panels. Positive effects of the hybrid PV/T concept are expected to be enhanced. PCM will act as a
thermal storage able to limit the operating cell temperature (increasing the electrical efficiency). Besides, it
can be able to extend the availability of the thermal resource beyond the periods of relevant solar radiation at
the end of the day.
The particular purpose of this work is to present a mathematical model for this PV/T-PCM innovative
configuration. So far, some references from literature address the use of PCM to cool down PV cells and
improve their efficiency (Smith et al. 2014). However, very little experience on the proposed hybrid PV/TPCM concept has been previously reported (Browne et al. 2015) and no existing specific models are known.
The proposed model will facilitate the estimation of systems’ behaviour and help the design process for later
implementation.

2. Description of the modelling approach
The selected modelling approach for the PV/T-PCM panel intends to account for the original PV/T geometry
together with those modifications involved by the PCM layer. To this end, TRNSYS Type560 (TESS 2012)
was used as the basis to account for hybrid PV/T characteristics and a self-developed PCM layer model was
integrated with consistent modifications on several parameters and the original back insulation.

2.1 PV/T reference model
Type560 PV/T thermal model relies on algorithms from the classic work by Duffie and Beckmann (2013)

 
       
  !"  # $  "%  % &''
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and is based on the following main considerations:
x

Linear relation between PV efficiency (ηPV), cell temperature (T PV) and incident solar radiation (GT)
ߟ ൌ ߟ ்߯ ߯ீ ൌ ߟ ቀͳ  ்݂݂݁ ൫ܶ െ ܶ ൯ቁ ቀͳ  ݂݂݁ீ ൫ ்ܩെ ܩ ൯ቁ (eq.1)
where effT and effG are constant factors.
PV cells are assumed to be operating at their maximum power condition.
Energy balance equation for the PV cell surface neglecting conduction effects along the surface
Classical considerations on absorbed solar radiation based on transmittance, absorptance and incident
angles.
Energy balance equation for the absorber surface, which is addressed as a classical fin problem to derive
absorber plate temperature distribution
Energy balance equation to the base area of the absorber in contact with the fluid tubes (see Figure 1)

x
x
x
x
x

a.

b.

Figure 1. . (a) Schematic solar panel configuration and (b) relevant component definitions for TRNSYS Type560 PV/T model
Source: (TESS 2012)

This mathematical representation allows deriving the temperature values of the different PV/T components
as well as relevant output variables (both thermal and electrical). Yet, the current model does not account for
the possibility of including the PCM, which requires the integration of a completely new layer with nonlinear behaviour.

2.2 PCM modelling and integration
The novel PV/T-PCM system implies that the back layer (adjacent to the absorber plate) is now able to store
the dissipated heat while keeping constant temperature along the phase change process. Back surface is still
considered to be in contact with ambient temperature. The existence of this PCM layer involves a non-linear
behaviour that cannot be modelled with a simple additional thermal resistance. Therefore, this work proposes
a simple model that treats the PCM layer as a thermal storage with homogeneous temperature and is based on
the energy balance equation and a simple parametrization of the enthalpy-temperature (h-T) behaviour of the
Phase Change Material.
PCM temperature is affected by the heat transfer received from the collector, and simultaneously this
temperature (as a boundary condition for the PV/T collector) influences the aforementioned heat transfer.
Based on this, the energy balance to the PCM ‘storage’ layer provides its energy content at every timestep.
ܧାଵ ൌ ܧ  ο ݐ ൫ܳሶȀ்ǡ െ ܳሶ௦௦ǡ ൯

(eq.2)

Then, from the h-T curve of the material and the energy content, the PCM layer temperature is obtained. The
parametrization of this h-T behaviour is described next. Figure 2 represents the h-T curves corresponding to
different real heating and cooling processes of a given PCM (Belmonte et al. 2016). Although an idealized
thermal behaviour with constant melting temperature is often considered when analysing Phase Change
Materials, deviations associated to three main different effects can be observed:
x
x
x
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Variable temperature along the phase change process (temperature range)
Different h-T curves (within the phase change range) for cooling and heating evolutions (i.e. hysteresis
effects)
Sub-cooling effects that makes the PCM requiring to achieve colder temperatures than the ‘normal’
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melting temperature range in order to start solidification (therefore, once the freezing process starts, the
temperature increases slightly).

deltaH_melt

The present PCM model defines 3 parameters: melting temperature (T melt), melting range (rangePCM) and
melting hysteresis (hystPCM), which allows accounting for most of common h-T behaviours with reasonable
accuracy (see Figure 2). Sub-cooling effects are neglected by this model.

hyst_PCM range_PCM
range_P
T_melt

Figure 2. h-T behaviour of a particular PCM
M (Source: Belmonte et al. 2016) and definition of related model parameters

The PCM layer model was developed in C++ and integrated in the corresponding new TRNSYS type
(Type261). Model inputs and outputs (required to connect the new type to other modelling components) as
well as internal model parameters are collected in Table 1.
Table 1. Inputs, outputs and internal parameters for the PCM layer model

Model Inputs
T_ini_PCM

Initial temperature of the PCM

A_coll

Area of collector surface

ePCM

Thickness of the PCM layer

Q_PVT

Heat transfer from the absorber to the PCM layer

T_ext

External (ambient) temperature

Model Outputs
T_PCM

Temperature of the PCM layer

E_PCM

Energy level of the PCM layer

Q_loss

Heat transfer losses from the back surface of the PCM layer

f

Melted fraction of PCM (0 = completely solid; 1 = completely liquid)

Internal Parameters
U_loss

Overall heat transfer coefficient from the PCM layer to the ambient temperature (including
insulation and convective/radiant external thermal resistance)

Rho_PCM_liq

Density of the PCM liquid phase

Rho_PCM_sol

Density of the PCM solid phase

Cp_PCM_liq

Specific heat capacity of the PCM liquid phase

Cp_PCM_sol

Specific heat capacity of the PCM solid phase

T_melt

Melting temperature of the PCM

deltaH_melt

Specific enthalpy

Range_PCM

Characteristic temperature range for the phase change process (see Figure 2)

Hyst_PCM

Characteristic temperature hysteresis for the phase change process (see Figure 2)
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Finally, in order to enable the integration of the proposed model, the thermal resistance of the Type560’s
back layer was modified and new connections between both TRNSYS components (560 for PV/T and 261
for PCM) were defined:
x
x

PCM temperature is given to the PV/T model as the back surface environment boundary condition.
Heat transfer through the PV/T back surface is given to the PCM model as an input.

It should be remarked that the thermal resistance between the absorber and the PCM layer is one of the key
parameters of the proposed model. Theoretical derivation of this parameter is not evident, so its value should
be calibrated with experimental data from manufacturer tests or real operation monitoring data.

3. Results and discussion
To explore the behaviour of the proposed modelling approach and demonstrate the influence of the abovementioned thermal resistance some simulations were conducted for the first week of January in Seville
(Spain). The TRNSYS simulation setup showed in Figure 3 was devised based on the following conditions
and simulation hypotheses:
x

Two solar systems with the same dimensions and configuration, except the back layer : PV/T panel with
conventional back insulation, and PV/T panel with integrated PCM layer (3 cm-thick)

x

PCM melting temperature of 30 ºC.

x

Ideal energy demands able to return 25 ºC to the panels.

x

Simple control strategy with pump operation turned on if minimum solar radiation is available or if
outlet water temperature above 25 ºC can be achieved (even without solar radiation).

Figure 3. TRNSYS simulation setup for PV/T-PCM model analysis

A preliminary sensitivity analysis was done by modifying the thermal resistance (R) between the absorber
and the PCM layer in the PV/T-PCM system: a) R = 0.07 m2·K·W-1, b) R= 0.0007 m2·K·W-1 and c) R=
0.00007 m2·K·W-1. Figure 4 shows the obtained results.
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a.

b.

c.
Legend:
Left axis – Temperatures (ºC):
T_ext (red), T_PCM (dark blue), Tfluid,out_wPCM (pink), Tfluid,out_woPCM (green), Tfluid,in_wPCM (orange), Tfluid,in_woPCM (light blue)
Right axis – Mass flow rates (kg/h):
m_woPCM (dark green), m_wPCM (purple)

Figure 4. Temperature evolutions for PV/T system with and without PCM considering different values of the characteristic
thermal resistance between the absorber and PCM layer (R in m2·K·W-1): (a) R = 0.07, (b) R= 0.0007, (c) R= 0.00007
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One can observe clearly different behaviours of the PCM and fluid outlet temperatures depending on the Rvalues. If the R-value is high enough, the model reflects a decoupling effect between the thermal responses
of the fluid and the PCM layer. In such case, the PV/T-PCM behaviour is very similar to the original PV/T
system.
However, as the considered R-value is reduced, the PCM layer plays a relevant role in the overall thermal
behaviour of the panel. The PCM layer absorbs enough heat from the PV/T configuration to reach its melting
point. Then, less heat transfer to the fluid takes place and the outlet fluid temperature is clearly lower than
that from the PV/T system.
Additionally, at the end of the day that heat stored into the PCM layer enables panel temperatures to decrease
slowly and daily system operation to be extended beyond the solar radiation availability schedule. It is
difficult to say how close to the first or the second option will be. Then, within the proposed model, the Rvalue will be a characteristic parameter of a given PV/T-PCM panel product that requires to be calibrated
with experimental data.

4. Conclusions
This work presented the development of a mathematical model for innovative renewable technology
consisting of a hybrid photovoltaic-thermal (PV/T) solar panel integrating a PCM-based thermal storage in
its rear side. This simple approach, with a few input parameters, provides interesting potential for integration
into energy simulations, enabling contributions to the design and smart operation of sustainable heating and
power systems.
The key point of the proposed model is the definition of a simple representation for the h-T behavior of the
PCM in the phase change temperature range. Then, a reasoned integration of the PCM behavior together with
heat transfer from the PV/T system was analyzed in terms of a characteristic thermal resistance.
Moreover, a calibration procedure was envisaged focusing on the adjustment of this thermal resistance
allowing to model different PV/T-PCM systems with different designs of the coupling between the absorber
(heat recovery component) and the PCM layer.
Finally, it should be noted that this model is the result of tasks developed within the LowUP European
project and detailed validation of the obtained results will be accomplished in the very next steps of the
project based on actual monitoring data.
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7. Nomenclature and symbols
Table 2. List of symbols (not detailed along the text)

Magnitude

Symbol

Units

Enthalpy

h

J/kg

Temperature

T

C

Efficiency

η

Dimensionless

Efficiency modifier group

χ

Dimensionless

Efficiency modifier constant

eff

C-1

Solar irradiation

G

W/m2

Energy

E

J

Table 3. List of sub-indexes (not detailed along the text)

Sub-index

Meaning

i

Time instant ‘i’

G

Solar radiation

loss

Back heat losses

PV

Photovoltaic panel

PV/T

Photovoltaic-thermal panel

nom

Nominal

ref

Reference

T

Cell temperature
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Abstract
To understand specific performance characteristics of a flat photovoltaic thermal (PV/T) module, a general simplified
model (1D) has been performed, leading to an exponential equation for output temperature when weather and input
fluid characteristics are known. To validate the model, a unique parametrical experimental validation was performed
and is the focus of this paper. The present work includes nine prototypes built and monitored with the normative
Solar Keymark approach.
The model exhibit a good fit with the experimental results. This conclusion has to be confirmed for future prototypes
based on a polymeric heat exchanger.
Keywords: Photovoltaic thermal (PV/T) collector; Experimental validation; Energy performance

1. PV/T context and propose of the work
Since 2015, solar power is the number one energy source in terms of new capacities of electricity production ahead
of coal, and the IEA published in Renewable 2017 (Renewable 2017, IEA) that the share of renewables for electrical
needs will be 30% in 2022.
UNEP estimates that the buildings sector represent 30% of total energy consumption in the world (Global Status
Report 2016, UNEP). Photovoltaics (PV) on buildings is ineluctable and the European Energy Performance of
Buildings Directive requires all new buildings to be Nearly Zero-Energy (NZEBs) by the end of 2020. This directive
is one of the political initiatives that gives a frame for its massive development.
But heat will certainly be the issue of the 21st century for Buildings. Almost 80% of energy demand in the buildings
sector is for heat according to the IEA’s article (Renewable energy’s next frontier: heat, 6/12/2016).
Even with a strongly insulated building, the need for domestic hot water (DHW) is still here, and the space on the
buildings’ rooftops is not infinite. That is why the “2-in-1” PV/T technology a key solution to meeting energy needs
of highly energy-efficient buildings. PV/T modules enable to produce DHW and photovoltaic with the same module,
and make buildings more and more autonomous in heat and electricity using solar power.
Additionally, building-integrated PV (BIPV) may lead to a decrease in electrical performance of photovoltaic cells
due to an increase in operating cell temperature (0.5%/K for mono-crystalline technology). In this context, the design
of hybrid Photovoltaic-Thermal (PV-T) collectors, which recover wasted heat from the photovoltaic panel and in
effect reduce cell temperature, offer an innovative solution for BIPV.
A review of PV/T technologies has been done by Zhang et al. (2012) and Good et al. (2015). The DualSun PV/T
module in the study (Fig. 1) is based on the unglazed flat-plate liquid design described in these reviews. It has 60
monocrystalline cells for a nominal power of 250 Wp (PV) and 912Wth (Thermal).
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Fig. 1: DualSun PV/T module, 60 cells 250Wp, direct lamination of a stainless steel heat exchanger 912Wth

As reported by Zondag, H.A., 2008 in his review on flat-plate PV-T collectors, one key point for the development of
PV-T collectors concerns the heat transfer between PV cells and fluid. That is why DualSun focused during their
PV/T module developments on heat transfer between PV cells and fluid. Thermal resistance has been minimized by
direct lamination of the specific heat exchanger. Direct lamination is possible due to a pertinent material choice,
which prevents delamination due to differential dilatation in the long term.
As Dupeyrat, P., et al., 2009 pointed out, glazed PV-T modules lead to a better overall energy conversion. But
DualSun has made the choice of an unglazed collector to keep a low stagnation temperature, and thus prevent
overheating. The PV encapsulant is very sensitive to high temperature, which could irreversibly destruct the laminate.
Furthermore, the residential sector, stagnation will often occur during summer months when families have left on
vacation, and thus when solar irradiation is important.
The original concept of the DualSun module is different from what can be observed in existing literature. In order to
simulate the energetic performances of the DualSun module, a numerical 1D model was developed. To validate the
1D model, the layers of the module have been changed in this study and tested.

2. Numerical model
An energy balance of the module leads to a quasi 1D simplified model, a methodology which has been previously
used by many authors (Chow et al. 2008, Duffie and Beckman 1991, Fraisse et al. 2017, Tess library). The model
input values include weather entries (ambient temperature  , insulation, wind velocity୍ୈ ) and solar domestic
hot water load parameters (stock bottom temperature ǡ୍ , flow rateᒡ). Thanks to an energy balance (Fig.2) on
photovoltaic cells and on a fluid slice (eq. 1), we deduce an exponential behavior of fluid temperature along the path
(eq. 2).

Fig. 2: Description of the studied system
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Module output temperature and electrical power are then deduced thanks to an iterative approach on photovoltaic
temperature (TPV). The definitions of the symbols are given in Tab. 1 and subscript in Tab. 2.
ሺɒ
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇥ
ఈ ሻǤ Ǥ ൫ͳ െ Ʉ ሺ ǡ  ሻ൯ ൌ 
ୖୈ ሺ ሻǤ ሺ ሺሻ െ ୗଢ଼ ሻ  ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇥ
 ሺ୍ୈ ሻǤ ሺ ሺሻ െ  ሻ 
ᇣᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇥ
ோௗ௧௩௫௪௧௧

ௌோ௩ௗ௬

௩௧௩௫௪௧௫௧

୍ୈ Ǥ ൫ ሺሻ െ  ሺሻ൯ ൌ ᇣᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇥ
େ Ǥ ሺ ሺሻ െ େ ሻ  ᒡǤ Ǥ
ᇣᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇥ
݈ܽ݊ݎ݁ݐݔ݄݁ݐ݅ݓ݄݁݃݊ܽܿݔ݁݁ݒ݅ݐܿ݁ݒ݊ܥ

ݎ݁ݐܽݓ݄݁ݐ݄ݐ݅ݓ݄݁݃݊ܽܿݔ݁݁ݒ݅ݐܿ݁ݒ݊ܥ

(eq.1)

୍ୈ Ǥ ൫ ሺሻ െ  ሺሻ൯
ᇣᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇥ
௩௧௩௫௪௧௧௪௧

ୢూ

(eq.2)

ୢ୶

Module outlet temperature and electrical power are then deduced thanks to an iterative approach on photovoltaic
temperature (TPV).

ǡ ൌ ൫ǡ୍ െ ൯Ǥ ିୈǤ୧ୢ୲୦   











(eq.3)

 ൌ Ǥ ǡ  

(eq.4)

In non-null flow rate cases, equations were simplified to follow Solar Keymark standard directives (eq. 5).
ూǡుఽొ ିఽ

Ʉୌ ൌ  െ ଵ Ǥ ቀ

ୋ

ቁ

(eq.5)

Relations between the 1D-model and the linear formula are given by Eqs. 6 and 7.

 ൌ

ᒡήେ୮ήୈ୧ୢ୲୦ሺେିఽ ሻ
ୋ୰ୣୟ

(eq. 6)

ଵ ൌ

ᒡήେ୮ήୈ୧ୢ୲୦
୰ୣୟ

(eq. 7)

Tab. 1: Meaning and units for symbols
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Symbol

Meaning

Units

A,B,C and D

Coefficients depending on module characteristics

Cp

Heat capacity

W/kg/K

G

Solar irradiation

W/m²

H

Global coefficient

W/m²/K

hRAD

Radiative coefficient

W/m²/K

HWIND

Convective coefficient on top plate due to the wind

W/m²/K

HFLUID

Convective coefficient on the plate due to the water

W/m²/K

ṁ

Water Flow rate

L/s

T

Temperature

K

VWIND

Wind velocity

m/s

Width

Width of solar collector

m

X

Water flow direction

Τα

Transmitto-absorption depending on diffuse,
direct and horizontal irradiation

-

ηPV

Electrical efficiency

-

ηTH

Thermal efficiency

-
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Tab. 2: Meaning for subscripts

Subscript

Meaning

A

Ambient

BACK

Between fluid and back ambient

F

Fluid

FLUID

Between PV cells and fluid

PV

Photovoltaic cells

TOP

Between cells and ambient

3. Prototypes and testing
Some experimental validations at the module level were proposed but only with specific heat exchanger (Ben Cheikh
et al. 2015, Rejeb et al. 2016). The aim of this paper is to do a complete parametric validation with a basic shape for
the integrated heat exchanger with a full water slice (no tubes).
In order to validate the proposed simplified model, 9 prototypes were build and monitored according to the Solar
Keymark approach in a sunlight test bench. All prototypes size 1669 x 982mm², except n°8 and 9, which were smaller
(1365 x 886mm²). All integrated heat exchangers are directly laminated with the cells with an Ethylene Vinyl Acetate
layer (EVA) under the BackSheet (BS) during a unique lamination step. Such manufactured heat exchanger (0.6mm
stainless steel plates) allow a 2mm water gap to cool the photovoltaic part and have a 15mm non-irrigated border.
The description of the constitutive layers for the 9 prototypes tested are summarized in Tab. 3.
Tab. 3: description of the 9 prototypes tested

EVA

BS

Fixation

Cells

(mm)

(mm)

(mm)

Stainless
Steel Heat
exchanger
/ PV
surface

0.6

60 (MPPT)

1.2

0.4

1.2

74%

NO

2

0.6

60 (OC)

1.2

0.4

1.2

74%

NO

3

2

0.6

60 (MPPT)

1.2

0.4

1.2

74%

39.6mm

4

2

0.6

60 (MPPT)

1.2

0.4

1.2

74%

24.8mm

5

2

0.6

60 (MPPT)

0.6

0.4

0.6

74%

NO

6

4 Low E

0.6

60 (MPPT)

1.2

0.4

1.2

74%

NO

7

2

-

-

0.6

0.4

0.6

74%

NO

8

-

-

-

-

-

-

exch only

NO

9

2

0.6

40 (OC)

1.2

0.4

1.2

100%

NO

Glass

EVA

(mm)

(mm)

1

2

2

Insulation
equivalent
thickness
(k=0.033
W/(m.K))

The bench of artificial sunlight consists of two independent parts: the lamp holder and the sensor holder. The
simulator is class BBB (Fig. 2). For the characterization of the PV/T module, an irradiant flux of 1000W / m² is
adjusted at the level of the lamps.
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Fig. 2: Pictures of the artificial sunlight test bench

A mapping of the flux measurements is carried out in order to check a homogeneity on the surface of the sensor of
plus or minus 5% on the mean value of the flux (Fig. 3). This mapping is carried out with each new characterization
and it is obvious that the flux homogeneity is within ±1.5%.

Fig. 3: Mapping measurements of the irradiation [W/m²]

Fans are used to generate a wind parallel to the top of the analysed system. A mapping of the air flow velocity
measurements is carried out by means of a mobile hot wire sensor (Fig. 4). A speed around 1.5m / s is targeted.
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Fig. 4: Mapping measurements of the wind speed [m/s]

A thermal regulation ensures the conditioning of the fluid (water), in order to generate a regulated inlet temperature
in the module and to ensure good circulation in the exchanger. Six input temperature steps from 20 ° C to 70 ° C are
programmed to scan the operating range of the module.
Local input / output temperature measurements and fluid flow measurements make it possible to draw up the
appropriate thermal balances and determine the powers involved for each thermally stabilized operating point.
The measuring instrument I (V) plots the curves and extracts the important photovoltaic values. The red rectangle
shows the location of the reference cell for the instrument which plots the I (V) curves, and the blue rectangle the
module location (Fig. 3). The power of the module is limited by the current of the least photo-generating cell, which
depends mainly on the minimum irradiance that the surface of the module receives (the limiting cell). In practice, the
power value "equivalent to 1000 W / m²" is obtained from the reference cell (approx. -5% deviation).
Results are given in Tab.4.
Tab. 4: Thermal and photovoltaic results for the 9 prototypes

a0 (%)

a1 (W/K/m²)

Wp *

β (%/°C)

1

50.2

12.8

238

-0.048

2

59.9

13.1

-

-

3

49.6

10.6

238

-0.050

4

49.8

11.4

238

-0.050

5

52.8

13.1

245

-0.055

6

49.8

13.0

225

-0.050

7

66.1

13.3

-

-

8

39.8

11.3

-

-

9

75.7

17.9

-

-

*limiting cell equivalent power at 1000W/m² and 25°C
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4. Model validation
Two parameters were introduced to take better into account for the specific behavior of the Dualsun stainless steel
heat exchanger. The first was the ratio Stainless Steel Heat exchanger over PV surface for the effect of the fin.
Additionally, the heat exchange between the fluid and the stainless steel was supposed fixed at 800 W/(m².K) but is
unknown. The second parameter was length of exchange.
Both parameter have been deduced from numerical optimization. The ratio Stainless Steel Heat exchanger over PV
surface has been raised from a numerical optimization to 82% instead of 74%. The length of exchange has been
optimized to fit with the experimental results to 770mm instead of 856mm.The model fit the experimental data very
well as shown in Tab. 5 and Fig. 5 with a maximum root-mean-square error (RMSE) inferior of 67 to compare with
the 1000Wth. The quality of the direct lamination for the 9 th prototype was harder to achieve with the unusual size,
which certainly explains the higher error with the theory.
These results seems to confirm that the 3D design could be neglect to predict performances, but this analyze could
not be directly use for non-conductive material for the heat exchanger, as it could be an effect of the high
homogenization of the temperature in the heat exchanger due to the relatively high conduction in the stainless steel.
So it would be interested to continue this study with a polymeric heat exchanger.

Tab. 5: Root-mean-square error for each model/ test fitting

Test

1

2

3

4

5

6

7

8

9

RMSE

8.74

17.14

26.39

15.09

29.98

20.33

28.35

25.42

66.98

Fig. 5: Experimental and theorical thermal performance curves for the 9 prototypes

1066

L. Brottier / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

5. Conclusion
In this study, a general simplified model (1D) of PV/T module was proposed leading to an exponential equation for
output temperature when weather and input fluid characteristics are known.
To challenge this model, the layers properties have been changed in 9 prototypes. The electrical and thermal
performances of these 9 prototypes has been experimentally monitored with the normative Solar Keymark approach,
and then compared with the performance outputs of the model.
The 9 first prototypes performance results have a good fit with the 1D model. These encouraging results must be
confirmed with further tests with a polymeric heat exchanger.
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Abstract

One way to reduce solar collector’s production costs is to use concentrators that increase the output per
photovoltaic cell. Concentrating collectors re-direct solar radiation that passes through an aperture into an
absorber. The current study evaluates electrical performance of symmetric C-PVT solar collectors with a
vertical bifacial receiver, through a numerical ray tracing model software, Tonatiuh. Several designs have been
analysed, such as the Pure Parabola (PP) and MaReCo CPC geometries, both symmetric. Parameters such as
concentration factor, electrical performance, transversal and longitudinal IAM (Incidence Angle Modifier), the
influence of optical elements and influence of the length of the reflector in the shadow effect have been studied
for different geometries. The simulations were performed for Mogadishu, Somalia and showed good results
for the Pure Parabola collector (PPc) annual received energy, 379 and 317 kWh/m2/year for a focal length of
15 e 30 mm, respectively. A symmetrical double MaReCo CPC collector has been simulated with the annual
received energy of 315 kWh/m2/year. The addition of the optical elements will decrease the annual received
energy of the PPc by around 11.5%, where the optical properties (7.1%) and glass (4.1%) have the biggest
impact in the annual received energy. Overall, symmetric geometries proved to be the most suitable geometries
for low latitudes applications, being the geometry f1 (focal length of 15 mm) the best one.
Keywords: Symmetric C-PVT, Pure Parabola collector, MaReCo CPC geometry, Tonatiuh.
Quantity

Symbol

Acceptance angle
Incidence angle
Focal length
Receiver height
Aperture
Reflector height
Aperture area
Solar irradiance
Concentration factor

θc
θi
f
Hr
xmáx
z
Aptarea
Ia
Ci

Unit
degrees
degrees
mm
mm
mm
mm
m2
W/m2
-

1. Introduction
PVT systems can be based on Compound Parabolic Collector (CPC) (C-PVT) or on flat plate solar thermal
collectors (PVT’s) [1]. PVT collectors are hybrid solar collectors that simultaneously generate electrical
(through PV cells) and thermal energy (through the solar radiation absorbed by the PV cells that is not
converted into electricity). Since the efficiency of PV cells is temperature dependent, it is necessary to remove
the excess heat. Previous studies showed that for every degree increase in temperature, the PV cell decreases
around 0.45% [2]. This leads to a significant efficiency drop since PV cells can reach very high temperatures
in summer [3], [4].
In order to carry the excess thermal energy generated by the PV cells, a cooling fluid is used (generally water),
which leads to a decrease of the temperature of the solar cells, ‘increasing’ their overall efficiency. The waste
heat harvested by the cooling fluid can be used as a cogenerated product and for heating applications [3]. This
study will address different sets of simulations on symmetric low concentrator PVT geometries (with a vertical
bifacial receiver), namely Pure Parabola (f1 and f2 geometry) and MaReCo CPC. Table 1.1 shows the main
characteristics of the simulated reflector geometries, where the concentration factor, reflector height and focal
length are shown.
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Table 1.1. Geometry characteristics.

1The

Concentration
factor (Ci)

Reflector height (z)
[mm]

Focal length (f)
[mm]

f1

1.2

75

15

f2

1.7

75

30

MaReCo
CPC1

1.6

75

30

MaReCo CPC geometry has an arc circle angle of 20° and a parabolic section with a focal length of 30 mm.

1.1 Concentrator Solar Panels
Solar energy technologies, just like any energy technologies, aim at providing energy at the lowest possible
cost. This can be reached by increasing the efficiency or decreasing the investment cost. Concentrating
collectors re-direct solar radiation that passes through an aperture into the receiver or absorber. These type of
systems usually have a tracking system in order to maximize the energy yield [5]. Concentrating collectors are
normally categorized on the field technology used, high or low concentration. The low concentration is
categorized in three different categories such as (i) Booster reflector; (ii) Compound Parabolic Concentrator;
(iii) Luminescent Concentrator. The high concentration technologies currently available are (i) parabolic
trough collector; (ii) Linear Fresnel reflector; (iii) Central receiver (Tower); (iv) Parabolic Dish [6]-[8].

1.2 Compound Parabolic Collectors
CPC (Compound Parabolic Collectors) are non-imaging concentrators
that do not require tracking system due to the ability to reflect all
available beam radiation to the receiver. The incidence angle for these
concentrators makes them very attractive from the point of view of
system simplicity, flexibility and cost-effectiveness [9]. CPCs combine
two parabolic reflectors (symmetric or asymmetric), each one of them
with its own focus length (F, the focus of the right-hand parabola in
Figure 1.1) at the lower edge of the other parabola [10], shown in
Figure 1.1. The angle between the axis of the collector and the line
connecting the focus of one of the parabolas with the opposite edge of
the aperture is called acceptance half-angle (θc) [14].
The relationship between the size of the aperture (2a), the size of the
receiver (2a') and the acceptance half-angle is expressed through the
following Equation 1.1 [10]:
2a' = 2a sinθc

(eq. 1.1)

Knowing the concentration ratio is possible to obtain the relationship
between the concentration ratio and the acceptance angle [10]:
Ci =

2a
2a'

=

1
sinθc

Figure 1.1. Cross section of a
symmetrical non-truncated CPC [10].

(eq. 1.2)

Other useful equations that describe the design of CPC concentrators are shown below. The following
equations relate the focal distance of the side parabola to the acceptance half-angle (θc), receiver size, and
height of the collector (h) [10]:
f = a'(1 + sinθc )
h=

f cosθc
sin2 θc

(eq. 1.3)
(eq. 1.4)
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These types of concentrators are made for each ray with an angle θ that comes into the CPC aperture with an
angle smaller than θc to be reflected to the receiver at the base of the collector. The ray will be reflected back
to the atmosphere, if the angle θ is greater than θc, as shown in Figure 1.2 [10].

Figure 1.2. Reflection of the light rays directed to the CPC concentrator, at different angles [10].

1.3 Concentration with parabolic reflector
Different reflector geometries (symmetric)
have been simulated in a ray tracing
software,
Tonatiuh.
The
simulated
geometries are composed of either a full
parabolic section or an arc circle with a
parabolic section, thus, the importance of
analysing the geometrical shape of these
reflectors. For each point of the parabola, the
distance between DR and RF is the same.
Figure 1.3 shows the distance (VF) between
the vertex and the focus of the parabola,
known as focal length (f). The parabola axis
intercepts the directrix and the focus,
dividing the parabola into two symmetrical
parts.
The following Equation 1.5 allows the
calculation of the half aperture (x) in function
of the reflector height (z) and the focal length
(f) [4], [13].
x ൌ  ඥ݂ ൈ Ͷ ൈ ݖ

Figure 1.3. Parabola’s geometry shape (left) and parallel incident beam
rays (right) [11].

(eq. 1.5)

All incoming light rays parallel to the axis of the parabola will be reflected the focus area, by definition of the
focal point of the parabola. The ideal location of the receiver can be given as the focal point position, assuming
that the light rays that arrive at the reflector surface are essentially parallel light rays, as shown previously in
Figure 1.3.
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2. Methods
A thorough literature review in the field on reflector geometries and PVT technologies was carried out. Several
sets of ray tracing simulations have been performed and posteriorly analyzed in Matlab. Below a short
description of the procedure is presented.
x Literature review on symmetric and asymmetric reflector geometries and PVT technologies.
x Based on the literature review, two symmetric reflector geometries, Pure Parabola (PP) and MaReCo
CPC geometries with a vertical bifacial receiver were selected:
x Pure Parabola f1 [focal length of 15 mm].
x Pure Parabola f2 [focal length of 30 mm].
x MaReCo CPC [arc angle: 20°; focal length of 30 mm].
x Ray tracing simulations were performed for Mogadishu, Somalia (Latitude 2.04°, Longitude 45.31°)
using a ray tracing software called Tonatiuh. The goal was to obtain the concentration factor, annual
energy output, IAM (both transversal and longitudinal), the influence of optical elements (geometry f2),
shadow effect (geometry f1 and f2) and non-electrical area of the receiver.
x Analysis of the results was performed in a multi-paradigm numerical computing environment software,
called Matlab.
x A comparison between the different geometries was established.
The ray tracing simulations were set for a location near the equator (low latitudes), Mogadishu, Somalia
(Latitude 2.04°, Longitude 45.31°) in order to study different geometries that work at these latitudes. No
meteorological files or historical years were used during the simulations.

2.1 Tonatiuh
For the analysis and design of solar concentrating systems, a Monte Carlo ray tracer software was used.
Principles of geometrical optics are used as a statistical method to get a complete and statistically analysis of
an optical system, studying the route of a ray of light as it passes through the optical system. It creates an
accurate and easy use of Monte Carlo ray tracer, simplifying the optical simulation of almost any type of solar
reflector system. The rays are generated in a light source that simulates the sun and then these ray’s
intersections with system surfaces are calculated. The sunlight is defined by the sun position, i.e. the elevation
and the azimuth. These two parameters can also be calculated as a function of the day, the hour, the latitude
and the longitude. In order to simulate an entire year, the program has the possibility to input a script for
parametrical simulations allowing to launch several simulations by means of a few loops in a script file that
was created in Matlab (a multi-paradigm numerical computing environment software). After the simulations,
the data is exported to Matlab in order to analyze the data.
The optical properties of the different collector elements were considered non-ideal (losses were taken into
account), that is, the different characteristics of the materials, such as reflector reflectivity (92%), glass and
gable transmittance (96% and 90%, respectively) were introduced in the software. Each simulation had 10 000
rays and the direct irradiation set as 1 000 W/m².

2.2 Software and simulation limitations
Regarding the software used for the sets of simulations, some limitations were found while the simulations
were being performed, such as:
x Tonatiuh simulates the rotation of the ‘sun’ around the collector as 360° in longitudinal and transversal
directions over a day. This meant that is needed to set the sunrise and sunset to 6 am to 6 pm,
respectively in order not to have night output. The sunset and sunrise differ from day to day around 30
minutes throughout the year in Mogadishu. Tonatiuh can only store 24 cells (corresponding to 24 hours
per day), therefore it was necessary to select by hours, leading to a slight inaccuracy. The error is not
relevant since the annual received energy at low angles is significantly lower.
x No meteorological data has been inserted in the ray tracing simulation tool.
x The software does not take into account the cooling factor of solar cells from the working fluid (PV cell
temperature dependence).
x PVT system losses and cell efficiency are not taken into account in Tonatiuh.
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2.3 Reflector shape selection
Regarding the Pure Parabola geometries, each set of simulations, the reflector height (z) was fixed at 75 mm
and the focus length (f) varied between 15 and 30 mm. After the first set of simulations (with a focal length of
15 mm and reflector height of 75 mm), the focus length was increased to 30 mm and fixed (being the reflector
height constant during the whole simulation). This procedure was made for reflector height of 75 mm, and for
a focal length of 15 and 30 mm [12]. The simulations were performed for Mogadishu, Somalia (Latitude 2.04°,
Longitude 45.31°). The geometry (f1) is composed of a focal length (f) of 15 mm, reflector height (z) of 75
mm and a low concentration factor (Ci= 1.2). The additional geometry (f2) has a Ci= 1.7, f = 30 mm and z =
75 mm.
In order to get a good perspective of how the PPg (Pure Parabola geometry)
performs, a different geometry has been simulated. The simulation was
performed for a symmetrical MaReCo CPC with a concentration factor of
1.6, an arc circle angle of 20° and a reflector height of 75 mm. The focal
length of the parabola section and the reflector height were set in line with
the f2 geometry. Figure 2.1 shows a symmetrical MaReCo CPC geometry
based on the MaReCo geometry. The receiver dimensions were set to fit
this geometry (QQ’). The section of the concentrator between PO and P’O
(red section in Figure 2.1) is an arc of a circle centred on Q. Section A’P’O
and APO (green section in Figure 2.1) is a parabola with focus at Q and axis
Figure 2.1. The optimum
QP’O. θi is the half-acceptance angle and θc is the arc circle angle.
symmetrical MaReCo CPC.

2.4 IAM
The Incidence Angle Modifier (IAM) is the variance in output performance of a solar collector as the angle of
the sun changes in relation to the surface of the collector. The longitudinal and transversal IAM can be obtained
through the overall and optical efficiency, and aperture area (Aptarea ). These values were collected from a
Matlab script. The aperture area for receiver side is given by the following Equation 2.1.
Aptarea = ቀඥ z × 4 × f -

thicknesssreceiver
2

ቁ× Lengthreceiver

(eq. 2.1)

The aperture area allows the calculation of the overall efficiency of the collector [4].
Eff(θi ) =

Power ሺθi ሻ [W]
Ia [W/m²] × Aptarea [m²]

(eq. 2.2)

Where the Power ሺθi ሻ is given by Tonatiuh and Ia is the solar irradiance that passes through the collector
aperture, with a value of 1 000 [W/m²].
The optical efficiency (Ʉ୭୮୲ ) is given by the maximum value of Equation 2.3.
ηopt = max(Eff(θi ))

(eq. 2.3)

With all the parameters obtained, the transversal and longitudinal IAM is obtained using Equation 2.4.
ሺɅ ሻൌ

ሺɅ ሻ
ሺɅ ሻൈɄ

(eq. 2.4)

Where θi are the angles [-90°, -89°, -88°, -87°, -86°, 85°, .. 0 .. , 85°, 86°, 87°, 88°, 89°, 90°]. The interval
between angles was set in order to achieve a more accurate data.

2.5 Influence of the optical elements
In order to get a more precise knowledge of how the different elements affect the annual received energy of
these kind of collectors, the influence of the optical elements such as (i) frame; (ii) glass; (iii) gables; (iv)
receiver thickness; (v) optical properties were studied. The simulations consisted by adding the different
elements to geometry f2 and visualize their influence in the annual received energy.
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2.6 Shadow effect
The effect of the shadow in the annual received energy was studied, by increasing the reflector length.
Consisted by adding progressively length to the reflector, in order to reduce the shadow on the receiver. The
receiver length was set as constant and the reflector area was gradually increased by 0.02, 0.04 and 0.06 m2.

2.7 Electrical non-active area
The electrical non-active area gives the percentage of receiver area that does not produce electricity. In order
to improve the performance of the collector, it is necessary to improve the performance of the receiver, by
reducing the electrical non-active area. A study has been conducted in order to find the electrical non-active
area of the selected receiver. The electrical non-active area was removed and after the annual received energy
has been updated.

3. Results
3.1 Maximum efficiency and yearly energy output
This section presents the main results for an annual receive energy and a 3D view of the maximum efficiency
at each angle. The vertical bifacial receiver is composed of side A (receiver side facing north) and side B
(receiver side facing south).

3.1.1 Pure Parabola f1 collector
From the ray-tracing software, it was possible to extract the data to a Matlab script and run it, in order to get
the annual received energy from both receivers A and B. This geometry receives an annual received energy of
2 186 kWh/m2/year. The presented value is obtained by using a scale factor of 3.2, due to the fact that the
simulated collector has 0.31 m2.

Figure 3.1. Daily maximum and average power output for the f1 collector.

The receiver B will have higher annual received energy during the months of March-September, due to the
fact that the sun will be on the north side of the collector. On the remaining months, the receiver A will have
a higher annual received energy from September-March, when the sun is on the south side of the collector.
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Figure 3.2. 3D view of the maximum efficiency at each angle (transversal and longitudinal) for the f1 collector.

The distribution of the solar radiation is more evenly distributed across both receivers since they produce
around the same. The maximum efficiency value is slightly above 90%. The collector performance (daily
average power) throughout the year is in line with the average seasonal variation of the daily extra-terrestrial
solar radiation for horizontal surfaces at low latitudes.

3.1.2 Pure Parabola f2 collector
This geometry receives an annual received energy of 1 831 kWh/m2/year, with a scale factor of 2.3, for a
simulated collector area of 0.44 m2. Due to its concentration factor (bigger aperture), this geometry does not
have the same properties as the one described above, since it has a different capacity to reflect the rays with
the same accuracy as the geometry presented previously (f1geometry).

Figure 3.3. Daily maximum and average power output for the f2 collector.

The receiver B has a higher annual received energy during the months of November-February, March-May
and July-September, due to the fact that the sun is on the north side of the collector. On the other hand, the
receiver A has a higher annual received energy during the months of February-March, May-July and
September-November when the sun is on the south side of the collector.
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Figure 3.4. 3D view of the maximum efficiency at each angle (transversal and longitudinal) for the f2 collector.

The maximum efficiency value is slightly below 90%. As f1 geometry, this collector performance (daily
average power) throughout the year is in line with the average seasonal variation of the daily extra-terrestrial
solar radiation for horizontal surfaces at low latitudes.

3.1.3 MaReCo CPC geometry
A value of 1 819 kWh/m2/year was obtained for this reflector shape, by using a scale factor of 2.4, due to the
fact that the simulated collector has 0.42 m2.

Figure 3.5. Daily maximum and average power output for the MaReCo CPC geometry.

The receiver B will have higher annual received energy during the months of March-September, due to the
fact that the sun will be on the north side of the collector. On the remaining months, the receiver A will have
a higher annual received energy from September-March, when the sun is on the south side of the collector.
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Figure 3.6. 3D view of the maximum efficiency at each angle (transversal and longitudinal) for the MaReCo CPC geometry.

Despite having a similar annual received energy as geometry f2, the maximum efficiency range of this
geometry is bigger than in geometry f2, with a value slightly above 80%.

3.2 IAM
3.2.1 Pure Parabola f1 collector
Figure 3.7 shows the normalized maximum efficiency working range for the PPc f1, around [-30°S, 30°N].

Figure 3.7. IAM transversal and longitudinal for both receiver sides, f1 collector.

This geometry has the ability to re-direct efficiently the sun rays towards the receiver, due to the fact that the
angles θ that comes into the CPC aperture with an angle smaller than θc (acceptance half-angle) will be
reflected more efficiently into the receiver.
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3.2.2 Pure Parabola f2 collector
Figure 3.8 shows the normalized maximum efficiency working range for the PPc f2, around [-15°S, 15°N].

Figure 3.8. IAM transversal and longitudinal for both receiver sides, f2 collector.

Comparing geometry f2 with f1, it is possible to verify that at some angles, geometry f2 has no ability to redirect the incident rays to the receiver efficiently (steeper curve from [-30°S, -15°N] and [15°S, 30°N]), since
the angle θ is bigger (for a longer period than for geometry f1) than θc, thus lowering the maximum efficiency
range. A narrower maximum efficiency range and lower maximum efficiency led to a lower annual received
energy when compared with geometry f1.

3.2.3 MaReCo CPC collector
Figure 3.9 shows the normalized maximum efficiency working range for the symmetrical MaReCo CPC
collector, around [-40°S, 40°N].

Figure 3.9. IAM transversal and longitudinal for both receiver sides, MaReCo CPC geometry.

The lower maximum efficiency value of this geometry is compensated by a wider maximum efficiency
working range, when compared with geometry f2.
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3.3 Influence of the optical elements in geometry f2
The PPg corresponds to the PPc without a frame, gable, glass, optical properties and a 2 mm receiver thickness.
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Figure 3.10. Results of the influence of the optical elements and properties in the geometry f2.

Figure 3.10 shows that the optical properties and glass have the biggest impact on the electrical performance
of the collector. On the other hand the receiver thickness, gable and frame almost have no influence in the
results, accounting for 0.3%. Overall, the difference between the geometry and the collector is around 11.5%.
The energy production ratio between receiver sides decreases with the influence of the optical properties of
the materials. Since the value of reflectivity was considered constant (normal to the collector) regardless the
suns’ altitude, the influence of the glass is lower. It is expected that the glass will have a bigger influence if
this parameter is taken into account.

3.4 Shadow effect (Pure Parabola f1 collector)
Electricity costs were set as 0.211 €/kWh for households [12] and the reflector price was taken from a standard
reflector with reflectivity of 98%. Table 3.1 shows the payback time for an increased reflector length.
Table 3.1. Payback time for an increased reflector length, geometry f1.

Additional area
[m2]

Additional reflector price
[€]

Production surplus
[kWh/m2]

Payback
[years]

+ 0.02

0.7

18

9.2

+ 0.04

1.5

20

8.9

+ 0.06
2.2
22
7.9
The payback time goes from 7.9 up to 9.2 years to start to pay off (breakeven point), showing that is not
effective since the payback time is too big for such a small area. The presented values show that a longer
reflector reduces the shadow effect, increasing the annual received energy.

3.5 Electrical non-active area
The electrical non-active area accounts for 12.1 % and the cell efficiency for 19.7%. The updated values for
each collector are given in the following Table 3.2.
Table 3.2. Updated annual received energy per collector.

Annual received energy [kWh/m2/year]
Tonatiuh Updated
2 186
379
PP f1

1078

PP f2

1 831

317

MaReCo CPC

1 819

315
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4. Discussion
As expected, the f1 geometry has a wider transversal maximum efficiency working range as a result of its
narrow aperture, when compared with f2 geometry. This geometry has the ability to re-direct more efficiently
the sun rays towards the receiver. The transversal maximum efficiency working range of the PPc is around [30°, 30°] and [-15°, 15°] for a focal length of 15 and 30 mm, respectively. On the other hand, the MaReCo
CPC collector has a maximum efficiency working range around [-40°S, 40°N].
The values for the annual received energy are, as expected, higher for the f1 collector (2 186 kWh/m2/year)
than for the f2 collector (1 831 kWh/m2/year), especially as a result of its geometrical characteristics (lower
concentration factor). Regarding the symmetric MaReCo CPC collector, the results show that this geometry
has a slightly lower annual received energy than the f2 geometry. It was expected that this geometry would
perform better than the f2 geometry, due to its lower concentration factor (fewer reflection losses). The
MaReCo CPC collector has an annual received energy around 1 819 kWh/m2/year. Lower concentration means
higher annual received energy, due to lower reflection losses.
Figure 3.10 shows that the glass and the optical properties have the biggest impact in the annual received
energy of the f2 collector. The annual received energy for the symmetrical geometries can go up to 11.5%,
showing that the optical properties of the different elements affect significantly the performance of these
geometries.
Table 3.2 shows the annual received energy, considering a non-electrical area of 12.1% and a cell efficiency
of 19.7%. The addition of these parameter led to an annual received energy of 379, 317 and 315 kWh/m2/year
for the collector f1, f2 and MaReCo CPC, respectively.
Regarding the shadow effect, it is possible to acknowledge that increasing the reflector length is not effective,
not only because at low angles (sunrise and sunset) the reflected sun rays will be reflected back to the
atmosphere (the receiver is not long enough to collect the sun rays), but also due to the fact that the payback
time for such small area can go from 8 to 9 years for such small area.
Overall, the simulated geometries showed potential for low latitudes applications, being the geometry f1 the
best one. A way to validate the simulations would be the construction of a prototype and to perform CFD
simulations in order to study the thermal potential of a C-PVT with these geometries.
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Abstract
The advantage of this laboratory optical characterization is to reproduce under controlled conditions an existing
solar plant of Fresnel mirror type. The plant has 20 identical plane mirrors that concentrate the sunlight toward
the secondary optics, which focuses it on the receiver. The procedure consists in performing the tests separately
simulating the illumination of each plane mirror, finally combining the measured results to obtain collection
efficiency and concentration factor of the entire solar plant. Two alternative secondary optics, a prismatic lens and
a reflective concentrator, were optically tested to compare their behaviour. The total collection efficiency is
similar, while the concentration factor is higher for the prismatic lens. Since the receiver is a photovoltaic device,
a key aspect to be studied is the uniformity of receiver lighting: the power density measured in the image plane of
the secondary optics evidences lateral zones of uneven lighting.
Keywords: secondary optics, Fresnel mirror, optical measurement, solar concentration

1. Analysis of the system
Two secondary concentrators were designed and realized for an actual solar concentration plant based on the
principle of the Fresnel mirror [Abbas et al. 2012a, 2012b; El Gharbi et al. 2011; Fernandez-Garcıa et al. 2010;
Kalogirou, 2004; Mills and Morrison, 2000; Singh et al. 1999; Winston et al. 2005]. The optical component is
illuminated by 20 plane mirrors of equal size (50 mm x 1000 mm) that reflect the solar rays under various angles
depending on the sunrays’ inclination and on the relative positions of mirror and receiver [Fontani et al. 2015].
The secondary collector should then concentrate the solar light on a rectangular receiver of dimensions 50 mm x
10 mm [Fontani et al. 2015]. The secondary optics is placed as near as possible to the receiver to improve the
collection efficiency, reduce the dimensions and avoid undesired shadow effects.
Several optical measurements and tests were effectuated on the implemented secondary concentrators. The tested
optical components are a prismatic lens and a reflective concentrator [Abbas et al. 2012a, 2012b; El Gharbi et al.
2011; Fernandez-Garcıa et al. 2010; Kalogirou, 2004; Mills and Morrison, 2000; Singh et al. 1999]. The two
elements are quite different because the working principle of the prismatic lens is based on refraction, while the
other optics is based on reflection. The purpose of the laboratory tests is to study and characterize the optical
properties and behaviour of the secondary optics in order to decide which is more suitable for improving the
performance of the system. The two optical systems are compared in terms of collection efficiency and
concentration factor, simulating the illumination arriving from the 20 mirrors at noon. In addition some image
acquisitions are effectuated on the plane where the receiver will be placed, for a qualitative analysis of the
illumination produced by the secondary optics on the receiver.
Tests and measurements are performed separately simulating the illumination of each plane mirror, being
impossible to illuminate the samples in laboratory utilising 20 sources from different directions. The next phase
is the data elaboration, for which it was chosen to perform the analysis at noon (as representative position, but the
mirrors constantly move during the day). At noon the study can consider only 10 mirrors, exploiting the symmetry
of the plant, and at noon there should be the maximum output of the solar plant. Hence it is interesting to compare
the secondary optics behaviour in this particular moment of the day.
Angular aperture and incidence angle of the beam are the main factors that influence the collection efficiency of
the secondary concentrator [Fontani et al. 2015]. Referring to Fig. 1, for the i-th mirror, the relevant parameters
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݀: distance between mirrors line and receiver input (1000 mm).
୧ : mirror position relative to the origin (fixed at the junction between the receiver normal passing through
its centre and the mirrors line); measured positive to the right and negative to the left.
୧ : distance between receiver centre and mirror centre.
Ʌሺሻ: sunlight incidence angle; measured from the normal to the mirrors line.
୧ ሺሻ: incidence angle of sunlight on the mirror; measured from the normal to the mirror.
Ⱦ୧ ሺሻ: tilt of the mirror; measured relative to the mirrors line.
ߙ : angle of the reflected beam; measured from the line of the mirrors.
ȽԢ୧ : incidence angle of the beam reflected on the receiver.

Fig. 1 – How the sunray is reflected by the primary system.

The sign of the angles is positive measuring counter-clockwise and negative measuring them clockwise.
For a given mirror, the angles ݅, ߚ and ߠ are time dependent, while ߙ must be constant to direct the beam toward
the receiver. Referring to Fig. 1, the angles ݅ ሺݐሻ, ߠሺݐሻ, ߚ ሺݐሻ and ߙ are linked by 4 equations; so knowing ߙᇱ
(from the system geometry) and ߠሺݐሻ (from the time of the day) ߙ , ݅ ሺݐሻ, ߚ ሺݐሻ can be derived [Fontani et al.
2015].
The collection efficiency of the receiver depends on how it is illuminated. For a single mirror the collection
efficiency is defined as:
Ʉ୧ ൫Ƚᇱ ୧ ǡ ୣǡ୧ ൯ ൌ

౫౪ǡ ሺ୲ሻ
ǡ ሺ୲ሻ

(1)

where ܲ௨௧ǡ ሺݐሻ is the output power exiting from the receiver, and ܲǡ ሺݐሻ the input power; ߙᇱ is the entrance
angle and ܣǡ is the effective area of the beam entering into it. The input power is given by
୧୬ǡ୧ ሺሻ ൌ ത୧ ሺሻ ή ୣǡ୧ ሺሻ

(2)

where ҧ ሺݐሻ is the average power density of the beam at the receiver input.
The total collection efficiency (considering the contributions of all the mirrors) is
Ʉൌ

σమబ
సభ ౫౪ǡ ሺ୲ሻ
σమబ
సభ ǡ ሺ୲ሻ

(3)

The concentration factor ୧ for the i-th mirror is defined as:
୧ ൌ Ʉ୧





౫౪

(4)
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where ܣோ and ܣோ௨௧ are respectively the physical area of receiver input and of receiver output.
Finally the total concentration factor  is given by:
ൌɄ





౫౪

(5)

2. Measurement setup and procedure
The optical measurements are performed in a laboratory setup based on a solar divergence collimator, which
produces a beam with solar divergence [Fontani et al. 2013]. Source, test sample and sensor are the principal
components of the measurement system employed to optically characterize the samples of secondary collector.
The scheme of the measurement set-up is reported in Fig. 2, with the pictures of the actual components as they
are mounted on the optical table in laboratory.
The white beam emitted by the illuminator is angularly homogenized in the integrating sphere and comes out from
the exit aperture of the sphere. Then the light is reflected by the collimation mirror, which generates a solar
divergence beam. Suitable screens, to obtain a beam with dimensions adapted to illuminate the sample under test,
finally cut this beam. The combination of the size of the sphere aperture with the focal length of the spherical
mirror (collimation mirror) produces a uniform beam with solar divergence [Fontani et al. 2013].

Fig. 2 – The optical system to test the secondary collectors.

The two secondary collectors examined are a prismatic lens and a reflective concentrator, specifically designed
for the solar collection system of Fresnel mirror type.
The optical tests are executed with a reproducible procedure, identical for the two types of secondary optics. The
final aim of this procedure of sample alignment and displacements is to reproduce the working conditions at noon
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of the actual solar plant for which the secondary optics was developed.
Each examined sample is placed on a platform allowing rotation and translation with elevated precision and
stability. The rotator has sensitivity of 0.025° and it permits to vary the incidence angle of the beam coming from
the mirror. The micrometric translator allows to correct for the small difference between the rotation axis and the
entrance of the secondary optics, so that the latter is always at the centre of the beam.
The acquisitions are of two types: photodiode measurements to obtain the collection efficiency or image
acquisitions with a CMOS camera to know the light distribution in the image plane. The photodiode scan is a
quantitative assessment, while the CMOS camera acquisition gives only qualitative information.
The main sensor is a photodiode with squared sensitive area of sizes 1 mm x 1 mm. The detector is mounted on a
micrometric XY translating system, which allows to perform two-dimensional scans in a vertical plane
(perpendicular to the optical axis, indicated in Fig. 2). Typically the examined vertical plane is the image plane of
the secondary optics, where the optical design foresees that the collector creates its image. For these concentrators
the photovoltaic (PV) receiver is placed in this plane and obviously the region of interest corresponds to the area
of the receiver. The photodiode is connected to an amplifier, and the total amount of focused light, obtained by
photodiode measurements, is used to calculate collection efficiency and concentration factor.
In addition to the photodiode scans, some image acquisitions are performed using a CMOS camera to know the
light distribution in the image plane examined by the photodiode scans. The CMOS camera has sensitive area of
size 7.74 mm x 10.51 mm. The camera is displaced with the same translation system used with the photodiode.
The purpose is to assess the power density of the light focused on the receiver plane. This measurement gives
information about uniformity of receiver illumination, which is a key parameter for obtaining the maximum
conversion by the PV receiver.
A devoted LabVIEW program manages scansion and elaboration of measured signals for both sensors, allowing
to select area and pitch of the scan. The mapping of the region of interest is automatically handled by this
LabVIEW program that provides to move the shifters and to acquire the signal of the used sensor.
For the collection efficiency assessment with photodiode the procedure steps are listed below.
1) For a given time t the mirrors inclinations ߚ for ߠሺݐሻ ൌ Ͳ are known, consequently are obtained the angles ߙԢ
of beam incidence on the receiver (10 in total, the other 10 correspond to Ȃ ߙԢ ), and the beam limiter widths.
2) Firstly a reference measurement is executed: the photodiode axis is aligned with the direction of the incident
beam. It is performed a mapping of the beam incident on the receiver. The scanning is made on a plane
perpendicular to the beam direction without the secondary optics.
3) The secondary optics is mounted, it is rotated up to the angle ߙԢ and the limiter opening is regulated.
4) Placing the photodiode in the measurement plane, the illuminated area is scanned to obtain a map, aligning the
scan plane with the hypothetical plane of the PV cell. For the reflection concentrator, the detector is placed in the
vicinity of the exit aperture. For the lenses, the detector is placed on the working plane, 50 mm from the rear
surface of the lens. The shifters are moved with steps of 1 mm x 1 mm, in this way a direct and complete mapping
of the image, with resolution limited by the detector size, is obtained.
5) steps 3) and 4) of the measurement procedure are repeated for all ߙԢ .
For the acquisition of images with CMOS camera the procedure is identical to the previous one, with the exclusion
of the reference measurement, which is not needed in this type of acquisition since it is not a quantitative
measurement. The scanning steps are in agreement with the CMOS sensor dimensions.

3. Data elaboration and results
The photodiode acquisitions are elaborated to calculate collection efficiency and concentration factor of the
examined optical component.
The result of a scan with the photodiode is a two-dimensional matrix with dimension corresponding to the number
of sampled points, and whose elements are the photodiode output current, which is proportional to the incident
power. Since the sensitive area of the photodiode is 1 mm2, these values can be considered as the power density
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per mm2.
The collection efficiency of the receiver is calculated using equations Eq. (1), Eq. (2) and Eq. (3). ܲǡ is given
by Eq. (2), in which ҧ is calculated by averaging the values of the scan on the incident beam. The effective area
is rectangular: ܣǡ ൌ ܽ ή ܾ . The receiver is always fully illuminated in the vertical direction, so a is constant
for each measurement. The horizontal dimension (bi) must be accurately calculated considering the projection (of
length leff,i) of the receiver side (of length LR) on the plane orthogonal to the beam axis [Fontani et al. 2015]. Each
plane mirror (of length LM) in the horizontal direction is seen with a length L’eff,i , obtainable considering the
projection effect and the beam divergence enlargement [Fontani et al. 2015].
Hence there are different situations of illumination. The receiver is fully illuminated (bi data in bold in Tables 12) or it is partially illumined (bi data in italics in Table 1). When it is entirely lighted ܮᇱ ǡ  ݈ǡ and ܾ ൌ ݈ǡ
, while in case of partial illumination ܮԢǡ ൏ ݈ǡ and ܾ ൌ ܮԢǡ [Fontani et al. 2015]. These quantities are
visualized in Fig. 3.

Fig. 3 – Effects on the beam.

Table 1 presents the measurement results for a reflection concentrator; whilst Table 2 reports the results measured
on two samples of prismatic lens (denominated Lens1 and Lens2). The columns refer to: mirror tilt with respect
to the mirrors line (βi), incidence angle of the beam reflected on the receiver (αi’), horizontal size of the effective
area (bi), and effective area (Aeff,i). The vertical size of the effective area is a.
From Table 1 it is clear that for the reflection concentrator there are some angles for which the beam does not
completely enter in the receiver; in these cases the light collection is limited by the size of the receiver and not by
the beam itself.
Ei q 
0.759
2.273
3.774
5.254
6.707
8.126
9.504
10.839
12.126
13.363

Di’ q
1.518
4.546
7.548
10.508
13.414
16.252
19.008
21.678
24.252
26.726

bi (mm)
58.72
58.69
58.62
58.52
58.36
57.60
56.73
55.76
54.70
53.59

A eff,i (mm2)
2819
2817
2814
2809
2801
2765
2723
2676
2626
2572

Table – Effective area of the beam entering in the reflection concentrator as a function of the entrance angle, for a = 48 mm.
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Ei q
0.759
2.273
3.774
5.254
6.707
8.126
9.504
10.839
12.126
13.363

Di’ q
1.518
4.546
7.548
10.508
13.414
16.252
19.008
21.678
24.252
26.726

bi (mm)
58.72
58.69
58.62
58.52
58.38
58.22
58.04
57.83
57.61
57.37

A i,eff (mm2)
2936
2934
2931
2926
2919
2911
2902
2892
2881
2869

Table 2 – Effective area of the beam entering in the prismatic lens as a function of the entrance angle, with a = 50 mm.

For the determination of ܲ௨௧ it is necessary to distinguish the two types of secondary optics.
For the reflection concentrator, the PV receiver is placed on the exit aperture and it collects all the light coming
from it. Therefore, in this case ܲ௨௧ is obtained by integrating all the radiation collected in the scan.
For the lens, the PV receiver is placed at 5 cm distance. It will collect the light that falls directly on it and that is
reflected from the lateral flaps. ܲ௨௧ is then obtained as the sum of these two contributions. The situation is
illustrated in Figures 5 and 6. The radiation within the red rectangle is coming directly from the lens, while the
radiation inside the yellow rectangles is reflected by the flaps. In any case, from the pictures of focused beam it
can be noted that the light falls predominantly within the central band.
It is interesting to examine the values of efficiency and concentration obtained for the individual angles. The
collection efficiency Kiis calculated using Eq. (1) while the concentration factor Ci is obtained from Eq. (4).
Tables 3, 4 and 5 illustrate the results corresponding to each angle βi (mirror tilt from the mirrors line); the columns
report entrance angle Di’, collection efficiency Ki and concentration factor Ci.

Ei(°)
0.759
2.273
3.774
5.254
6.707
8.126
9.504
10.839
12.126
13.363

Di’(°)
1.518
4.546
7.548
10.508
13.414
16.252
19.008
21.678
24.252
26.726

Ki
0.717
0.708
0.701
0.695
0.674
0.657
0.638
0.613
0.589
0.548

Ci
3.75
3.71
3.67
3.64
3.53
3.44
3.34
3.21
3.08
2.87

Table 3 – Collection efficiency and concentration factor varying the tilt angle, for the reflection concentrator.

Ei(°)
0.759
2.273
3.774
5.254
6.707
8.126
9.504
10.839
12.126
13.363

Di’(°)
1.518
4.546
7.548
10.508
13.414
16.252
19.008
21.678
24.252
26.726

Ki
0.749
0.752
0.745
0.744
0.750
0.740
0.712
0.697
0.667
0.614

Ci
5.25
5.26
5.21
5.21
5.25
5.18
4.99
4.88
4.67
4.29

Table 4 – Collection efficiency and concentration factor varying the tilt angle, for the first sample of prismatic lens (Lens1).
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Ei(°)
0.759
2.273
3.774
5.254
6.707
8.126
9.504
10.839
12.126
13.363

Di’(°)
1.518
4.546
7.548
10.508
13.414
16.252
19.008
21.678
24.252
26.726

Ki
0.744
0.753
0.756
0.755
0.739
0.736
0.728
0.699
0.686
0.593

Ci
5.21
5.27
5.29
5.29
5.17
5.16
5.10
4.89
4.80
4.15

Table 5 – Collection efficiency and concentration factor varying the tilt angle, for the second sample of prismatic lens (Lens2).

Finally the total values are obtained by summing the contributions of all the examined angles, as Eq. (3) and Eq.
(5) indicate.
Tables 6 summarizes the values of total collection efficiency and total concentration factor for all the examined
samples of secondary optics designed for the solar plant with Fresnel mirror configuration. For the prismatic lenses
two situations are considered, assuming that the reflectance of the lateral flaps could be equal to 90% or 75%, for
helping to understand the influence of the flaps in the resulting performance of the component.
Secondary collector
Reflection concentrator
Lens1
Lens1
Lens2
Lens2

Reflection of the
flaps R (%)
90
75
90
75

total collection
efficiency K
0.656
0.695
0.663
0.696
0.664

total concentration
factor C
3.43
4.87
4.64
4.87
4.65

Table 6 – Total values of collection efficiency and concentration factor for all the examined secondary optics.

1. Analysis in the image plane
The distribution of the radiation concentrated on the image plane of the secondary collector is accurately analysed
to assess the level of uniformity of receiver illumination. The images in Figures 4-6 are obtained elaborating the
measurements with the photodiode, and provide a schematic representation of the illumination produced by the
20 mirrors. The contributions of the various mirrors are calculated by summing the acquired maps and their
specular copies (added in the elaboration phase).
The image of the reflection concentrator (Fig. 4) is simply obtained by summing the contributions of the various
angles, given that it was possible to align the photodiode with the exit aperture of the reflection concentrator, and
thus the analysed area was always the same.

Fig. 4 – Elaboration in false colour of the power density (arbitrary units) on the image plane for the reflection concentrator.

The red rectangle in Fig. 4 denotes the area covered by the PV cell. It must be noted that this is not exactly the
map of power density on the cell plane, because the measurement plane for Fig. 4 is about 2 mm behind it. Even
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the light external to the rectangle is actually captured by the cell and contributes to the collection efficiency. The
difference in intensity of the two horizontal bands at the edges of the rectangle can be attributed to a small vertical
misalignment.
In Figures 5 and 6, in addition to the red rectangle of the cell, two side areas bounded by yellow lines are
highlighted. The light that falls within these zones interacts with the lateral flaps of the collector and falls
(attenuated) within the cell. For the evaluation of the collection efficiency it has been considered the contribution
of the entire central band (with red zone and yellow zones). How the yellow zones contribute to the uniformity of
illumination, however, depends on the interaction of the radiation with the flaps.

Fig. 5 – Elaboration in false colour of the power density (arbitrary units) on the image plane for Lens1.

Fig. 6 – Elaboration in false colour of the power density (arbitrary units) on the image plane for Lens2.

The analysis is completed by the elaboration of the CMOS camera acquisitions. Due to the large size, the acquired
images must be numerous and they must be accurately combined in order to obtain a final view of the illumination
distribution.
As qualitative estimation, Figures 7 and 8 show the reconstructed images for reflection concentrator and prismatic
lenses, respectively. Since fundamentally both lenses generate similar images, Fig. 8 shows only one image. It
can be noted that the obtained images are in agreement with the results found with the photodiode.

Fig. 7 – Image reconstructed for the reflection concentrator.

Fig. 8 – Image reconstructed for the prismatic lenses.

These reconstructed images serve only to have an idea of the distribution of the concentrated beam, which as it
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can be seen in both cases is not homogeneous.

2. Conclusion
The purpose of this experimental work is to analyse the behaviour of two different secondary optics mounted near
the focus of a solar collection system with a Fresnel mirror. An accurate analysis of the concentration layout and
of the behaviour of the components inside the plant offered the possibility of performing in laboratory all the
measurements simulating the behaviour of the single parts of the system. The contributions are then suitably
combined to obtain collection efficiency and concentration factor of the entire solar plant.
The examined secondary optics are a prismatic lens and a reflection concentrator. These two types of secondary
collector were optically designed for this solar plant, and samples of them were implemented. The tested
secondary collectors are compared on the basis of their optical characteristics. The entrance area of the prismatic
lens is larger than that of the reflective concentrator. The main comparison concerns total collection efficiency
and total concentration factor of the secondary collector. These quantities are fundamental to understand the
operation of the optical component and of the whole system for sunlight collection. The collection configuration
is quite complicated and contains a large number of optical elements; therefore it was necessary to develop a
special system for the calculation of collection efficiency and concentration factor. Another essential quantity to
be analysed is the light distribution in the image plane of the secondary optics, because the level of uniformity of
receiver illumination influences the photovoltaic conversion.
A specific experimental set-up was optically designed, implemented and aligned to perform the optical tests
simulating the collection geometry of the existent plant. Having chosen to study the system at noon, there is
symmetry with respect to the central axis of the system, so only half of the 20 mirrors were reproduced in
laboratory. The procedure consists in performing the tests separately simulating the illumination of each mirror,
finally combining the measured results. It was decided to perform the analysis at noon, considering that this hour
usually corresponds to the maximum solar irradiation. In the actual plant the mirrors move during the day, thus
for examining other day times 20 measurements are required and the inclination angles must be properly selected.
Two samples of prismatic lens and one sample of reflection concentrator are compared with an optical
characterisation considering the inclinations of the mirrors at noon. The values of total collection efficiency (K)
are very similar for all examined samples and they are around 0.66 – 0.69. The total concentration factor (C) is
4.6 – 4.9 for the prismatic lenses and 3.4 for the reflection concentrator. The higher value of C measured on the
lenses is probably due to a larger entrance area of the prismatic lens with respect the other optics. In particular,
specific tests verified that for some angles the beam does not completely enter into the reflective concentrator. To
study the lighting distribution in the image plane of the secondary collector, the power density was computed from
the photodiode measurements and some image reconstructions were obtained from the CMOS acquisitions. All
these pictures evidence a quite uniform illumination of the receiver; only the two horizontal extremes show lower
illumination levels.
The final results of this optical comparison are that the collection efficiency is comparable among all examined
samples, while the concentration factor is higher for the prismatic lenses. Therefore, taking into account also that
the entrance aperture of the prismatic lenses is larger with respect to the other, it can be concluded that the
prismatic lens is a better performing secondary optics than the reflective concentrator. The characteristics of
receiver illumination uniformity are analogous for both secondary collectors, which provide a focused image with
elevated uniformity in the centre and some inferior light levels towards the right and left extremes.
Reminding that the presented study was carried out at noon, a more complete analysis should examine other hours
of the day. Another interesting investigation could consider the angular limitations in order to control the losses,
because the experimentation evidenced that there are some cases in which the reflection concentrator is not
entirely illuminated.
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Abstract
The overall aim of this work is to assess the performance of high-efficiency solar trigeneration systems based on
a novel hybrid photovoltaic-thermal (PVT) collector for the provision of domestic hot water (DHW), space heating
(SH), cooling and electricity to residential single-family households. To this end, a TRNSYS model is developed
featuring a novel hybrid PVT panel based on a new absorber-exchanger configuration coupled via a thermal store
to two alternative small-scale solar heating and cooling configurations, one based on an electrically-driven vapourcompression heat pump (PVT+HP) and one on a thermally-driven absorption refrigeration unit (PVT+AR). The
energy demands of a single-family house located in three different climates, namely Seville (Spain), Rome (Italy)
and Paris (France), are estimated using EnergyPlus. Hourly transient simulations of the complete systems
considering real weather data and reasonable areas for collector installation (< 30 m2) are conducted over a year.
The household energy demands covered by the two systems indicate that the PVT+HP configuration is the most
promising for the locations of Rome and Paris, covering more than 74% the DHW demand, 100% of the space
heating and cooling demands, as well as an important share of the electricity demand. Meanwhile, for Seville, the
PVT+AR configuration appears as a promising alternative, covering more than 80% of the DHW, around 70% of
the cooling and electricity, and 54% of the space heating demands.
Keywords: solar energy, hybrid PVT, heat pump, absorption cooling, residential energy, energy modelling

1. Introduction
The EU low-carbon economy roadmap (European Commission, 2011) concludes that it is possible to reduce the
emissions in the build environment by around 90%, and that this would be a significant contribution towards
achieving the 80% total emissions reductions relative to 1990 levels by 2050 without disrupting energy supplies.
Meeting this commitment requires an increased generation of renewable energy in the built environment by clean
and affordable technologies. Solar energy has the potential to play a leading role in delivering such a highefficiency sustainable energy future, and is quickly approaching grid parity in high-irradiation regions. In addition,
it is capable of satisfying both the electrical and thermal needs of buildings, by means of photovoltaic (PV) and
solar thermal (ST) technologies, respectively. Especially where there are space constraints, hybrid photovoltaicthermal (PVT) panels appear as highly suitable solutions, as these units combine the advantages of PV and ST
systems while generating both electricity and a useful thermal output simultaneously from the same aperture area,
and with a higher overall efficiency than separate stand-alone systems (Guarracino et al., 2016). Nevertheless, the
wider use of PVT technology currently remains limited (Herrando et al., 2014), and it is of interest to consider
and to improve aspects of this technology that would enable its further deployment.
Interestingly, PVT-water systems can have higher efficiencies by up to ~15% compared to PV while generating
hot water suitable for domestic use (DHW) or for space heating (SH), and it is believed that this technology has
an important potential in the residential sector (Affolter et al., 2005) that accounts for 25% of the total electricity
and 30% of the total final energy consumption in the EU (Antonanzas et al., 2015), and where the heat demand
accounts for 60-90% of the energy demand in buildings in cold climates, and 30-40% in warmer climates
(Kempener et al., 2015). However, despite its potential, there are still very few companies worldwide
commercialising this technology (Herrando and Markides, 2016), with most of the products available on the
market not having optimised designs for PVT applications. In an attempt to overcome this barrier, previous work
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focused on the design and characterisation of novel absorber-exchanger configurations for flat-plate PVT
collectors based on a flat-box structure (Herrando et al., 2016, 2017), which demonstrated promising results,
specifically a ~4% higher optical efficiency and a ~16% lower heat-loss coefficient than an equivalent commercial
sheet-and-tube PVT panel, also with a lower weight (close to 10%) and capital cost (about 20%). This novel PVT
panel configuration is the one selected in the present work for further research.
One of the limitations of the integration of hybrid PVT systems in buildings for power and heating provision,
especially in the residential sector, arises from the annual heat demand variations of these buildings, which in
temperate climates such as in Mediterranean countries splits into an 75-80% demand for space heating and a
remaining 20-25% for DHW, with the minimum demand being in summertime when the irradiation levels are
high. To avoid oversizing/generation, an installation is typically sized to cover about 50% of the DHW load, such
that the generated solar-thermal energy can only cover 10% of the total heating load of the building (del Amo,
2015). To avoid this limitation and use the surplus heat provided by the PVT panels for other building energy
needs, the present work proposes integrating PVT panels with thermal storage and heat pumps (HPs) or absorption
refrigeration (ARs) units, thereby allowing the generation of heating (SH and DHW), cooling and electricity from
a single, affordable solar-energy system (IEA, 2012).
Solar cooling, in particular in domestic applications, is considered attractive because high solar irradiance levels
are typically in phase with high building cooling demands, which have been and are projected to continue growing
on a worldwide basis (Montagnino, 2017). Previous research has highlighted the fact that the relationship between
the solar resource availability and the cooling demand is of key importance in obtaining accurate estimations of
the potential of solar-cooling technologies (Mokhtar et al., 2010). At the same time, other recent studies have
indicated that suitable solar-cooling technologies are currently associated with noteworthy challenges, including
their limited performance and high cost (Bataineh and Taamneh, 2016). Ongoing research on a range of solarcooling technologies has focussed on overcome these challenges.
Most studies found in literature propose the integration of heating/cooling technologies with concentrated PVT
(Mittelman et al., 2007), or PVT-air systems (Eicker and Dalibard, 2011; Kamel and Fung, 2014). Instead, in the
few studies found to date on PVT-water panels integrated thermally with AR units, the hot water generated by
flat-plate PVT-water collector designs (which can reach around 80-90 °C), can be utilized as a heat source for the
generator of the absorption unit, thus providing cooling to the household. Recent studies have shown that
coefficients of performance (COPs) of up to 0.8 can be achieved by solar-driven single-stage LiBr-water
absorption chillers (Bellos et al., 2016). Some authors (e.g., Calise et al., 2012; del Amo, 2014; Ramos et al.,
2017) considered the integration of PVT-water collectors with AR units, and concluded that this combination has
an important potential for energy savings owing to the generated heating, cooling and electricity.
Alternatively, vapour-compression heat pumps (HP) driven by the electrical output of PVT-water collectors can
also be integrated with the thermal output of the same collectors, increasing the COP of this configuration in
winter “heating mode”, while in summer the electrical output generated by PVT units can be used to run the HP
unit to provide cooling. Most of the approaches for the hybridisation of HPs with solar collectors involve a simple
combination of ST and PV conventional systems. The ST+HP combination was the first the concept developed
as a parallel source for minimising the HP operation or with more complex architectures in order to take advantage
of higher source temperatures for enhancing the HP performance. Examples are solar air heaters coupled with airair HP or ST collectors coupled with water-water HPs. The higher potential of heat source side solutions requires
sophisticated, robust and well-tuned control systems to achieve high solar fraction for annual basis figures (Drosou
et al., 2014). Further, Xu et al. (2009) developed a photovoltaic-thermal heat pump (PVT-HP) system model, from
which they concluded that almost all of the required heating load in winter months in Nanjing and Hong Kong
(China) can be covered by using a variable compressor for the HP. Similarly, Kamel and Fung (2014) studied an
air-PVT collector integrated in a roof and coupled with air source HP, where the warm air generated in the airPVT acted as the source for heat production. These authors concluded that an important reduction in electricity
costs to run the HP can be achieved when it is connected with PVT systems. The economic performance of a solar
photovoltaic/loop-heat-pipe (PV/LHP) and HP system for domestic heating applications has also been studied,
e.g., by Zhang et al. (2014), who identified local utility prices and renewable incentives to be critical for the
implementation of these systems.
The interest in the PV+HP combination is a more recent development, mainly driven by the cost reduction of PV
modules in the last years; boosted also by the power-to-heat trends, the combination of these electricity-based
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technologies seems promising. A theoretical and experimental study of PV modules coupled with a solar assisted
HP (SAHP) showed higher values of the HP COP as well as higher averaged PV efficiencies than separated units
(Ji et al., 2008). However, the weakly coupled profiles of PV generation and HP consumption lead to an important
distribution grid impact if they are not properly managed (i.e., through electrical storage), and thus in a high
penetration scenario the ideal grid storage solution is not feasible (Protopapadaki and Saelens, 2017) due to grid
operation and infrastructure oversizing needs.
This research aims to investigate the potential of domestic solar trigeneration systems based on hybrid PVT-water
collectors for the provision of DHW, SH, cooling and electricity in residential single-family households.

2. Methodology
The most promising PVT panel identified in previous research (Herrando et al., 2016), based on a polycarbonate
flat-box structure design, is connected to a HP or AR unit and a suitable thermal store, within a combined heatingcooling-electricity (trigeneration) system model in TRNSYS (Klein, 2016) (see Fig. 1). Two alternative system
configurations are considered: 1) PVT integrated with a water-to-water reversible heat-pump/refrigeration unit
fed by the electrical and/or thermal output of the PVT panel to provide heating/cooling; and 2) PVT integrated
with a thermal absorption refrigeration unit (single-stage LiBr-water) fed by the thermal output of the PVT panel
to satisfy the cooling demand in summer, plus a suitable thermal store. Innovative approaches in the PVT+HP
configuration are studied such as the integration of the PVT thermal output with a water-to-water HP unit to
increase its COP (see Fig. 1 left), and the optimisation of the tank size.

Fig. 1: Schematic diagrams of solar PVT panels integrated with (left) heat pumps, Configuration 1, and (right) absorption
refrigeration units, Configuration 2.

2.1. Solar trigeneration system models
The core components of the solar trigeneration systems studied and modelled in this work are: i) the PVT collector,
ii) a stratified water storage tank, iii) a closed loop with a water circulator pump that connects the PVT collector
with the storage tank through an internal heat exchanger, iv) a HP unit (Configuration 1), v) an auxiliary heater,
and vi) an AR unit (Configuration 2). The PVT collector, the stratified water storage tank, the HP and the AR unit
models are described in detail below.
PVT collector
The novel PVT collector proposed and investigated in this work is based on a polycarbonate flat-box structure,
which improves the heat transfer from the absorber to the fluid by means of 2×3 mm channels (Herrando et al.,
2016). This main design features of this PVT collector are presented in Fig. 2.

Fig. 2: Schematic diagram of the novel PVT collector proposed in this work, based on a polycarbonate flat-box structure.

In order to model the proposed PVT collector, an existing PVT unit in TRNSYS (Type 560) is modified
accordingly and the adjusted PVT model is validated against experimental data (Herrando, 2017). The PVT
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collector has a nominal electrical power of 240 Wp and an aperture area of 1.55 m2. The nominal electrical
efficiency (Șel) of the PVT collector is 14.7%, and the temperature coefficient of the PV cells is 0.45 %/K. The
thermal performance (Șth) of the collector is described by Eqs. 1 and 2 as follows,
ߟ୲୦ = 0.726 െ 3.325 ή ܶ୰ െ 0.0176 ή  ܩή ܶ୰ ଶ
ܶ୰ =

(்ౣ ି் )
ீ

(eq. 1)
(eq. 2)

where G is the total global solar irradiance on the surface at tilted angle (in W/m2), Tfm is the mean fluid
temperature and Ta is the ambient temperature.
Stratified water storage tank
A one-dimensional (1-D) model is used for the hot water storage tank (Type 534). The tank is assumed to consist
of 6 fully mixed equal-volume segments that divide the cylinder along its vertical axis. The total mass of fluid in
the tank is assumed constant, therefore the total mass flow-rate entering the tank through the inlet port must equal
the total mass exiting the tank from the outlet port. For the stratification, a temperature gradient is preserved in
the tank by ensuring that the hot water for DHW demand is supplied via a port at the top of the tank (at node n =
1), while replacement cold water from mains is introduced at the bottom (n = 6). The tank also has two immersed
heat exchangers (HX): one connected to the PVT collector and another one to provide hot water to satisfy the SH
demand (via radiant underfloor heating, UFH) to the household. In this second HX, water flowing in a separate
closed loop circuit enters the heat exchanger coil (at node n = 4) at the UFH return temperature of 35 °C and is
heated to a target supply temperature of 45 °C. This closed loop exits the tank at node n = 2. A bypass is included,
to avoid sending fluid to the heat exchanger when the tank temperature is lower than 35 °C. In Configuration 1,
the outlet of this second HX is connected to the HP to provide the target supply temperature when it is not reached
within the tank, while in Configuration 2, a (gas-fired) auxiliary heater (nominal efficiency of 90.1% (BRE, 2014)
is used. To satisfy the cooling demand, the reversible HP is used in Configuration 1, whereas in Configuration 2
the AR unit generator is connected to a second port leaving the tank at the top (n = 1) and entering at the bottom
node (n = 6).
The storage tank volume is varied through the variation of the Vt/AcT ratio, where Vt is the tank volume in litres
and AcT is the total PVT collector area in square meters. According to the Ministry of Housing of the Spanish
Government (Gobierno de España, 2013), for solar thermal installations in households this range should be kept
between 50 < Vt/AcT < 180. In this work, this recommendation has been considered for the 3 different locations
under study. The size of the solar immersed heat exchanger coil also varies with the tank size, through the variation
of the tank height, such that the ratio between the coil heat transfer area, and the total PVT collector area, is not
lower than 0.15 (IDAE and CENSOLAR, 2009) to ensure adequate heat transfer. This HX enters the tank at the
top (n = 1) and exits it at the bottom (n = 6).
Heat pump unit
In Configuration 1 (PVT-HP system), the PVT collector and the water storage tank are coupled with a singlestage water-to-water heat pump (HP) unit (Type 927). The heat pump conditions a liquid stream by rejecting
energy to (cooling mode) or absorbing energy from a second liquid stream (heating mode). In heating mode, as
detailed above, the inlet of the hot side of the HP is connected to the HX outlet of the water storage tank to raise
the water temperature up to 45 ºC when required, while the inlet of the cold side of the HP is fed with water from
mains, which is cooled down to absorb the energy required and transfer it to the hot side. In cooling mode, the
cold side is cooling water from the mains to serve the cooling demand, while the hot side heats up the water from
the bottom part of the tank to compensate the heat rejection on the cooling side; then the warm water is returned
to the tank. Performance modelling of this HP unit is based on user-supplied data files containing catalogue-data
for the normalised capacity and power draw, based on the entering load and source temperatures and the
normalized source and load flow-rates (Klein, 2016).
Absorption refrigeration unit
In Configuration 2 (PVT-AR system), the PVT collector and the water storage tank are coupled with a singleeffect absorption refrigeration (AR) unit (Type 107). The refrigeration cycle starts with LiBr-water pumped to the
generator to be heated (using hot water from the top of the storage tank), as a result water is desorbed from this
solution to vapour form as it is heated. Water vapour then flows to the condenser (cooling tower) where it is
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condensed and rejects heat to the ambient. Condensed fluid then flows through an expansion device where the
pressure is reduced and evaporated for the cooling effect (refrigeration or space cooling). The evaporated water is
then absorbed into a strong LiBr solution in the absorber and the cycle is repeated. When the water exiting the top
of the storage tank is lower than 65 ºC, an auxiliary (gas-fired) heater heats it up to ensure that it enters the AR
unit at a temperature above 60 ºC (minimum temperature to start the cycle). Performance data of a commercial
AR unit, Sonnen Klima-10 kW, is considered for the modelling of this unit (Mugnier and Sire, 2009). In addition,
the data files are normalised so different AR unit sizes can be modelled.

2.2. Reference family house
To simulate the performance of the solar trigeneration system for domestic applications, a reference house is
modelled in EnergyPlus (EnergyPlus, 2017) using real hourly weather data to estimate the energy demand in
different months, including the thermal energy for space heating and DHW, the cooling demand, and electricity
for lighting and other household appliances. The reference house is a semi-detached household with 2 floors with
an area of ~58 m2 each, a façade U-value of 0.26 W/(m2·K), a roof U-value of 0.18 W/(m2·K), and double-glazed
windows. Typical occupancy profiles of a 4-inhabitant house (2 adults, 2 children) are considered, following the
guidelines provided in the Spanish Building Code (Código Técnico de la Edificación) (Gobierno de España, 2013),
which differentiates between working and non-working day, and provides loads and schedules for lighting and
home appliances, as well as for occupancy, and the air renovations in the different months. Based on the
aforementioned normative, the following temperature set-points are set: 20 °C primary and 17 °C secondary for
space heating (January to May and October to December) and 25 °C primary and 27 °C secondary for air
conditioning (June to September). As shown in Table 1, even though the same set-points and occupancy profiles
are considered, due to the different weather conditions of the locations under analysis, considerably different space
heating and cooling demands are estimated. The electricity demand (lighting and other household appliances) is
relative similar between these three locations, and the small differences found are due to the lower lighting
necessities while moving towards southern latitudes.
Tab. 1: Annual energy demand breakdown of the reference single-family house in the three different locations under analysis.

DHW
Location
Seville
Rome
Paris

Space Heating

kWh/year

kWh/m2year

942
942
942

8.19
8.19
8.19

kWh/year

kWh/m2year

668
2527
5373

5.81
21.97
46.72

Cooling

Electricity

kWh/year

kWh/m2year

kWh/year

kWh/m2year

2762
1327
529

24.02
11.54
4.60

2603
2669
2659

22.63
23.21
23.12

2.3. Methodology approach
The objective of the work presented in this paper is to analyse the performance of a solar trigeneration system
based on the novel hybrid PVT panel described above. Two different configurations (PVT-HP and PVT-AR) are
studied in three different climates: Seville (Spain), Rome (Italy) and Paris (France). For each of the former
locations and for each different configuration, the sizing of the systems is undertaken as follows: i) the number of
PVT collectors is selected after a parametric analysis to cover as much energy demand as possible (including
DHW, SH, cooling and electricity), while minimising the excess of thermal energy and using reasonable areas (up
to 29 m2 area is considered available for the PVT collectors, which is half of the floor area of the reference house);
ii) the tank size is selected as a trade-off to minimise the thermal energy excess while maintaining appropriate
temperatures through the different nodes to satisfy the demand; iii) the PVT collector flow-rate selected for each
location is that resulting in the highest percentage of the domestic energy demand covered from a previous
parametric analysis, and in this analysis is kept constant over the year following previous conclusions (Herrando,
2017); iv) for the PVT-HP configuration, the size (nominal power) of the HP unit corresponds to maximum peak
power required over the year (for both heating and cooling modes); this varies for each studied location; and v)
and for the PVT-AR system the size of the AR unit corresponds to the peak cooling power required
instantaneously, which also varies depending on the location.
The model for the PVT+AR configuration built in TRNSYS environment is presented in Fig. 3, with the element
types indicated. The diagram presented in this figure has been simplified for clarity purposes. The main elements
are the PVT panel, the water tank (thermal storage), the pumping system, the controller, the auxiliary heater and
the AR unit. As it can be observed, DHW, SH, cooling and electricity demands are inputs to the model, as well as
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the weather data. The main outputs are the electricity and thermal energy generated by the PVT panels, and the
percentages of the household energy demands covered. The equivalent model built for the PVT+HP configuration
is not presented here due to space constraints. Briefly, the PVT+HP model is built removing the AR unit, and its
corresponding connections from the TRNSYS model presented in Fig. 3, and connecting the outlets of the two tee
piece units in Fig. 3 with a new element, the HP unit (Type 927), which also needs a second controller unit (Type
2b) and second water tank (Type 4b), as indicated in Fig. 1.

Fig. 3: Simplified model of the PVT+AR configuration built in TRNSYS environment.

Once each solar trigeneration system is sized for each of the aforementioned locations, an hourly transient
simulation considering real weather data (Meteonorm Data Base, 2017) is conducted over a year, and the
percentages of DHW, space heating, cooling and electricity demands covered are estimated. The modelled system,
in all the locations and for both configurations, prioritises first of all DHW and SH demand, then cooling demand,
and finally the electricity demand (corresponding to lighting and home appliances). For the results presented
below, the family house is assumed to be connected to the electricity grid allowing the continuous exchange of
electricity: i.e., electricity generation surplus is fed to the grid and when the PVT electricity generation is not
enough to cover the instantaneous demand (deficit), this can be taken from the grid. However, this electricity
exchange is only allowed until the electricity balance over a year is reached, that is, when the total annual
electricity exported equals the total annual electricity imported to/from the grid.

3. Results and discussion
3.1 Solar trigeneration system configurations
For each of the selected locations and the two different configurations considered (PVT+HP and PVT+AR) a
preliminary analysis is conducted, as indicated in the Methodology section, to size each system. In Table 2, the
selected size of the storage tank together with the corresponding number of PVT collectors for each solar
trigeneration system, based on an innovative polycarbonate flat-box PVT panel, are presented for Seville (Spain),
Rome (Italy) and Paris (France). In addition, within the ranges of inlet and outlet temperatures considered for the
HP and AR units, in the PVT+HP configuration an annual averaged COP of 4/5 is obtained in heating/cooling
modes respectively; while for the PVT+AR configuration the annual averaged COP is 0.78.
On the basis of the solar trigeneration systems size presented in Tab. 2, hourly transient simulations over a year
are conducted in TRNSYS software, and results and percentages of the energy demand (DHW, space heating,
cooling and electricity) covered are discussed in the following subsections.
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Tab. 2: Solar trigeneration systems size based on an innovative PVT collector for each particular location under analysis.

Location
Seville
Rome
Paris

Total PVT collector
number / area
6 / 9.3 m2
12 / 18.6 m2
18 / 27.9 m2

PVT collector
flow-rate
50 L/h
50 L/h
30 L/h

Water storage tank
volume
0.54 m3
1.08 m3
1.08 m3

Peak heating/cooling
power
3.9 kW/ 11.9 kW
4.6 kW/ 7.3 kW
5.2 kW/ 5.8 kW

3.2 Annually-integrated results in the selected locations
Annual results for the two solar trigeneration configurations, including the single-family house DHW, space
heating (SH), cooling and electricity demand fractions covered in Seville, Rome and Paris are presented in Table
3. It is worth mentioning that the breakdown of the energy demand varies significantly from one location to
another, as previously shown in Table 1; i.e., while the DHW demand is virtually the same in all the selected
locations, it represents 1.4, 0.37 and 0.17 of the annual SH demand in Seville, Rome and Paris, respectively.
Significant differences can also be found in the annual cooling/SH demand ratios between the mentioned
locations, which take values of 4.13, 0.53 and 0.10, for Seville, Rome and Paris, respectively.
Tab. 3: Annual results for the two different solar trigeneration configurations, including percentages of DHW, space heating (SH),
cooling and electricity demands covered of a reference single family house in three different locations.

Location
Seville
Rome
Paris

Configurations

DHW covered

PVT+HP
PVT+AR
PVT+HP
PVT+AR
PVT+HP
PVT+AR

90.0%
81.9%
87.7%
86.9%
74.3%
73.4%

SH covered
PVT
HP+
53.7% 100%
53.7%
44.1% 100%
44.1%
18.7% 100%
18.7%
-

Cooling
covered
100%+
71.4%
100%+
96.9%
100%+
85.8%

Electricity Covered
Inst.*
with excess+
24.5%
35%
29.8%
70%
27.2%
81%
30.9%
126%
25.1%
37%
31.6%
124%

*

Percentage of demand covered instantaneously at each time step, without grid interaction.
Percentage of demand covered considering that instantaneous surpluses of electricity exported to the grid can be used at other time step to
cover a deficit of electricity.

+

From the results summarised in Table 3, Configuration 1 (PVT+HP) appears as the most promising alternative in
two of the locations (Rome and Paris), since percentages above 74% of DHW and 100% of the SH and cooling
demand are covered; while with Configuration 2 (PVT+AR), similar percentages for DHW and slightly lower for
cooling demand are covered, but instead less than 45% and 20% of the SH demand are covered in Rome and Paris,
respectively. The case of Seville is significantly different, mainly due to the higher solar irradiance levels, thus
the household has very small SH demand and quite high cooling demand. Therefore, in this location, the
integration of the PVT collectors with an AR unit appears as a promising alternative because, although only around
54% of the SH demand is covered, the remaining percentage corresponds to a small amount of energy in absolute
numbers (332 kWh/year), while the electricity covered with the PVT+AR is twice than the one covered with the
PVT+HP configuration (1826 kWh/year vs. 915 kWh/year respectively).

3.2 Time-resolved weekly analysis of the systems in the selected locations
In this section, detailed results (weekly results on an hourly basis) are presented with the aim of understanding of
the annual data presented in Table 3. A more detailed description of the energy performance of the most promising
solar configuration at each of the selected locations is also included.
Solar trigeneration (PVT+AR) system integrated in the household located in Seville (Spain)
As shown in Table 3, the integration of the PVT collectors with an AR unit appears to be a promising alternative
in Seville (Spain), as the AR unit uses the hot water generated by the PVT collectors in the summer months to
satisfy the cooling demand, leaving a significant amount of electricity generated by the PVT collectors to satisfy
the rest of the household’s electricity demand. The later observation may seem not clear from the annual results
presented in Table 3, where higher percentages of space heating and cooling are covered with the PVT+HP
configuration. However, the PVT+AR configuration presents the additional advantage of covering double of the
electricity domestic demand, since most of the cooling demand is covered by means of the PVT thermal output,
thus avoiding excess of thermal energy that would be otherwise dumped to the ambient.
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Fig. 4: Electricity generated by the PVT collectors (EPVTnet), electricity consumed by the AR unit (EAbs,Tot), electricity demand
covered (ECov), electricity demand (EDem) and electricity excess/deficit (EXS/Def) for the PVT+AR system located in Seville (Spain)
during a summer week (28th June - 4th July).

Figures 4 and 5 show the hourly results of the PVT+AR system located in Seville detailed in Table 3 during a
representative summer week (28th June - 4th July). It is observed that there is a clear mismatch between the profile
of electricity generation (EPVTnet) and that of the electricity demand (EDem), which implies that during the day all
or most of the electricity demand is covered by the PVT+AR system (green circles in Fig. 4), with also an
important excess of electricity (yellow pluses) that is exported to the grid. Meanwhile, at night the peak electricity
demand (purple diamonds) is not covered. This gives rise to the difference in the percentage of electricity covered
in Table 3, depending on whether only the electricity generated at each time step is considered (‘Inst.’ Column in
Table 3) or whether it is assumed that the electricity exported to the grid at any time step can be used at other time
step to satisfy the demand (‘with excess’ Column in Table 3).
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Fig. 5: DHW demand (QDHW,Dem), DHW demand covered by the proposed PVT+AR system (QDHW,PVT), thermal energy required by
the AR unit to satisfy the cooling demand (QAbs,Tot,Cool), thermal energy provided by the proposed PVT+AR system to satisfy the
cooling demand (QAbs,PVT,Cool) and auxiliary energy required to satisfy the cooling demand (QAux,Cool) for the PVT+AR system
located in Seville (Spain) over a summer week (28th June - 4th July).

In Fig. 5 we consider the thermal energy generation/consumption. From this figure, it can be seen that in the
selected summer week most of the DHW demand can be covered by the proposed PVT+AR system (dark blue
triangles and green pluses), as well as a significant part of the cooling demand (light blue diamonds and orange
squares). It is observed that on the first day, due to the lower solar irradiance (which can be inferred from the
electricity generated by the PVT panels in Fig. 4), the temperature reached at the top of the tank is not enough to
feed the AR unit and to satisfy the cooling demand, so an important amount of auxiliary heat is need (yellow
crosses). Conversely, later in the week, thanks to the increase in solar irradiance, more thermal energy is collected
by the PVT collector array, leading to an increase in the storage tank temperature and thus a reduction in the
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auxiliary energy required to heat the water that feeds the AR unit.
Solar trigeneration (PVT+HP) system integrated in the household located in Rome (Italy)
In the case of the household located in Rome (Italy), the results indicate that it is more appropriate to integrate the
PVT collectors with a HP instead of with an AR unit, as this allows the system to cover all the space heating and
cooling demands while also covering most of the DHW and an important fraction of the electricity demands, when
the electricity excess at different time steps is considered (‘with excess’ Column in Table 3).
To compare the energy performance of the PVT+HP system with the PVT+AR system, the same summer week
as in the case of Seville is shown in Fig. 6 below. In this case, only the electrical results are shown as the thermal
outputs are the ones corresponding to the DHW demand and are very similar to those shown in Fig. 5. As before
(in Seville, Fig. 5), a mismatch is observed between the electricity generated by the PVT panels and the household
electricity demand. However, here, the cooling demand is satisfied by the HP, consuming electricity (see dark
blue triangles), so there is less excess of electricity during the main cooling hours (early afternoon), while when
the electricity generation decreases later in the day (red squares), there is a deficit of electricity (yellow crosses)
that should be bought from the grid to cover the HP electricity consumption.
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Fig. 6: Electricity generated by the PVT collectors (EPVTnet), electricity consumed by the HP unit (EHP,Tot), electricity demand
covered (ECov), electricity demand (EDem) and electricity excess/deficit (EXS/Def) for the PVT+HP system located in Rome (Italy) over
a summer week (28 June - 4 July).

Solar trigeneration (PVT+HP) system integrated in the household located in Paris (France)
For the case of the household located in Paris (France), the results show once again that the most appropriate
system configuration is the one that integrates the PVT collectors with a HP instead of an AR unit, which in this
case allows the system to cover up to 100% of the space heating and cooling demands, while also covering most
of the DHW demand; on the other hand, only 37% of the electricity demand is covered (see Table 3).
In this case, it is considered more relevant to show a representative winter week (27th January to 2nd February)
since the cooling demand in Paris is small compared to that for space heating. In Fig. 7 one can clearly observe
the mismatch between the profiles of the electricity generated by the PVT panels and that of the household
electricity demand, while it can also be seen that the electricity demand (purple diamonds) is lower than the
electricity needed by the HP to cover the SH demand (blue triangles) from morning to evening. In addition, despite
the fact that the amount of electricity covered seems quite small (green circles), on an annual basis the
instantaneous energy covered is around 668 kWh/year which, together with the annual excess of electricity (310
kWh/year), allows the system to cover 37% of the total domestic electricity need (assuming that the electricity
exported to the grid at any time step can be used at other time step to satisfy the electricity demand).
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Fig. 7: Electricity generated by the PVT collectors (EPVTnet), electricity consumed by the HP unit (EHP,Tot), electricity demand
covered (ECov), electricity demand (EDem) and electricity excess/deficit (EXS/Def) for the PVT+HP system located in Paris (France)
during a winter week (27 Jan. - 2 Feb.).

The total heating demand, including both DHW and SH, is presented in Fig. 8, together with the part of these
demands covered directly by the PVT thermal-energy generation. From Fig. 7, the 4 days of the selected week
that have relevant irradiance levels can be inferred (red squares), which allows the system to cover some
percentage of the SH demand with the thermal PVT output on those days, especially in the evening (red squares
on Fig 8). However, when the electricity generated by the PVT is used by the HP to cover the remaining SH needs
(blue triangles in Fig. 7), 100% of the SH demand is covered (see Table 3).
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Fig. 8: Space heating demand (QSH,Dem), Space heating demand covered by the thermal output (hot water) of the proposed
PVT+HP system (QSH,PVT), DHW demand (QDHW,Dem), DHW demand covered by the thermal output (hot water) of the proposed
PVT+HP system (QH,PVT) for the PVT+HP system located in Paris (France) over a winter week (27 Jan. - 2 Feb.).

4. Conclusions
In this paper, the performance of high-efficiency solar trigeneration systems based on a novel hybrid photovoltaicthermal (PVT) collector based on a flat-box structure for the provision of domestic how water (DHW), space
heating (SH), cooling and electricity to residential single-family households is assessed. To this end, the energy
demands of single-family houses located in three different climates, namely Seville (Spain), Rome (Italy) and
Paris (France), are estimated using the engine tool EnergyPlus, and a TRNSYS model is developed featuring the
hybrid PVT panel coupled via a thermal store in two alternative small-scale solar heating and cooling
configurations to: 1) an electrically-driven vapour-compression heat pump (PVT+HP), or 2) a thermally-driven
absorption refrigeration unit (PVT+AR).
Based on transient simulations over a full year on an hourly basis, it can be concluded that the proposed solar
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configurations, PVT+HP or PVT+AR depending on the location, appear as an interesting solutions for the
provision of solar DHW, SH, cooling, and electricity in residential buildings. Significant fractions of domestic
energy demands can be covered with reasonable PVT collector-array areas. It is also concluded that the most
promising solar trigeneration configuration for each location depends on the weather conditions (in particular
solar irradiance levels) and the household energy demand profiles. The percentages of the different energy
demands covered indicate that the PVT+HP configuration is the most promising alternative for the locations of
Rome and Paris, covering 87.7% and 74.3% of the DHW respectively, 100% of the space heating and cooling
demands in both locations, as well as 81% and 37% of the electricity demand, respectively. This is achieved with
a PVT panels installed area of 18.6 m2 in Rome and 28.9 m2 in Paris. For the case of Seville, due to the higher
solar irradiance levels and the significant cooling demand, the PVT+AR configuration arises as a promising
alternative, with which it is possible to cover 81.9% of the DHW, 53.8% of the space heating, 71.4% of the cooling
and 70% of the electricity demands, with a PVT panels installed area of 9.3 m2. In this case, the PVT+AR
configuration presents the advantage of covering double of the domestic electricity demand compared to the
PVT+HP system, since most of the cooling demand is covered by means of the PVT thermal output, thus making
more electricity available for other purposes that would otherwise have been required to run the HP. Furthermore,
the use of the PVT thermal output in summer helps reducing the high temperatures that would be otherwise
reached in the storage tank and would lead to heat being dumped to the ambient.
This work suggests that PVT trigeneration systems have an important potential in domestic applications, in
particular in urban areas where space is at a premium, since both electrical and thermal outputs are generated from
the same area. Still, for the benefits of this technology to be realised and for it to contribute meaningfully towards
the envisaged renewable energy generation in the built environment, additional research on solar heating and
cooling technologies is required into enhancing efficiency, solar resource use, and reducing costs.
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Abstract

Integrating photovoltaic (PV) cells with the solar thermal collector is found beneficial and attractive in the
context of the simultaneous production of electricity and heat. Using nanofluid and air as the coolants, a
transient mathematical model of a bi-fluid photovoltaic/thermal (PV/T) is developed. Experimental validation of
the mathematical model is performed using results from the published work. For nanofluid, aluminum oxide
(݈ܣଶ ܱଷ ) nanoparticles with different concentrations of 0.15 wt%, 0.3 wt%, 0.45 wt%, and 0.6 wt% were
dispersed in a base fluid (pure water). The interdependence transient temperature responses of the PV/T
collector components are simulated using MATLAB® software. The overall collector performance is predicted
and compared when both fluids are to be operated independently and simultaneously. The simulation results
indicate that when the fluids are operated simultaneously, the collector performance is better than the
independent mode. It is observed that nanofluid & air based PV/T collector provides a higher performance in
comparison with conventional heat exchanger systems used in this study.
Keywords: Mathematical model, Bi-fluid PV/T, Nano-engineered, Model validation

1.

Introduction

A photovoltaic/thermal (PV/T) system possesses better solar harvesting ability in comparison with an individual
solar thermal collector or Photovoltaic (PV) system (Hussain and Lee, 2015). Therefore, the PV/T collectors can
generate more energy per unit surface area than that of conventional collectors. In a hybrid-PV system, the PV
cells performance can be further improved by circulating appropriate heat transfer fluid across its surface. By
considering this fact various types of heat transfer fluids having different thermophysical properties have been
studied for the PV/T systems (Bhattarai et al., 2012; Rejeb et al., 2016). Water and air among them were the
most frequently used cooling fluids (Imtiaz Hussain et al., 2015; Kim et al., 2014). Furthermore, the literature
review shows that the rate of heat transfer between the absorber and circulating fluid can be enhanced by
increasing the thermal conductivity of the base fluid. The thermal conductivity of the coolant is improved by
dispersing nano-sized metallic, metal oxides and nanotube particles in the base fluid. Therefore, application of
nanofluid as a coolant for the PV/T system seems to be more promising.
Since the mid-1970s, when the research on the PV/T system started many researchers focused their efforts to
improve its performance to get maximum possible thermal and overall efficiency. Chow (2003) proposed an
explicit dynamic model that can predict the PV module and circulating fluid temperatures even under rapidly
fluctuating solar radiation. Rejeb et al. (2016) evaluated the effect of nanofluid as a heat transfer fluid on the
performance of the PV/T system. Among various colloidal solutions, the suspension of copper nanoparticles in
pure water provided higher overall energy efficiency compared to alumina. Simultaneous application of two
fluids as the heat transfer fluids for the PV/T system offer a great range of benefits in terms of a higher thermal
and electrical output. As mentioned by Abu Bakar et al. (2014), the dual fluids based PV/T system was first
built and tested by Tripanagnostopoulos (2007). For the purpose of heat extraction improvement, the PV module
was integrated with water or air heat extraction elements. Thenceforward, further studies on the effectiveness of
the bi-fluid PV/T design was carried out by applying low cost modifications such as introducing serpentineshaped copper tube as the water heat extraction element transverse to the air flow and fins in the air channel
parallel to the air flow direction (Abu Bakar et al., 2014; Jarimi et al., 2016). According to published literature,
no previous study using nanofluid and air as the heat extraction fluids for PV/T system has been reported.
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This study suggests a transient mathematical model of a bi-fluid PV/T system with the novelty lies in design and
the heat extraction components in which nanofluid along with air is introduced. This research seeks to overcome
the challenges and gaps to develop a bi-fluid based PV/T system which can significantly decrease PV cells
temperature and increase the overall performance of the system.
2.

Design concept

A novel bi-fluid PV/T system mainly consisted of standard off the shelf mono-crystalline PV module, copper
pipes as the nanofluid heating component, and a single pass air duct as the air heating component. Schematic
diagram of the nano-engineered bi-fluid PV/T system is shown in Fig. 1. The flow paths for the nanofluid and
air are designed in such a way that there is no physical interaction between two fluids. However,
interdependence heat exchange occurs across both heat exchanger components. In order to improve heat transfer
rate to the flowing air, the surfaces of the nanofluid carrier pipe and the PV panel are taken as matt black. To
heat transfer improvement, a set of baffles is introduced transverse to the direction of airflow. The parallelarranged fluid carrier pipes are attached directly to the PV module back surface instead of using absorber plate.
This direct coupling of PV module with nanofluid heating component results in a decrease of thermal resistance
and an increase of heat transfer rate between the PV surface and circulating fluids.

(a)

(b)
Fig. 1: (a) Three dimensional view (b) Cross-section view of the bi-fluid PV/T system.
Tab. 1: Parameters for simulation

Description

Value

Description

Value

Pipe Density

ߩ௧

2702 kg/m3

No. of tubes

-

9

PV module (length & width)

L&W

PV absorptivity

ߙ

1.62 m &
0.98 m
0.9

PV emissivity

ߝ

0.88

Pipe spacing

-

0.11m

PV specific heat

ܥ

900 J/kgK

Back panel Density

ߩ

20 kg/m3

PV reference efficiency (%)

ă

17.3

- Panel Specific heat

ܥ

670 J/kg K

Packing factor

P

-

- Panel Thermal conductivity

ܭ

0.034 W/m K

Temperature coefficient

ߚ

0.0045/°C

Aluminum oxide

Al2O3

-
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Pipe inner diameter

ܦ

0.008 m

Al2O3 Thermal conductivity

-

Pipe thickness

ߜ௧

0.0012 m

Al2O3 Specific heat

-

Pipe Specific heat

ܥ௧

903 J/kgK

Al2O3 Density

-

3.

30 W/m K
773 J/kg K
3890 kg/m3

Mathematical model

A model based on conservation of energy of bi-fluid PV/T system components is developed and analyzed in
transient conditions using ODE solver in MATLAB®. Details of simulation parameters and thermo-physical
properties are presented in Table 1. To evaluate the electrical and thermal performances of a bi-fluid PV/T
system, heat balance equations for different components such as PV module, copper pipes, nanofluid,
circulating air, and back panel are presented as follows:
For PV
M୮ C୮ (dT୮ /dt) = GȽ୮ െ E െ h୵୧୬ୢ A୮ஶ ൫T୮ െ Tஶ ൯െh୮ஶ A୮ஶ (T୮ െ Tஶ ) െ h୮୲ A୮୲ (T୮ െ T୲ ) െ A୮ୟ h୮ୟ (T୮ െ
Tୟ ) െ h୮ୠ A୮ୠ ൫T୮ െ Tୠ ൯

(eq. 1)

E = GPăୣ

(eq. 2)

For copper pipe
M୲ C୲ (dT୲ /dt) = h୮୲ A୮୲ (T୮ െ T୲ ) െ A୲୬ h୲୬ ൫T୲ െ T୬ ൯ െ A୲ୟ h୲ୟ (T୲ െ Tୟ ) െ h୲ୠ A୲ୠ (T୲ െ Tୠ )

(eq. 3)

For nanofluid in pipe
M୬ C୬ (dT୬ /dt) = ᒡ୬ C୬ (T୬,୭ െ T୬,୧୬ )+ A୲୬ h୲୬ ൫T୲ െ T୬ ൯

(eq. 4)

For inside air
Mୟ Cୟ (dTୟ /dt) = ᒡୟ Cୟ (Tୟ,୭ െ Tୟ,୧୬ ) + A୮ୟ h୮ୟ ൫T୮ െ Tୟ ൯ + A୲ୟ h୲ୟ (T୲ െ Tୟ ) + hୟୠ Aୟୠ (Tୟ െ Tୠ )(eq. 5)
For back panel
Mୠ Cୠ (μTୠ / μt) = h୲ୠ A୲ୠ (T୲ െ Tୠ ) + h୮ୠ A୮ୠ ൫T୮ െ Tୠ ൯ + hୟୠ Aୟୠ (Tୟ െ Tୠ ) െ hୠஶ Aୠஶ (Tୠ െ Tஶ ) (eq. 6)
where, G, Ƚ୮ , E, and P are the solar radiation, the absorptivity of PV cells, electrical power and packing factor,
respectively. M, C, T, A, ᒡ, and h are the mass, specific heat, temperature, surface area, mass flow rate and heat
transfer coefficient, respectively. The subscripts p, t, n, a, b, and λ are denoted the PV, copper pipe, nanofluid,
inside air, back panel insulation and ambient air, respectively. The subscripts λ, pt, pa, tn, ta, ab, tb, pb, and
λ are denoted the heat transfer contacts between the PV and ambient air, PV and pipe, PV and inside air, pipe
and nanofluid, pipe and inside air, back panel and inside air, back panel and pipe, back panel and PV, and back
panel and ambient air, respectively. The subscripts in and o are denoted fluid inlet and outlet, respectively. The
electrical, thermal and primary energy saving efficiencies of dual-fluid PV/T systems are calculated using
following expressions (Baljit et al., 2017):
ăୣ = ă୰ [1 െ Ⱦ୰ (T୮ െ T୰ )]
ă୲୦ =

(eq. 7)

ᒡ େ ൫, ି, ൯ା ᒡ େ (, ି, )

(eq. 8)

ౙ ୋ

ă = ă୲୦ + ăୣ /ă୮୮

(eq. 9)

where, Ⱦ୰ and Aୡ are the solar cells temperature coefficient and collector area, respectively. ă୰ is the efficiency
of the solar cells at a reference temperature (T୰ ). ăୣ , ă୲୦ and ă are the electrical, thermal and primary energy
saving efficiencies, respectively. ă୮୮ is the power generation efficiency of the conventional power plant.
4.

Results and discussions

4.1. Model validation
Model validation of a proposed PV/T system is performed in two steps, at first the nominal operating cell
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temperature (NOCT) of the PV module is predicted using model and then validated against NOCT value
obtained from manufacturer’s datasheet e.g. 47 °C (PV-MJU240GB). The percentage difference between
predicted and datasheet value is less than 1.8%. Second step is a validation of thermal component of air heating
against the experimental data (Table 2) for unglazed PV/T air heating system presented by Joshi et al. (2009).
To ease the comparison, the nanofluid flow rate is set to be zero. During simulation, similar design and
environmental conditions are considered, as presented in (Joshi et al., 2009), other information which is not
given in this research were taken from the study by Abu Bakar et al. (2014).
Tab. 2: Simulated values by model against experimentally measured data by (Joshi et al., 2009)

8

9

10

11

12

13

14

15

16

17

Exp

37.60

41.40

47.90

50.40

54.90

54.70

52.90

50.70

47.20

42.30

Sim

38.01

41.65

48.52

50.85

55.70

55.50

53.58

51.32

47.79

42.66

Exp

33.20

36.30

38.90

41.70

46.10

41.50

46.40

44.50

43.00

40.30

Sim

33.59

36.71

39.33

42.21

46.69

42.11

46.91

44.12

43.49

40.77

Time (hour)
PV cells
temperature
(°C)
Outlet air
temperature
(°C)

Using validated model, the overall performance of a bi-fluid PV/T system is evaluated under different modes of
fluid operation. During independent mode, one of the heat extraction fluids is kept stagnant, while other fluid is
operated at a designated flow rate. For the simultaneous mode of fluids operation, both fluids are operated at the
same time. During simulation, all heat transfer coefficients were calculated in real time.
4.2. Simulation results
To locate the best concentration, different weight fractions of Alଶ Oଷ nanoparticles in a base fluid have been
considered. Generally, a variation of nanoparticles concentration affects directly the thermo-physical properties
(thermal conductivity and specific heat in particular) of the colloidal solution, and hence the heat transfer rate.
Variation of daily solar radiation and ambient temperature are shown in Fig. 2. Influence of Alଶ Oଷ nanoparticles
concentration on the thermal conductivity ratio and specific heat ratio is shown in Fig. 3. Increasing the
nanoparticles (np) concentration in the base fluid (bf) increases the thermal conductivity and decreases the
specific heat of the Alଶ Oଷ nanofluid. It is observed that the thermal conductivity ratio (knp/kbf)) increased to
1.162 and the specific heat ratio (Cnp/Cbf) decreased to 0.954 when the Alଶ Oଷ weight fraction increased from 0
to 0.75 (wt%). This can be attributed to the higher thermal conductivity and lower specific heat of the Alଶ Oଷ
nanoparticles compared to water as the base fluid.

Fig. 2: Daily variation of (a) solar radiation (b) ambient temperature
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The PV cells temperature has been predicted using different working fluids both simultaneously and
independently. Fig. 4 depicts the PV cells temperature under different modes of fluid operation namely:
Alଶ Oଷ /air, water/air, nanofluid, air, and without the heat transfer fluid. Compared to the PV temperature
obtained without working fluid (69.4 °C), the average PV temperature drop by 7.8, 9.2, 11.3, and 13.6 °C when
either one or two fluids are operated such as air, Alଶ Oଷ nanofluid, water/air, and Alଶ Oଷ /air, respectively. It is
worth to note that introducing bi-fluid heat extraction component, in particular, Alଶ Oଷ /air, underneath the PV
module increases not only its electrical efficiency but also produces high-temperature heat at the same time.

Fig. 3: Variation of thermal conductivity ratio and specific heat ratio of ܔۯ ۽ with concentration (wt%).

Fig. 4: Predicted PV temperature using different coolant fluids and modes of fluid operations.

The effect of different modes of fluid operation on the daily total efficiency of a PV/T system is observed by
varying nanofluid or water flow rate at a fixed air flow rate of 0.05 kg/s (Fig. 5). The total efficiency of the bifluid PV/T system is considerably higher than the system with a single heating component. The simulation
results show that the overall energy efficiency of a Alଶ Oଷ /air based PVT was found significantly higher than that
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of the cases with water/air and nanofluid heat exchanger systems, owing to additional thermal and electrical
energy produced. The use of nanofluid as a heat extraction component for PV/T system provides excellent
overall energy performance in comparison with either water or air.

Fig. 5: Total PV/T efficiency with varying nanofluid or water flow rate at fixed air flow rate of 0.05 kg/s.

Fig. 6: PV/T thermal efficiency (a) with different concentration of ܔۯ ۽ at stagnant air (b) with varying air flow rate at stagnant
nanofluid.

Even though the model is developed considering dual-fluid heat exchangers for the dual-fluid PV/T system.
However, by setting one of the fluids in stagnant mode, the given model can also be used for a single fluid
operation. Fig. 6 compares the thermal efficiency of the PV/T system with Alଶ Oଷ nanofluid and air at zero
reduced temperature. In addition, the influence of nanoparticle concentrations on the collector performance is
also investigated, as shown in Fig. 6a. In this paper, four nanofluid concentrations (0.15 wt%, 0.3 wt%, 0.45
wt%, 0.6 wt%) were selected to investigate. It is observed that the zero-loss thermal efficiencies of the PV/T
system with Alଶ Oଷ nanofluid and air were found to be 65.3% and 34.5%, respectively. Furthermore, the thermal
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efficiency of the PV/T system increases with increasing the weight fraction of Alଶ Oଷ nanoparticles in the base
fluid. It should be noted that changing the nanoparticles concentration from 0.15 to 0.6 wt% results in a thermal
efficiency enhancement from 58% to 65.3%, respectively. The higher thermal efficiency of PV/T system with
nanofluid as a coolant can be explained by an improvement of thermal conductivity of the base fluid by
dispersing nanoparticles (Sharma et al., 2017). Thus, enhancement of heat transfer coefficient between the
absorber and circulating fluid is observed.
In order to evaluate the overall performance of a nano-engineered dual-fluid PV/T system, it is important to
investigate the effects of the simultaneous fluid operation on primary energy saving efficiency. Influence of
variable mass flow rate of Alଶ Oଷ nanofluid (at fixed air flow rate) and air (at a fixed nanofluid flow rate) on the
primary energy saving efficiency is shown in Fig. 7. Increasing the nanofluid flow rate from 0.005 to 0.03 kg/s
with fixed air flow rate at 0.015 kg/s, 0.035 kg/s, and 0.055 kg/s the maximum primary energy saving efficiency
were 88.6%, 89.3% and 90.2%, respectively. Whereas, increasing air flow rate from 0.02 to 0.12 kg/s with fixed
nanofluid flow rates at 0.008 kg/s, 0.013 kg/s, and 0.018 kg/s these values were found to be 78.9% to 79.3% and
79.8%, respectively. It is important to note that the percentage increase in the primary energy saving efficiency
with the variable nanofluid flow rate is considerably higher than the variable air flow rate. This can be explained
by the fact that nanofluid has higher average thermal conductivity than water and air. Therefore, the solar heat
being sufficiently absorbed from the PV panel by the circulating nanofluid when the flow rate of air is kept
constant.

Fig. 7: Primary energy saving efficiency (a) variable nanofluid flow rate at fixed air flow rate (b) variable air flow rate at fixed
nanofluid flow rate.

5.

Conclusion

The transient numerical analysis of a bi-fluid PV/T system which incorporates the simultaneous application of
Alଶ Oଷ nanofluid and air heat extraction components is performed. The developed transient model can be used to
predict the PV/T system’s performance for both independent and simultaneous modes of fluid operation. All
heat transfer coefficients were calculated in real time during the simulation. The heat transfer rate to the flowing
air is improved by introducing a set of baffles transverse to the air flow. The model of a nano-engineered dualfluid PV/T system is developed and validated against the experimental data given in the literature. The use of
Alଶ Oଷ nanofluid plus air as the dual heat exchanger system provides excellent overall energy performance for
the PV/T system in comparison with water plus air and other conventional heat transfer fluids. The developed
transient mathematical model can able to accurately predict and optimize the collector performance under a
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wide range of varied operating and climatic conditions.
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Abstract
A photovoltaic-thermal (PVT) collector is a solar collector that combines a photovoltaic module with a solar
thermal collector, which produces electricity and heat at the same time. Depending on the medium used for
collecting thermal energy, there are two types of PVT collectors: air-type and water-type. The integration of PV
modules with a thermal collector can cause a temperature rise of the PV module, which in turn decreases the
efficiency of the PVT collector. In order to obtain better performance of air-type PVT (PVT/a) collectors, it is
necessary to extract the heat, in the form of hot/warm air, from the PV module, which then decreases its
temperature. This article presents the performance of a new design of a PVT/a collector that uses air as the heat
recovery fluid. In this study, an advanced PVT/a collector were newly developed, and its electrical and thermal
performance was analyzed from experimental results in outdoor conditions. The results indicated that the
thermal and electrical efficiencies of the PVT/a collector were, on average, approximately 30 % and 7 %,
respectively.

Keywords: Air-type PVT collector, advanced design, baffle absorber plate, Thermal efficiency, Electrical
efficiency

1. Introduction
A photovoltaic-thermal (PVT) collector is a solar collector that combines a photovoltaic module with a solar
thermal collector, which produces electricity and heat at the same time. Depending on the medium used for
collecting thermal energy, there are two types of PVT collectors: air-type and water-type. The integration of PV
modules with a thermal collector can cause a temperature rise of PV the module, which in turn decreases the
efficiency of the PVT collector. Ooshaksaraei et al. (2017) investigated four types of air-based bifacial PVT
collectors by experimental and analytical methods under steady-state conditions [1]. Tomar et al. (2017) studied
analytical models for four PVT/a collectors with different layers. The electrical and thermal efficiency were
compared under outdoor condition [2]. Jaaz et al. (2018) experimentally tested a compound parabolic
concentrator (CPC) along with PVT/w where the cooling process of the CPC was conducted using water jet
impingement technique [3]. Tomar et al. (2018) made five PVT/w collectors with different cell types, namely
mono-crystalline (m-Si), polycrystalline (p-Si), amorphous silicon thin film (a-Si), cadmium telluride thin film
(CdTe) and copper indium gallium selenide (CIGS) photovoltaic modules. In the paper, theoretically calculated
results were experimentally validated in outdoor ambient environment [4]. In order to obtain better performance
of air-type PVT (PVT/a) collectors, it is necessary to extract the heat, in the form of hot/warm air, from the PV
module, which decreases its temperature. The thermal and electrical performance of a PVT/a collector depends
on their design affected airflow and heat transfer. In this light, there is need for an advanced design of PVT/a
collector to improve the uniformity of the air flow and the heat transfer. This article presents the performance of
a new design of a PVT/a collector that uses air as the heat recovery fluid.
In this study an advanced PVT/a collector was newly designed and made, and their performance was analyzed
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through experimental results. The aim of this study is to characterize the thermal and electrical performance of a
new collector design of a PVT/a collector under both steady-state conditions.

2. Advanced Air-Type PVT(PVT/a) Collector Design and Experiment
2.1. Advanced Air-Type PVT (PVT/a) prototype
For this study, a prototype of an advanced air-type PVT (PVT/a) collector was developed, as shown in Fig.1.
The PVT/a collector consists of a special PV module and absorber plates as a baffle for uniform of air flow; it
has a 0.7m2 PV area and an air layer of 80mm for collecting hot air. The glass to glass type (G/G) PV module
was designed with 123Wp mono-crystalline silicon PV for the advanced PVT/a prototype. PVT/a prototype were
developed as shown in Fig.1. It has an absorber consisting of both photovoltaic (PV) cells and thermal absorbers
in alternate rows. There are four thermal absorbers equally spaced in the PVT/a collector. They are located in
the air cavity behind the glass PV glass assembly such that air can circulate above and below the thermal
absorbers. The thermal absorber is made out of a thin metal sheet with highly selective blue coating. The PVT/a
prototype have a gross are of 1.63m2, and the PV modules’ efficiency used for the collectors was 7.6% under
standard test conditions (STC).
In outdoor experiment, the PVT/a prototype were tested. The back surface temperature of the glass-PV-glass
assembly was measured with 5 surface thermocouples located in the middle of each PV row along the collector
length; that is thermocouples referred to as Td1, Td2, Td3, Td4 and Td5 were arranged from the bottom to the
top of PVT/a collector equidistantly. In addition, a distribution box was added at the second module outlet to
promote flow uniformity across the cavity.

GG

G
Fig. 1: Prototype design of the advanced PVT/a collectorG

The advanced PVT/a collector were also tested under outdoor conditions based on the ASHRAE 93-2013 [1]
and ISO 9806 standards [2]. Several experimental devices were installed to measure the temperature of the PV
laminate backside, the air layer, and the exhausted air, as well as the electrical power of the PVT/a collector. A
T-type thermocouple was used to measure the temperature and an I-V curve tracer with Maximum Power Point
Tracking (MPPT) was installed for measuring the electrical performance. For the measurement of the air flow
rate, flow meters were installed inside the pipes of the inlet and outlet of the PVT/a collector. A data acquisition
instrument was also connected to record all of the data related to the thermal and electrical performance of the
PVT/a collector and the outdoor conditions.
The PVT/a Testing facility is an open-loop air circulation system. It includes the equipment required to circulate
and control the amount of air entering and leaving the PVT/a collector as well as the sensors providing the
information required for quantifying the amount of thermal energy that is being recovered. It is an open-loop
system because the air heated by the collector is not recirculated in the loop, but rejected outdoors. However,
ambient air is preheated in a chamber to temperature of 35 oC before being supplied to PVT/a collector. Some
components for the thermal characterization are located in the air-loop chamber while some others are mounted
directly on the multi-functional grid. The air-loop chamber sits separately with system and is connected to the
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PVT/a collector on the multi-functional grid with two flexible ducts, one for the inlet and one for the outlet. To
control the pressure inside the collector, the PVT/a testing facility uses two blowers to circulate air in the PVT/a
collector. The blower located upstream of the collector, the inlet blower, operates in positive pressure and the
blower located downstream of the collector operates in negative pressure (see Figure 2). For the experiment, air
flowrate of 120kg/h was settled in a PVT testing facility. The experiment was carried out on September 2017.
Fig. 2 shows the advanced PVT/a collector and the experiment setup.

GGG
Fig. 2: Outdoor experiment setup

3. Results and Discussion
3.1. Temperature characterization
On the basis of the experimental results, the temperature characterization of the advanced PVT/a collector is
presented in figure 3, 4. In Fig. 3, it was found that the advanced PVT/a collector has a temperature gradient, as
the temperature of the PV laminate backside is 50~64ଇ at ambient of 29ଇ and average irradiance of 870 Wm-².
The temperatures at bottom and top part of PV backside are 50~53ଇ, 62~64ଇ, respectively.
Fig. 4 presents the inlet and outlet air temperature of PVT/a at the steady-state conditions. This graph show that
the air temperature rise of the inlet and outlet of the PVT/a where a difference of 17 °C can be observed at the
outdoor condition at ambient of 29 ଇ and irradiance levels of 870 Wm-² with a flowrate of 120 kg/h.
70
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Fig. 4: The air temperature of inlet and outlet of PVT/a collector at the outdoor of steady-state condition

3.2. Thermal and Electrical performance
The thermal performance of PVT/a collector can be characterized by the air temperature difference of the PVT/a
collector. On this basis, the thermal efficiency is determined as a function of the solar radiation (G), the mean
fluid temperature (Tm) and the ambient temperature (Ta). The steady-state efficiency is calculated by the
following equation [7]:

ߟ௧ ൌ 
ηth
Apvt
To
Ti
݉ሶ
Cp
G

 ሺ்బ ି்ሻ
ೡீ

(eq. 1)

thermal efficiency [-]
collector area [m2]
collector outlet air temperature [°C]
collector inlet air temperature [°C]
mass flow rate [m3 h-1]
specific heat [J kg-1 K-1]
irradiance on the collector surface [W m-2]

The thermal efficiency of the PVT collectors was conventionally calculated as a function of the ratio ∆T/G,
where ∆T = Tm - Ta. Here, Tm and Ta are the PVT collector's mean fluid temperature and the ambient
temperature, respectively, and G is the solar radiation at the collector surface. Hence, ∆T denotes the
measurement of the temperature difference between the inlet fluid and ambient air relative to the solar radiation.
The thermal efficiency, ηth, is expressed as

ߟ௧ ൌ  ߟ െ ߙଵ

ο்
ீ

where ηo is the thermal efficiency at zero reduced temperature, and α1 is the heat loss coefficient.
The thermal efficiency as a function of the ratio ∆T/G is shown in Fig. 5. As it can be observed, the thermal
efficiency decreases with ratio ∆T/G. This thermal performance dependency to ratio ∆T/G indicates that the
prototype behaves like conventional solar thermal collector.
From the measurement results for the advanced PVT/a collector, it can be seen that the thermal performance can
be expressed as in Fig. 5. The thermal efficiency of the PVT/a collector can be therefore be described by the
relational expression, ηth = 0.3709 - 5.5371(∆T/G). Thus, the collector thermal efficiency (η0) at zero reduced
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temperature is 37%, which indicates relatively high performance. The heat loss coefficient (α1), which can have
an effect on reduction of thermal efficiency was 5.54 (ଇ m2 W-1), which is can be observe low heat loss ratio.
The average thermal efficiency of the PVT/a collector is about 30% under outdoor test conditions and with the
given X axis coefficients (∆T /G).
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Fig. 5: Thermal and electrical efficiencies of the PVT/a collector

The electrical efficiency depends mainly on the incoming solar radiation and the PV module temperature. It is
calculated with the following equation:

K el

I mVm
ApvtG

(eq. 2)

where, Im and Vm are the current and the voltage of the PV module operating under a maximum power.
The electrical efficiency of the PVT/a collector can be expressed with the following relational expression: ηel =
0.0648-0.1259(∆T/G). The highest electrical efficiency of the PVT collector is 6.5% with the given X axis
coefficients (∆T/G). As shown in Figure 5, the electrical efficiency is positive with regard to the X axis
coefficients, as compared to the thermal efficiency. This occurs because, in spite of identical test conditions of
the X axis coefficients, the electrical performance of the PVT/a collector was affected immediately by the PV
temperature in addition to the X axis coefficients (∆T/G), i.e., ambient temperature, mean fluid temperature and
solar radiation.

4. Conclusion
This paper presented the steady-state thermal and electrical performance of a new prototype of an advanced
PVT/a collector. The design of this prototype is unique because its absorber consists of a combination of both
photovoltaic cells and thermal absorbers in alternate rows. Experimental measurements were taken in outdoor
conditions one PVT/a collector operated in open-loop.
Experimental results performed outdoors at the steady-state showed that at a flowrate of 120 kg/h and an
irradiance level of 870 W/m², a temperature rise of 17°C.
The results show that at zero reduced temperature, the thermal and electrical efficiency levels of an advanced
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PVT/a collector are 37% and 7%, respectively. Due to the unique design, the power generation is relatively low.
Therefore, the advanced PVT/a collector had better thermal performance than the electrical performance.
Acknowledgments: This paper was supported by a Korea Energy Agency (No. 71000149) and an International
Cooperation grant (No. 20148520011270) from the Korea Institute of Energy Technology Evaluation and
Planning (KETEP), funded by the Ministry of Trade, Industry and Energy of the Korean government.

Nomenclature
Apvt

Surface area of the collector

m2

Cp

Specific heat of air at a constant pressure

J kg-1 K-1

G

Solar radiation

W m-2

ṁ

Mass flow rate

kg h-1

Ta

Ambient air temperature

°C

To

Outlet air temperature of PVT

°C

Ti

Inlet air temperature of PVT

°C

ηth

Thermal efficiency

-

ηel

Electrical efficiency

-

Im

Maximum current

A

Vm

Maximum voltage

V

Pmax

Maximum power

W

FR(τα)

Thermal efficiency coefficient

-

FRUL

Heat loss coefficient

o

C m2 W-1
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Abstract
PVT collectors co-generate heat and electricity and a single component. There are various PVT collector
technologies available, with varying efficiencies and thus varying fields of application. But which PVT collector
technologies are suitable for which fields of application?
The characteristic temperature approach is a novel method, which correlates the electrical and thermal yield
with the mean operating temperatures T char. Thus, the complexity of the system is reduced to a single
temperature. Tchar is therefore an apt indicator to assess suitable fields of applications for PVT collectors and
select the most suitable collector technology. Moreover, the characteristic temperature approach allows a
preliminary dimensioning of a PVT system and estimate yields of different technologies.
Keywords: PVT system; system simulations, Hybrid PV/Thermal collector; yield assessment

1. Introduction
PVT collectors can be classified according to their design (unglazed, glazed, concentrating), their heat transfer
medium (water, air), and their PV cell technology (Zondag 2008). In Europe, unglazed PVT collectors have the
highest market share, but their application is limited to low temperature systems due to high collector heat
losses. Glazed PVT collectors offer an enhanced thermal efficiency owing to reduced thermal losses by a
transparent front cover. Spectrally selective low-emissivity (low-e) coatings in glazed PVT collectors reduce
infrared radiative heat losses, yet at the cost of a drop of electrical efficiency (Lämmle et al. 2016).
Concentrating PVT collectors can be realized out from low to high concentration ratios, with the possibility of
both stationary and tracked operation. Concentrating PVT collectors potentially achieve very low heat losses
and high temperature levels (Chow 2010).
These considerations demonstrate that each collector technology has its specific temperature levels and
accordingly suitable applications. From an energetic point of view, the annual electrical and thermal yields of
PVT collectors in typical system installations are of major interest.

2. Characteristic temperature approach
2.1. Definition of the characteristic temperature Tchar
As is generally known, the fluid temperatures have a strong influence on the instantaneous performance of PVT
collectors. The electrical efficiency of silicon PV cells drops by approximately 0.4 % per Kelvin of increased
cell temperature owing to the negative power temperature coefficient J. Also the thermal efficiency drops due to
higher heat losses at higher absorber temperatures.
To investigate the influence of the annual operating temperatures, a new system indicator was introduced in
Lämmle et al. (2017), which characterizes a PVT system based on its mean operating temperatures. The
characteristic operating temperature T char is defined as the annual, irradiance-weighted, mean fluid temperature
in the collector:

ܶ ൌ 

்ீ  ௗ௧
ீ ௗ௧

(eq. 1)

with the instantaneous irradiance in the collector plane G, and the mean fluid temperature T m.
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2.2. Comparison of PVT collector technologies
Different flat plate, water-type PVT collector technologies are included in the assessment:
- a commercially available unglazed PVT collector without rear insulation,
- a glazed PVT collector with an anti-reflectance coated front cover
- a glazed PVT with a low-emissivity coating on the PVT absorber (Lämmle et al. 2016)
- a conventional PV module and a flat plate collector for comparison purposes
Concentrating PVT collector technologies are not included in this analysis. An initial comparison of energy
yields revealed no energetic benefit of applying currently available concentrating PVT collector technologies in
the central European climate.
Fig. 1 compares the electrical efficiency at standard test conditions and the thermal efficiency curves of the
investigated technologies. The detailed efficiency parameters can be found in Lämmle et al. (2017).
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Fig. 1: Comparison of the standard efficiency of PVT collector technologies.

A conflict of interest between a high electrical vs. a high thermal efficiency can be observed, which results from
the trade-off between a good optical performance vs. thermal insulation.

2.3. Analysis of correlation between yields and Tchar
System simulations were carried out to analyze the correlation between collector yields and the characteristic
temperature. For this purpose, several different types of PVT systems were analyzed, including systems for
domestic hot water (DHW) heating in single and multi-family-homes, as well as combined DHW and space
heating systems with and without heat pump. To achieve a wide variation of operating temperatures, the key
system parameters of collector area and storage volume were varied. Simulations were carried out for the
German location of Würzburg, and the detailed assumptions and results can be found in (Lämmle et al. 2017).
Analyzing the correlation between the characteristic temperature Tchar and electrical and thermal yields,
characteristic curves for each collector technology are found (Fig. 2). In the diagrams, each point represents
results of a specific annual system simulation run and different types of PVT systems with varying system
dimensions are included therein.
Due to the observed strong correlation between yields and T char, the characteristic temperature describes the
effect of the PVT system on yields independent from the system type. T char is therefore a suitable indicator to
characterize the thermal operating conditions of PVT systems. Depending on Tchar, different PVT collector
technologies can exploit their specific strengths. Therefore, the most suitable PVT collector technology has to be
selected to match the given Tchar of the PVT system.
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Fig. 2: Characteristic curves of the electrical and thermal collector yield of different PVT technologies as function of the
characteristic temperature Tchar (Lämmle et al. 2017).

2.4. Exemplary application of the characteristic temperature approach
To assess the applicability of PVT collectors in specific systems the following schematic procedure can be
applied:
1.

Identify Tchar for the present application. This can be either done by a single annual simulation run or
Tchar can be estimated from operating temperatures of known systems

2.

Read specific yields from Fig. 2

3.

Size collector field to achieve the required electrical or thermal target output

4.

Calculate the total electrical and thermal output of the PVT system
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Fig. 3: Exemplary application of the characteristic temperature approach for the preliminary design of a PVT system with a
characteristic temperature Tchar = 28 °C at the location of Würzburg, Germany

Fig. shows the exemplary application of this procedure for a hot water system in an office building with a
characteristic temperature of Tchar = 28.0 °C. With the knowledge of T char, the electric and thermal yields can be
read from the graph. While the unglazed PVT collector reaches the highest electrical yields, the glazed PVT
collector with low-e coating reaches the highest thermal yields.
Depending on the local energy demand, priority is either given to high electrical or high thermal yields. Typical
energetic evaluation criteria include, amongst others, the specific yields per square meter of collector area, the
roof area required to meet the required local solar energy demand, or the maximum energetic electricity and heat
output a specific roof area can reach. If cost functions are supplied, also levelized costs of electricity and heat
can be calculated. All these evaluation criteria can be preliminarily assessed by means of the characteristic
temperature approach.
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3. Assessing suitable fields of applications for PVT collectors
A central motivation for PVT collectors is the optimization of the overall combined electricity and heat output.
As PVT collectors co-generate solar electricity and heat from the same area, potentially highest overall yields
can be achieved. To quantify the combined electricity and heat output as a single value, primary energy yields
are used. The primary energy yield per square meter of collector area is given by:

ܳா ൌ ݂ாǡ ܧ  ݂ாǡ௧ ܳ

(eq. 2)

with the primary energy factors for electricity fPE,el = 2.0 and for heat fPE,heat = 1.1 (DIN V 18599-1:2013-05),
and the specific electrical and thermal yield EPV and Qcoll.
Fig. 4 plots the primary energy yield QPE as function of the characteristic temperature Tchar for the previously
mentioned PVT systems. On account of the dependence of electrical and thermal yields from Tchar, a strong
correlation is also observed between Tchar and primary energy yields, resulting in characteristic curves for each
collector technology.
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Fig. 4: Primary energy yields and derived suitable temperature ranges per PVT collector technology.

For an optimized utilization of available solar areas, the primary energy yield needs to be maximized.
Firstly, this can be achieved by reducing Tchar. As both the electrical and thermal efficiency benefit from low
operating temperatures, a reduction of the fluid temperatures affects an increase of both electrical and thermal
yields. For instance, low characteristic temperatures are achieved by smaller dimensions of the PVT array,
larger storage volumes, and lower storage temperatures.
Secondly, the primary energy yields can be maximized by an adequate selection of a suitable collector
technology, which matches the characteristic temperature. From Fig. 4, suitable temperature ranges can be
derived for each collector technology. The following temperature ranges, and accordingly suitable fields of
application, seem recommendable:
-

Unglazed PVT collectors for very low operating temperatures near or below ambient of Tchar < 30 °C.

-

Glazed PVT collectors for low to medium operating temperatures of Tchar < 40 °C.

-

Glazed PVT collectors with low-e for medium operating temperatures of Tchar < 55 °C.

-

For higher temperatures, concentrating PVT collectors or a side-by-side installation of flat plate
collectors and PV modules might achieve an optimized primary energy yield.
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4. Conclusion
The operating temperatures in PVT systems are of pivotal importance, since both the electrical and thermal
performance depend on it. The characteristic temperature approach puts these operating temperatures into the
focus by introducing the new indicator T char, which specifies the mean annual operating temperatures of the PVT
system.
The characteristic temperature approach can be used to preliminarily design a PVT system and evaluate the
technical and economic feasibility. Depending on the temperature level Tchar of a specific PVT system, the most
suitable collector technology can be selected. Tchar is therefore a good indicator to assess the applicability of
different PVT technologies in different PVT systems with varying temperature levels.
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Abstract

Using the known physical characteristics of a prototype photovoltaic-thermal (PVT) collector
components and raw test data from a prematurely terminated ISO 9806 test, the objective of this
study is to reverse engineer a thermal resistance value for the heat exchanger assembly for use in
the theoretical TRNSYS model Type 560. Modeling is done using both TRNSYS as well as commercial
heat transfer software TAITherm. Performance is measured by the mean absolute error and
correlation of the outlet temperature and thermal power, as well as the differences in total thermal
energy generated. The results show a thermal resistance of 0.005 to 0.010 m2 K W-1 in TAITherm
and 0.010 to 0.040 m2 K W-1 in Type 560. TAITherm gives better statistical indicators which is likely
due to the inclusion of thermal mass in the model. The results have informed prototype
development and can be used in further systems modeling.
Keywords: PVT, Prototype, Testing, Simulation, TAITherm, TRNSYS, Validation

1. Introduction
Photovoltaic-thermal (PVT) hybrid modules absorb solar radiation and can convert it into electricity
and heated fluids. There is a broad range of design concepts, however the most feasible solution
for building applied or integrated products is a flat plate collector (Michael et al., 2015). In this
arrangement, PV cells are mounted to a flat plate heat exchanger with cooling channels on the
opposite side. With a glass front, this hybrid absorber can be used directly, known as an unglazed
collector, or insulated from the environment with the glazing separated by an air gap over the PV.
Insulation is most commonly added to the rear of the panel as well, but is not necessary.
PVT collectors are predominantly used for direct domestic hot water or space heating, and recently
there has been growing interest in combining them with heat pumps (Hardorn, 2015). There are
numerous potential system configurations, and one such configuration with relevance for Sweden
is PVT in conjunction with ground source heat pumps (GSHP) (Sommerfeldt and Madani, 2016). If
placed on the cold side of the heat pump, there are mutual benefits for each component; there is
more energy captured from the solar collectors, the heat pump can receive a higher inlet
temperature that improves the coefficient of performance (COP), and excess heat can be delivered
to the borehole(s) for long-term storage.
A Swedish startup company is developing a system solution for integrating PVT collectors with
GSHP. Unsatisfied with existing PVT products, they have decided to develop their own specifically
designed for a GSHP application. Laminating PV cells directly to the absorber plate is difficult due
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to the need of a clean environment while also maintaining good electrical insulation between the
absorber and PV cells (Zondag, 2008). PV manufacturing has matured to where the lamination
process occurs with very high quality and low cost due to automation and economies of scale. This
scale has yet to reach PVT collectors, which can be three to five times more expensive than a PV
module due to the additional materials and complexity.
It is much simpler to take an off-the-shelf PV module and affix a heat exchanger to the rear side,
either mechanically or with an adhesive. The greatest drawback of this approach is the reduced
heat transfer between the PV cells and working fluid, thus reducing the electrical and thermal
efficiencies (Zondag, 2008). However, if the cost of creating the heat exchanger can be substantially
reduced, the loss of performance may be acceptable. This may be particularly so for PVT collectors
in combination with heat pumps, where operating temperatures are much lower than most
previous applications, thus removing the need for glazing and insulation due to lower losses (and
potential gains) from the ambient air.
The Startup has gone through several prototype rounds tested in multiple installations, and has
settled on a glass-glass PV module with an aluminum manifold mechanically pressed against the
back. Using a glass backer allows greater contact with the heat exchanger and increases durability
at the expense of increased thermal resistance. Opposite the PV module, the manifold has a trough
to fit a 12 mm copper pipe, which is also mechanically fixed. Both interfaces are lined with thermal
grease to encourage heat transfer. A cross section of the design is given in Figure 1 where it is
compared with the models used in this study.
Two prototypes were tested according to ISO9806:2013 parameters during the autumn of 2016 at
the RISE facility in Borås, Sweden with the goal of determining thermal performance coefficients of
the empirical model described by Perers et al. (2012). However, issues with pressure drop and an
unbalance flow were found late in the test cycle and were unable to be corrected before outdoor
testing was forced to end for the winter. The result was a lack of data for making the necessary
regressions, however there is enough raw data available to perform an empirical confirmation of
theoretical models.

Figure 1 - Cross sectional representations of the PVT prototype, TAITherm, and Type 560 models (not to scale)
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2. Objective and Methodology
With what is known about the PV module and heat exchanger construction, most of the collector’s
physical properties are fixed. The most critical missing characteristic is the conductive heat transfer
behavior between the PV module and the pipes carrying the heat transfer fluid. Therefore, the
primary objective is to determine a thermal resistance value between the PV module and the heat
exchanger assembly to better understand the efficiency penalty of the design over dedicated PVT
modules. This is done using the commercial heat transfer software TAITherm (ThermoAnalytics,
2016), which uses a numerical, finite volume approach. The motivation for using this modeling
approach is twofold, 1) to capture the unconventional geometry of the heat exchanger, and 2) to
independently control fluid streams for recreating the imbalanced flow observed during testing.
Collector development is just one part of a larger goal of PVT plus GSHP systems modeling, which
is being done using the well-known tool TRNSYS (Klein et al., 2009). Therefore, the results from
TAITherm need to be transferred into TRNSYS, which is most easily done using Type 560 whose
theoretical model construction is most similar to TAITherm and the prototype. Given the
differences between models, it is unlikely that the parameters will transfer directly, therefore the
tuning process will be performed for TRNSYS as well. The results will also give a better
understanding of the behavior of Type 560 which may be accounted for in systems models.

3. Method
Meeting the objectives involves a multistep process of constructing the model in TAITherm,
manually tuning unknown parameters to achieve a best possible fit to empirical data, transfer of
model settings into TRNSYS, and a manual re-tuning of parameters. The unknown parameters
tuned with thermal resistance include; flow rates in each collector, absorptance and emittance of
the PV module, and convection coefficients on the front and rear.
The mixed outlet temperature of the heat transfer fluid is used as the primary calibration
measurement and thermal power used as a secondary indicator. In the TAITherm model, thermal
power is calculated using the volumetric flow rate, fluid density, and inlet temperature
measurements with modeled outlet temperature. In Type 560, thermal power is output directly
from the model. Performance is measured using differences in total thermal energy generated as
well as mean absolute error (MAE) and correlation of the outlet temperature and thermal power
time series.
3.1 TAITherm Model Description
The TAITherm geometry is a 2.5 dimension mesh, meaning that the components are represented
with surfaces and assigned multiple layers with individual properties. The PV module is represented
by a 1.658 m by 0.992 m flat plate with 60 elements (10 x 6). The plate has three layers; the PV
cells, plastic EVA encapsulate, and the rear glass as shown in Figure 1. A notable omission is the
front glass layer. This is due to TAITherm’s inability to model transparent and opaque layers
together in a single part. The density of the glass and silicon are similar, so to adjust for the missing
mass the thickness of the PV layer is made to encompass both the PV and glass. The layer
thicknesses and material properties are given in Table 1. The primary sources for the physical
characteristics of the module are the PV module spec sheet (Perlight PLM-260M) and from
Armstrong and Hurley (2010).
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Table 1 - Material properties of the TAITherm model

Layer
-

Material
-

Thickness
mm

Density
kg m-3

Conductivity
W m-1 K-1

Specific Heat
J kg-1 K-1

PV
EVA
Rear Glass
Tube
Fluid

Silicon
EVA
Glass
Copper
Water

0.225 + 2.5
0.5
2.5
1
-

2330
960
2530
8954
Vary w/ temp

148
0.7
1.8
390
0.6

677
2090
500
383
4186

The heat exchanger is represented by flat plat and a collection of six tubes, each a single layer part.
As can be seen from the screen shot in Figure 2, the parts are not physically connected, but
manually using a conduction link with a user input thermal resistance parameter. Both links are
given the same thermal resistance since they are both mechanically pressed and have thermal
grease between the parts. Inside the tubes are 1-D fluid streams that have convective heat transfer
with a coefficient calculated using the pipe geometry, fluid velocity, and duct flow models
incorporated into TAITherm. There are six pipes with corresponding fluid streams for each module,
and the flow rates of each can be set independently. The streams all stem from a single fluid node
and recombine into a single fluid node, which represent the measured inlet and outlet
temperatures.

Figure 2 - Detailed view of the TAITherm model backside, showing the PV and heat exchanger parts

The internal heat transfer model within TAITherm is a dynamic, numerical solver based on first
principle physics and has highly flexible inputs for boundary conditions. The measured irradiance is
imposed directly on the front PV surface. PV generation is not modeled but instead the measured
power is removed as heat from the back PV surface. Long wave infrared radiation was measured
during testing and converted into sky temperature (Ts) using Equation 1 (Gliah et al., 2011), which
is then used for radiant exchange. The collectors are mounted parallel with an asphalt roof within
15 cm, therefore the roof is the only rear view factor and is assumed to be the air temperature.

ܳ௪
ܶ௦ ൌ ൬
൰
ߪ

ଵൗ
ସ

ܳ௪ ൌ ݁ܿ݊ܽ݅݀ܽݎݎ݅݀݁ݎܽݎ݂݊݅݁ݒܽݓ݃݊ܮሺܹ݉ିଶ ሻ
ߪ ൌ ͷǤͲିܹ݉ ଼ିͲͳݔଶ ି ܭସ (Stefan-Boltzmann constant)
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3.2 Type 560 Model Description
Type 560 is one of two PVT models available from TESS, the makers of TRNSYS, and is based on the
Hottel and Whillier model, later modified by Florschuetz, and described by Duffie and Beckman
(2013). A full derivation and description is also available in the TESS library documentation and
therefore will only be briefly reviewed here. The thermal model is the same as a standard solar
thermal collector with fin-and-tube construction as shown in Figure 1. The primary modification is
that the glazing has been removed and a PV model has been added on top of the absorber plate.
One improvement of Type 560 over previous models is the inclusion of a thermal barrier between
the PV cells and the absorber plate, a notable point of inefficiency in a PVT collector (Zondag, 2008).
The calculation comprises of a set of 10 analytical equations are that solved iteratively since the
power output of the PV cells is dependent on their temperature, which is also a function of the
thermal collector.
The geometry and model construction of Type 560 and the TAITherm model are similar in several
ways; the front glass of the PV module has been omitted, the thermal resistance between the PV
cells and absorber plate can be set directly, and dynamic convection coefficients can be applied to
front and back surfaces and to the working fluid. Major differences in 560 include modeled PV
generation, rear insulation by default (represented by a thermal resistance input), the conduction
between the absorber plate and tubes is defined with conductivity rather than thermal resistance,
and there is no consideration for the collector’s thermal mass.
3.3 Testing Conditions
Testing was performed on two prototype collectors, plumbed in parallel, and mounted on a southfacing roof at a 45° slope. Data was collected between September 19th and October 6th, 2016 using
a five-minute time step. Three distinct periods are used in this study and are chosen due to the
variation in inlet temperatures and their relatively long, continuous duration. The nominal
volumetric flow rate in all of the testing is 240 l/h, equivalent to 0.02 l/s-m2.
Test One occurs on September 19th, which was a warm and partly cloudy day, using a 10Ԩ target
inlet temperature. There are 9.5 hours of data total between 10:11 and 19:46, and Figure 3 shows
the ambient air temperature, calculated sky temperature, total irradiance (measured in the
collector plane), and wind speed.
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Figure 3 - Measured climate data for Test One

Test Two begins in the morning of October 5th and ends in the early afternoon on October 6th.
During the mornings, there are some clouds but otherwise the skies are mostly clear with little wind
as shown by the climate data in Figure 4. The inlet temperature target was 20Ԩ, however the actual
values are closer to 19Ԩ.
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Figure 4 - Measured climate data for Test Two
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Test Three is the longest at just over 46 hours, beginning the morning of September 24 th and
concluding in the morning of September 26th. During the majority of the test there were partly
cloudy skies with little wind at night and a gentle breeze during the day, shown in Figure 5. The
target inlet temperature here is 30Ԩ, however most of the test has temperatures between 28Ԩ
and 29Ԩ.
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Figure 5 - Measured climate data for Test Three

4. Results
The first step in the tuning process is to determine the flow rates in each collector. An IR image
taken during testing discovered the flow imbalance and is used here to compare with TAITherm
results, shown in Figure 6. The post-processor in TAITherm allows the visualization of thermal
gradients, however only the thermal patterns are considered and not the absolute temperature
values. The image suggests that the majority of flow is through the right collector and several flow
distributions (2%/98%, 1%/99%, 0%/100%) tested have determined that effectively all of the
working fluid is passing through the right collector. Passing any significant amount of fluid through
the left collector leads to a much less pronounced thermal gradient, however a negligible flow of
0.6 l/h is passed through the left collector for solver stability.
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Figure 6 - IR image (left) during testing and TAITherm model (right) with 100% flow in the right collector

Convection on the front side is assumed to be wind dominated and several coefficient models have
been tested, including; McAdams (1954), Test et al. (1981), and custom coefficients during the
tuning process. Convection coefficients include a high degree of uncertainty (Mirsadeghi et al.,
2013), and wind direction was not measured during testing which limits the ability to adjust the
model for specific conditions. The commonly used McAdams model is found to be acceptable and
is used on the front surface in all cases. The rear side of the collector was tested with both variable
and constant convection coefficient models. All external convective heat transfer is modeled with
the ambient air temperature.
Time series results are presented for each test in the following sections, while Table 2 with the
statistical indicator results for all tests is given at the end of the section. Other common parameters
include absorptance and emittance, which is found to be acceptable in all models at 0.85 and 0.90,
respectively. It should also be noted that the range of plausible bond conductivities had an
insignificant effect on the results for Type 560, meaning the primary tuning parameters are limited
to the resistance between PV cells and absorber plate, rear convection coefficient, and the working
fluid coefficient.
4.1 Test One
The thermal resistance discovered in TAITherm for Test One is 0.005 m2 K W-1, which applies to
both the PV-absorber and absorber-tube interfaces. In Type 560, a resistance of 0.015 m2 K W-1 is
found to be a better fit. This only applies to the PV-absorber interface but includes the EVA and
glass not included in the TAITherm value. The McAdams convection model is also an improvement
for Type 560 where a fixed convection coefficient of 5 W m-2 K-1 is more suitable in TAITherm.
The time series results for temperature and power (both thermal and electric) are shown in Figure
7 and Figure 8, respectively. In these figures, it can be seen that the TAITherm model tracks the
measured data more consistently than Type 560, with less pronounced peaks and valleys during
strong irradiation events. This is confirmed with the performance indicators given in Table 2, where
the TAITherm model is shown to have a lower MAE and higher correlation.
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Figure 7 - Measured and model fluid outlet temperatures for Test One
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Figure 8 - Thermal and electrical power results for Test One

4.2 Test Two
The thermal resistance in Test Two for TAITherm is again 0.005 m2 K W-1 while in Type 560 0.010
m2 K W-1 is found to be a better fit. Once again the McAdams convection model is an improvement
for Type 560 while a fixed coefficient of 5 W m-2 K-1 works better in TAITherm. The time series
results shown in Figure 9 and Figure 10 show that Type 560 is tracking the measured data more
closely when the irradiance is steadier with the clear skies. The performance indicators in Table 2
show a worse performance for TAITherm but approximately the same for Type 560 as in Test One.
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Figure 9 - Measured and model fluid outlet temperatures for Test Two
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Figure 10 - Thermal and electrical power results for Test Two

4.2 Test Three

30.5
30
29.5
29
28.5
28
27.5
27
26.5
10:20
11:35
12:50
14:05
15:20
16:35
17:50
19:05
20:20
21:35
22:50
00:05
01:20
02:35
03:50
05:05
06:20
07:35
08:50
10:05
11:20
12:35
13:50
15:05
16:20
17:35
18:50
20:05
21:20
22:35
23:50
01:05
02:20
03:35

Temperature (℃)

The thermal resistance in Test Three for TAITherm is increased to 0.010 m2 K W-1 and 0.040 m2 K
W-1 for Type 560. In this test a static rear convection coefficient is best for both models and is the
same in each at 6 W m-2 K-1. The time series results shown in Figure 11 and Figure 12 are more
difficult to interpret due to the longer timespan, however fluctuating irradiance again leads to a
lower correlation for Type 560 during the daytime. The statistical indicators are notably worse for
both models for this test as compared to the others.
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Figure 11 - Measured and model fluid outlet temperatures for Test Two

300
100
0
-100
-200
-300
-400
10:20
11:35
12:50
14:05
15:20
16:35
17:50
19:05
20:20
21:35
22:50
00:05
01:20
02:35
03:50
05:05
06:20
07:35
08:50
10:05
11:20
12:35
13:50
15:05
16:20
17:35
18:50
20:05
21:20
22:35
23:50
01:05
02:20
03:35

Power (W)

200

Measured (TH)

TAITherm (TH)

Measured (PV)

Type 560 (PV)

Type 560 (TH)

Figure 12 - Thermal and electrical power results for Test Two
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Table 2 - Statistical performance indicators for all tests

Thermal
Generation
Total (kWh)
Diff. (kWh)
Diff. (%)

Electric
Generation
Total (kWh)
Diff. (kWh)
Diff. (%)

Meas.

Test One
TAI

560

Meas.

2.24
-

2.22
-0.02
-1.06%

2.21
-0.03
-1.40%

-3.24
-

Meas.

Test One
TAI

560

Meas.

0.56
-

N/A
N/A
N/A

0.59
0.03
4.86%

2.05
-

Test Two
TAI
560
-3.12
0.12
-3.66%

-2.74
0.50
-15.4%

Test Two
TAI
560
N/A
N/A
N/A

2.13
0.08
3.97%

Meas.
-7.55
-

Meas.
1.85
-

Test Two

Test Three
TAI
560
-7.52
0.02
-0.30%

-7.73
-0.19
2.46%

Test Three
TAI
560
N/A
N/A
N/A

1.83
-0.02
-1.12%

Test Three

Temp (K)

Test One
TAI
560

TAI

560

TAI

560

MAE
Correlation

0.041
0.997

0.084
0.997

0.093
0.998

0.071
0.996

0.122
0.979

0.093
0.983

Power (Wth)

TAI

560

TAI

560

TAI

560

MAE
Correlation

11.31
0.989

29.35
0.939

21.30
0.996

27.35
0.994

11.31
0.989

30.37
0.961

Power (Wel)

TAI

560

TAI

560

TAI

560

-

8.93
0.945

-

5.27
0.990

-

5.03
0.984

MAE
Correlation

5. Discussion and Conclusion
The tuning process is slow and tedious, however here it has produced two well performing models.
The absolute uncertainty of the temperature probes is 0.1 K, therefore it is encouraging that MAE
values are consistently below this. Besides uncertainty, the errors that remain are likely due to
variations in the convection coefficients. Without knowledge of wind direction, it is difficult to know
air speeds underneath the collectors. This is an addtional challenge with this type of PVT collector
since the lack of insulation on the rear results in more sensitive convection gains or losses. In an
actual installation, it is common to have skirting around the array such that air is not likely to pass
underneath, which suggests a fixed coefficient will be more useful in systems modeling.
Nevertheless, within this study the errors remain acceptably small particularly when considering
larger systems models and annual simulations.
TAITherm produces results that are consistently better than Type 560, which is likely due to the
modeling of thermal mass. With its glass-glass construction and thick aluminum extrusions, the PVT
collector is approximately 35 kg, which is enough to potentially slow the response time of the heat
transfer to the working fluid. This is seen in the time series data where there are rapid fluctuations
in irradiance. It also appears in the Test Two statistical results, which had the most steady outdoor
conditions and Type 560 performed the best. Adding thermal mass with other TRNSYS models in
the system (e.g. pipes) could be a method to slow the thermal response. It is worth noting that this
issue largely applies to studies where short time steps are critical. The energy generation values
are within acceptable tolerances such that daily, monthly, or annual production is likely to be
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reliable. This study does not quality as a full validation, however, and making these claims with
certainty will require additional testing of the models against other data sets.
The modeling performed in this study has been valuable for several reasons. First, the thermal
resistance values, summarized in Table 3, help place the performance of the prototype within other
designs and/or products. Chow describes the thermal resistance between the PV cells and
absorbers as being perfect when equal to 0.0001 m2 K W-1, and defective at 0.040 m2 K W-1 (Chow,
2003). In this context, the 0.010 to 0.015 m2 K W-1 values found with Type 560 in the first two test
is relatively good, however the significantly higher value in Test Three is a cause for concern. A
sensitivity analysis of this input is worthwhile when doing annual systems modeling, and the results
here now provide a plausible range of values.
Table 3 - Thermal resistance parameters for each test and model (in m2 K W-1)

TAITherm
Type 560

Test One

Test Two

Test Three

0.005
0.015

0.005
0.010

0.010
0.040

Secondly, most solar thermal collector studies use the quadratic efficiency model. Having a
theoretical PVT model is beneficial in that new designs without known efficiency coefficients can
be modeled within systems, but it is important to have appropriate characteristics. The comparison
between TAITherm and TRNSYS is useful because it validates the tuning process by having a second,
fundamentally different model with similar results and it highlights the impact of the model
structure on input parameters and the particular behavior of Type 560.
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Abstract
While the interest in Photovoltaic Thermal (PVT) solar collectors is growing, the related practical knowhow and
experience are still rather sparse. In this context, a review study on PVT was carried out, focusing on three main
aspects: 1) Technology : different types of collectors, different ways of integrating PVT into energy systems,
energetic yields of different system configurations, 2) Market overview : PVT industry, available products,
principle fields of application, 3) Experiences : experiences from 7 pilot plants with collector areas between 50 m2
and 3500 m2, additional PVT plants in operation, points of view of different actors involved in the planning,
construction and operation of PVT systems. In this article, we present the key outcomes of the study.
Keywords: Photovoltaic-Thermal Collectors, PVT Collectors, PVT Review

1. Introduction
PVT collectors integrate photovoltaic and thermal solar energy conversion in a single device and thereby reach
high yields per area. In situations where roof area is limited, and particularly in the light of new regulations
requiring a part of the energy demand of buildings to be produced on site, PVT collectors provide an attractive
option. In order to answer the growing interest in PVT, in particular from house builders and installation
companies, the presented wrap-up study, mandated by the Swiss Federal Office of Energy, aims to give a concise
overview of the PVT technology, the PVT market, and the experiences made with PVT in real system operation.
Besides a thorough literature research, a survey as well as a number of interviews were carried out among the
different actors related to PVT, such as manufacturers, distributors, planners and installers. The study further
included several case studies, based on data acquired by different research groups. The full report of the study was
published in german in Ref. (Zenhäusern, et al., 2017). The present article summarizes its key results.

2. Technology and Market
Different concepts of PVT collectors have been considered in applied research for about 40 years. Extensive
reviews of the diverse developments, as well as entry points to the relevant literature are provided by Refs.
(Zondag, 2008; Michael, et al., 2015). Numerous manufacturers have brought PVT products to the market.
However, while new products regularly enter the market, other manufacturers withdraw from the PVT sector.
Earlier market-related review studies were presented in Refs. (Adam, et al., 2014; Cremers, et al., 2015; UK
Department for Business, Energy & Industrial Strategy, 2016). The PVT sector has gained interest in recent years.
Among the reasons for this upsurge are the increased spread and the price drop of photovoltaic modules, as many
PVT products are extensions of standard PV modules. In the case of Switzerland, the rise of interest in PVT
collectors was particularly triggered by the increasing need of low-temperature heat for the regeneration of ground
heat sources in heat pump systems.
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( ))*!$  ) #  "(!!"    
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For the market survey in the present study, PVT collectors were grouped in three categories: collectors working
with a liquid heat carrier medium divided into products with and without cover (transparent cover to reduce
convective heat losses) and air-based collectors (typically without cover). 1 The survey with main focus on
Switzerland and neighbouring countries revealed 53 PVT collector manufactures in 17 countries (Figure 1). The
large majority of products (38) corresponds to liquid-cooled uncovered PVT collectors with or without heat
insulation on their backside. 6 products are covered liquid-cooled collectors, and 9 products are uncovered aircooled PVT collectors.
Germany
(10)

Others (6)
Spain (2)

9

China (2)
USA (3)

6

Italy (8)

Austria (3)
38

Netherlands (3)
France (5)

UK (3)

Denmark
(3)

Liquid-cooled flat plate collectors, uncovered

Switzerland
(5)

Liquid-cooled flat plate collectors, covered
Air-cooled flat plate collectors
Figure 1: PVT products grouped in collector type categories (left) and number of manufacturers in the different countries (right).

3. System integration of PVT collectors
Like in the case of conventional solar thermal collectors, the thermal efficiency of the different types of PVT
collectors strongly depends on their operating temperature. Thermal power curves for typical market-available
products of the different categories are shown in Figure 2.

Specific thermal power [W/m2]

600

uncovered, no insulation, no wind
uncovered, back side insulation, no wind
covered, no wind
uncovered, no insulation, wind 3 m/s
uncovered, back side insulation, wind 3 m/s
covered, wind 3 m/s

500
400
300
200
100
0
0

10

20

30

40

50

60

70

Tfluid-Tambient
Figure 2: Thermal power of typical liquid-cooled PVT collectors at maximum electrical power point (MPP), related to the gross
collector area and for a global solar irradiance of G=1000 W/m2.

Expectable annual gross heat and electricity gains as well as differences in electricity gain compared to pure PV
modules were calculated with the software Polysun, for different liquid-cooled PVT collectors and different
operating temperatures. The gross heat and electricity gains correspond to the heat and electricity yields one would
obtain, if the thermal circuit was turned on and operated at the specified temperature, whenever the thermal
efficiency of the collector at this temperature is positive. Figure 3 shows the results for the climate of Zürich (CH)
with a yearly solar irradiation on the horizontal plane of 1109 kWh/m2 and a mean ambient temperature of 9.9 °C.

1
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900
10°C
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40°C

50°C

Collector mean fluid temperature
Figure 3: Gross heat and electricity gains for different liquid-cooled PVT collector types, climate of Zürich (CH), collector
orientation south, inclination 45°. Percentages correspond to the difference in electrical yield compared to pure PV modules.

For low operating temperatures, the heat gains include converted solar irradiation as well as ambient heat collected
in periods where the collector is operated below ambient temperature. Therefore, for low operating temperatures,
uncovered collectors and collectors without back side heat insulation have an advantage. For higher operating
temperatures, i.e. which over the year predominantly lie above ambient temperature, heat insulation and
transparent covers are advantageous. In systems where the heat is always needed at temperatures above 50 °C,
only covered collectors can contribute a notable amount of heat.
The lower the operating temperatures, the higher are the electrical yields. The percentage values in Figure 3
indicate the additional electrical yield compared to a standard PV module with average ventilation on the rear
side. Uncovered PVT modules without rear insulation achieve the highest additional electricity yields. Their
maximum (stagnation) temperatures correspond to the temperatures of pure PV modules. When no heat is
extracted, they have the same electrical yield. Uncovered PVT collectors with rear insulation achieve similar
additional electrical yields at low temperatures. As they can reach higher temperatures, their electrical yield at
high temperatures is somewhat below the yield of PV modules. Covered PVT collectors generally reach lower
electricity yields compared to uncovered ones. This is due to higher reflection losses at the transparent cover and
due to longer periods of operation at higher temperatures. Compared to pure PV modules, a slight increase of
electricity production can be achieved at low operating temperatures, in spite of the additional reflexion losses.
At higher operating temperatures, however, their electrical yield can lie considerably below the one of PV
modules. Therefore, in systems with covered PVT collectors, it is important to avoid long periods without heat
consumption (stagnation).

Systems with uncovered liquid-cooled PVT collectors
From the above discussion, it is clear that uncovered PVT collectors are most suited for low-temperature
applications. An important field of use is their integration in heat pump systems, where the low-temperature heat
most commonly serves the following purposes: a) regeneration of a ground heat source, b) regeneration of a latent
heat (ice) storage, c) regeneration of a cold sensible heat storage, d) pre-heating of a groundwater storage, and
e) direct heat source of the heat pump (Figure 4). Variants a)-d) can all be combined with variant e). Further, all
variants can be supplemented with the option to directly deliver solar heat to the secondary side of the heat pump,
i.e. for example to a hot water or a space heating storage tank. This option is profitable to the energetic efficiency
of the system. The quantitative benefit depends on storage temperatures and volumes. Further, one has to consider
the additional complexity of the system.
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4 a)

4 b)

4 c)

4 d)

Figure 4: Schematics of different variants for integrating uncovered PVT collectors on the primary (source) side of a brine/wateror water/water-heat pump system. The heat sinks, which would be on the right side of the heat pump, are not depicted.
(Schematics were made with the Software Polysun.)

Besides being integrated on the primary (source) side of heat pump systems, uncovered liquid-cooled collectors
are also used in systems where they directly provide useful heat at the required temperature level. The applications
basically correspond to the classical variants of solar thermal systems, such as: a) domestic hot water (pre-)heating,
b) pool heating, and c) domestic hot water heating plus space heating (Figure 5).1
Systems with covered liquid-cooled PVT collectors
Regarding only the thermal part, covered PVT collectors can essentially be used like covered (glazed) solar
thermal flat plate collectors. Most common is their application in systems for domestic hot water preparation with
or without solar assisted space heating (Figure 5). A major difference to systems with pure thermal collectors lies
in the handling of stagnation situations. In fact, several market-available covered PVT collectors must not be
exposed to extended periods of stagnation at high temperatures, due to the low temperature resistance of the
involved materials. Hence, the use of such products requires a fail save stagnation prevention on the system level,
such as an additional heat dump (e.g. heat exchanger to ambient air) together with an appropriate system control.
Systems with air-cooled PVT collectors
Air-cooled PVT collectors are predominantly used in open systems. Ambient air is aspirated by a ventilator and
guided behind the PV cells. The warmed-up air is often used for direct space heating or ventilation (Figure 6 a).
The same configuration can serve be used for space cooling. An additional application is the use of the pre-heated
air on the source side of an air/water-heat pump, for hot water preparation or space heating, permitting a rise of
the performance factor of the heat pump (Figure 6 b). Further interesting applications of air-based PVT collectors
include drying plants (e.g. for agricultural products or wood) and the ventilation of indoor swimming pools or
enamelling plants.

1

For the case of domestic hot water (DHW) preparation, a “pre-heating” system is dimensioned such that it
reaches a solar fraction around 20 %, while a standard solar DHW system reaches a solar fraction around 50 %.
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5 a)

5 b)

5 c)

Figure 5: Schematics of system variants with PVT collectors directly providing useful heat at required temperature level.

6 a)

6 b)

Figure 6: Schematics of system integrations of air-cooled PVT collectors: a) direct room heating or cooling, b) pre-heating of
ambient air on the source side of an air/water heat pump.

Systems installed
In Switzerland, there are at present about 300 PVT systems in operation, with an estimated total area of 15’000 m2.
The vast majority of the plants uses liquid-cooled uncovered PVT collectors. According to the interviewed
companies, in almost 50 % of the systems the PVT heat serves the (pre-)heating of domestic hot water (DHW),
sometimes in a combination with space heating. In more than 40 % of the systems, the collectors are combined
with heat pumps, where the solar heat is most commonly used for the regeneration of ground heat sources. A
smaller share of the systems (< 10 %) uses PVT for pool heating. Given the generally large size of installations
for ground source regeneration, this application makes for the largest part of the total installed collector area.
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4. Survey results
A survey was conducted among two groups, manufacturers of PVT modules on one hand and
planners/distributors/installers of PV, PVT and solar thermal systems on the other hand. Besides a number of other
questions, participants of the survey were asked about the motivation of house builders for choosing PVT. The
corresponding answers are shown in Figure 7.

efficiency / double benefit
aesthetics
easy to install / no overheating
new product / interest in technology
regulations
economics
autarchy / reduction of operating costs
ecology
0%

10%

20%

Planners, distributors, installers

30%

40%

50%

60%

70%

Manufacturers

Figure 7: Motivations of house builders for choosing PVT collectors, as seen by manufactures and planners/distributors/installers
respectively. The bars show the percentage of answering companies, which mentioned the corresponding argument.

Answers to the question about what should change in order to foster the deployment of PVT are shown in
Figure 8. “high costs” and “sparse know-how” are raised as important aspects by both groups, manufacturers of
PVT as well as distributors/planners/installers. It is interesting to notice that only the latter group mentions that
product design and efficiency of PVT collectors should be improved.

costs / economics
product design
efficiency / yields
know-how, collaboration/partners, awareness
subsidies / regulations
0%

10%

Planners, distributors, installers

20%

30%

40%

50%

60%

Manufacturers

Figure 8: Survey results to the question about what should change, in order to foster the deployment of PVT.
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5. Case studies
In Switzerland, 7 large PVT plants with collector field areas between 50 m2 and 3500 m2 were built in connection
with so-called Pilot and Demonstration (P&D) projects, which received public financial support. In these
installations, PVT is used for ground source regeneration, pre-heating of ground water providing heat to a heat
pump, and in connection with a low-temperature heat distribution network, respectively. All installations are
equipped with detailed monitoring and data acquisition systems and their performance is analysed by different
research groups. In the full report of the presented review study, all these projects are briefly presented together
with the main results obtained by the respective groups and references to further information (Zenhäusern, et al.,
2017). Two examples of pilot plants are shown in Figure 9 and Figure 10. Based on measurement data of various
projects (P&D and other), one can state that standard uncovered liquid-cooled PVT collectors in a typical Swiss
climate reach an electrical yield of ~ 170 kWh m-2 a-1 plus a thermal yield of ~ 150 kWh m-2 a-1 (DHW),
~ 250 kWh m-2 a-1 (DHW pre-heating), 300 – 400 kWh m-2 a-1 (regeneration of ground source), and
> 400 kWh m-2 a-1 (pre-heating of ground water at the source of a heat pump), respectively.

Figure 9: P&D project Sotchà in Scuol (CH). Roof-integrated
PVT plant for the regeneration of boreholes (Vassella &
Baggenstos, 2015).

Figure 10: P&D project Lintharena in Näfels (CH).
Uncovered PVT collectors for the pre-heating of
groundwater providing heat to a heat pump (Rohrer, 2016).
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Paper formatting
The manuscript must be written in English. The paper title should be written in Arial, 14 point, bold.
The section headings should be numbered, in Arial 12 pt bold, the sub-sections in Arial 11 pt italic. The standard
font for the manuscript is Times New Roman for the text and Symbol for special characters. Body text should be
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Do not change the paper formatting and do not insert page numbers, headers or footers! Papers using incorrect
formatting may be rejected for publication in the proceedings if the author does not make corrections. Insert the
lead author name in header starting on the second page. References must be formatted exactly as shown in the
examples given below. The sections and sub-sections must be numbered by the author(s); do not use automatic
paragraph numbering.
Please use the styles that are defines in the Word Document (under the Style Menu) to format the text instead of
directly setting the fonts. The styles are
x
x
x
x

SWC_heading1 for first level section headers
SWC_heading1.1 for second leven section headers
SWC_text for the body
Styles for table and figure captions.

This will ensure that the margins for the sections are also correct and will result in less work for you and
a consistent layout for our conference proceedings

Tables, figures, equations, and lists
3.1. Tables
All figures and tables must be cited in the text, numbered in order of appearance and followed by a centered title.
Each table column should contain a brief explanatory heading.
Tab. 1: Table captions (8 pt) should be justified as block and placed above the table

Table Header

Header

Header

Tables

Text

Text

3.2. Figures
Figures should be submitted with a resolution of minimum 300 dots per inch and followed by a figure caption,
justified as block. Please make sure that the axes and any text within the figure are legible with a minimum font
size of 8.
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Fig. 1: Figure captions (8 pt) should be justified as block and placed below the figure

3.3 Equations
Equations should be arranged to the left, with characters similar to that of the body text and should be numbered.
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ଵ

ൌ

ଵ

(eq. 1)
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ଵ
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(eq. 2)

3.4 Lists
x

Bulleted lists can be used to arrange information more clearly in the text.

References
All references should be made according to the guidelines, as shown below.
Please ensure that each reference cited in the text is also present in the reference list (and vice versa). Any
references cited in the abstract must be indicated completely. Unpublished results and personal communications
are not recommended in the reference list, but may be mentioned in the text.
For web references, at least the full URL should be given and the date when the reference was last accessed. Any
further information, if known (DOI, author names, dates, reference to a source publication, etc.), must also be
given. Web references can be listed separately (e.g., after the reference list) under a different heading if desired,
or can be included in the reference list. DOI must be included if available.

4.1 Text
All citations in the text should refer to:
1. Single author: the author's name (without initials, unless there is ambiguity) and the year of publication;
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2. Two authors: both authors' names and the year of publication;
3. Three or more authors: first author's name followed by "et al." and the year of publication. Citations may be
made directly (or parenthetically). Groups of references should be listed first alphabetically, then chronologically.
Example: "as demonstrated (Allan, 1996a, 1996b, 1999; Allan and Jones, 1995). Kramer et al. (2000) have
recently shown ...."
List:
References should be arranged first alphabetically and then further sorted chronologically if necessary. More than
one reference from the same author(s) in the same year must be identified by the letters "a", "b", "c", etc., placed
after the year of publication.
Examples for references:
Reference to a journal publication:
Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2000. The art of writing a scientific article. J. Sci. Commun.
163, 51-59.
Reference to a book: Strunk Jr., W., White, E.B., 1979. The Elements of Style, third ed. Macmillan, New York.
Reference to a chapter in an edited book: Mettam, G.R., Adams, L.B., 1999. How to prepare an electronic version
of your article, in: Jones, B.S., Smith, R.Z. (Eds.), Introduction to the Electronic Age. E-Publishing Inc., New
York, pp. 281-304.
Use of units and symbols:
For the use of units and symbols, please see the appendix below.
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Appendix: Unites and Symbols
1. Units
The use of S.I. (Système International d'unités) in
papers is mandatory. The following is a discussion of
the various S.I. units relevant to solar energy
applications.
Energy
The S.I. unit is the joule (J { kg m2 s-2). The calorie and
derivatives, such as the langley (cal cm-2), are not
acceptable. No distinction is made between different
forms of energy in the S.I. system so that mechanical,
electrical and heat energy are all measured in joules.
Because the watt-hour is used in many countries for
commercial metering of electrical energy, its use is
tolerated here as well.
Power
The S.I. unit is the watt (W { kg m2 s-3 { J s-1). The watt
will be used to measure power or energy rate for all
forms of energy and should be used wherever
instantaneous values of energy flow rate are involved.
Thus, energy flux density will be expressed as W m-2
and heat transfer coefficient as W m-2 K-1. Energy rate
should not be expressed as J h-1.
When power is integrated for a time period, the result
is energy that should be expressed in joules, e.g. an
energy rate of 1.2 kW would produce 1.2 kW x 3600 s
= 4.3 MJ if maintained for 1 h. It is preferable to say
that
Hourly energy = 4.3 MJ
rather than
Energy=4.3 MJ h-l.
Force
The S.I. unit is the Newton (N { kg m s-2). The kilogram
weight is not acceptable.
Pressure
The S.I. unit is the Pascal (Pa { N m-2 { k2 m-1 s-2). The
unit kg cm-2 should not be used. It is sometimes
practical to use 105 Pa = 1 bar = 0.1 MPa. The
atmosphere (1 atm = 101.325 kPa) and the bar, if used,
should be in parenthesis, after the unit has been first
expressed in Pascals. e.g. 1.23 x 106 Pa (12.3 atm).
Manometric pressures in meters or millimeters are
acceptable if one is reporting raw experimental results.
Otherwise they should be convened to Pa.
Velocity
Velocity is measured in m s-1. Popular units such as
km h-1 may be in parentheses afterward.

In S.I. units, flow should be expressed in kg s-1, m3 s-1,
litre s-1. If non-standard units such as litre min-1 or kg
h-1 must be used, they should be in parentheses
afterward.
Temperature
The S.I. unit is the degree Kelvin (K). However, it is
also permissible to express temperatures in the degree
Celsius (°C). Temperature differences are best
expressed in Kelvin (K).
When compound units involving temperature are used,
they should be expressed in terms of Kelvin, e.g.
specific heat J kg-1 K-1.

3. Nomenclature and Symbols
Tables 1-5 list recommended symbols for physical
quantities. Obviously, historical usage is of
considerable importance in the choice of names and
symbols and attempts have been made to reflect this
fact in the tables. But conflicts do arise between lists
that are derived from different disciplines. Generally, a
firm recommendation has been made for each quantity,
except for radiation where two options are given in
Table 5.
In the recommendations for material properties (see
Table 1), the emission, absorption, reflection, and
transmission of radiation by materials have been
described in terms of quantities with suffixes 'ance'
rather than 'ivity', which is also sometimes used,
depending on the discipline. It is recommended that the
suffix 'ance' be used for the following four quantities:
emittance H

E
Eb

§ Ms ·
¨¨ or
¸¸
© M sb ¹

absorptance D

Φ
Φi

reflectance U

Φ
Φi

transmittance W

Φ
Φi

where E and I is the radiant flux density that is
involved in the particular process. The double use of D
for both absorptance and thermal diffusivity is usual, as
is the double use of U for both reflectance and density.
Neither double use should give much concern in
practice.

Volume
Volumes are measured in m3 or litres (1 litre = 10-3 m3).
Abbreviations should not be used for the litre.

2. Flow
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Table 1: Recommended symbols for materials
properties
Quantity
Specific heat
Thermal conductivity
Extinction coefficient+
Index of refraction
Absorptance
Thermal diffusivity
Specific heat ratio
Emittance
Reflectance
Density
Transmittance

Symbol
c
k
K
n

Table 4: Recommended subscripts
Quantity
Ambient
Black-body
Beam (direct)
Diffuse (scattered)
Horizontal
Incident
Normal
Outside atmosphere
Reflected
Solar
Solar constant
Sunrise (sunset)
Total of global
Thermal
Useful
Spectral

Unit
J kg-1 K-1
W m-1 K-1
m-1

D
D
J
H
U
U
W

m2 s-1

kg m-3

+
In meteorology, the extinction coefficient is the product of K
and the path length and is thus dimensionless.

Table 2: Recommended symbols and sign
convention for sun and related angles
Quantity

Symbol

Altitude
Surface tilt

D
E

Azimuth (of surface)

J

Declination
Incidence (on surface)
Zenith angle
Latitude
Hour angle

G
4,i
4z
)
Z

Reflection (from
surface)

r

Range and sign
convention
0 to ± 90°
0 to ± 90°; toward the
equator is +ive
0 to 360°; clockwise
from North is +ive
0 to ± 23.45°
0 to + 90°
0 to + 90°
0 to ± 90°; North is +ive
-180° to +180°; solar
noon is 0°, afternoon is
+ive
0 to + 90°

Table 3: Recommended symbols for
miscellaneous quantities
Quantity
Area
Heat transfer coefficient
System mass
Air mass (or air mass
factor)
Mass flow rate
Heat
Heat flow rate
Heat flux
Temperature
Overall heat transfer
coefficient
Efficiency
Wavelength
Frequency
Stefan-Boltzmann
constant
Time

1144

Symbol
A
h
m
M

Unit
m2
W m-2 K-1
kg


m
Q
Q
q
T
U

kg s-1
J
W
W m-2
K
W m-2 K-1

K
O
Q
V

m
s-1
W m-2 K-4

t,W,4

s

Symbol
a
b
b
d
h
i
n
o
r
s
sc
sr, (ss)
t
t, th
u
O

Table 5: Recommended symbols for radiation
quantities
Preferred name
Nonsolar radiation
Radiant energy
Radiant flux
Radiant flux density
Irradiance
Radiosity or Radiant
exitance
Radiant emissive power
(radiant self-exitance)
Radiant intensity
(radiance)
Irradiation or radiant
exposure
b) Solar radiation
Global irradiance or solar
flux density
Beam irradiance
Diffuse irradiance
Global irradiation
Beam irradiation
Diffuse irradiation
c) Atmospheric radiation
Irradiation
Radiosity
Exchange

Symbol

Unit

a)

Q

E, H
M, J

J
W
W m-2
W m-2
W m-2

Ms, E

W m-2

L

W m-2 sr-1

H

J m-2

G

W m-2

Gb
Gd
H
Hb
Hd

W m-2
W m-2
J m-2
J m-2
J m-2

)p
)n
)N

W m-2
W m-2
W m-2

)
)
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Abstract
Reducing costs and increasing efficiency is important for solar thermal test laboratories. However, this aspect is
in contrast to the requirements for high quality and reproducible tests. To overcome this problem the present
publication shows methods and procedures in combination with an “all-in-one test facility” to provide both, high
quality and reproducible test results within shortest time requiring as less human resources as possible.
Furthermore, the reliability of the test methods in combination with the described test facilities is shown by means
of .validation measurements.
Keywords: solar thermal, test facility, performance testing, durability and reliability testing, quality assurance,
test procedures, standards, certification

1. Introduction
Testing of solar thermal systems and components is mandatory for quality assurance. Furthermore, detailed tests
and reproducible test methods ensure the conformity of related products with requirements of certification
schemes.
Most certification schemes such as Solar Keymark in Europe, SRCC in the US, Golden Sun in China and
SHAMCI in the Arab region require several tests, both for durability and reliability as well as tests for the thermal
performance of the related products. To perform all required tests in an accurate and reproducible way,
appropriated test facilities are needed by the testing laboratories. These test facilities usually absorb both, a high
financial investment and huge amounts of man power to operate the test facilities. To overcome this problem an
all-in-one test facility for solar thermal collectors, stores and systems was developed a few years ago. As the
regulations and standards have now changed, the “all-in-one test facility” was redesigned, further developed and
improved to fulfill the latest state of the art technology for testing solar thermal products.

2. Durability and reliability testing
For testing the performance, reliability, durability and safety solar thermal collectors according to the standard
ISO 9806:2017 several tests and therefore various test facilities are necessary.
Besides the test for the determination of the thermal performance the most complex test procedures related to
durability and reliability are the following six tests:
x

the high-temperature resistance test,

x

the determination of the standard stagnation temperature,

x

the exposure and pre-exposure test,

x

the external and internal thermal shock test,

x

the rain penetration test.

Beside these tests the following, minor challenging tests are required:
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x

Internal pressure tests of fluid channels,

x

Freeze resistance test

x

Mechanical load test with positive and negative pressure

x

Impact resistance test

Usually, for each of those test procedures a single test facility is required comprising a test stand and measuring
equipment. Furthermore, for the operation of the test facility qualified test engineers are necessary.
For example, the exposure test requires a test stand for the solar thermal collector, a data logger, temperature
sensors and a pyranometer. The external thermal shock test requires also temperature sensors, a data logger and
a flow rate measuring device. A smart combination of the different test facilities and a clever arrangement of the
order the tests are performed reduces not only the measuring equipment and the number of test facilities itself, but
also the personal’s workload. Furthermore, the time required for testing can be reduced remarkable
E.g. on a sunny day during that the exposure test is carried out, also the external thermal shock test can be
performed. Using such kinds of synergy effects requires that the facility for the exposure test additionally fulfills
the requirements of the external thermal shock test. In this case, several tests of the test sample can be performed
without remarkable additional effort.
If the rain penetration is also performed directly after the exposure test and on the same test facility, the measuring
equipment such as the flow rate measuring equipment can be used twice as well.
To reduce the required financial effort and the human resources six test procedures of the above mentioned
standard have been combined into one single test facility. So the smart combination of the individual tests related
to the test sequence but also related to the test facility itself allows for an effective use of resources.
The above mentioned tests have to be performed consecutive but the test sample can be mounted during the entire
test sequence on the same test facility. Even for the external and internal thermal shock test as well as for the rain
penetration tests it is not necessary to install the collector to be tested on a different test facility. Fig 1 shows a
schematic of the test facility during the exposure test (left) and the rain penetration test (right).
Water spray nozzles

Fig. 1: Test facility for combining the exposure test facility (left) and the rain penetration test facility (right); for performing the
rain penetration test the exposure test facility is removed under the water spray nozzles for the rain penetration test facility – or
vice versa

For situations and countries where water shall not be drained after spraying it on the collector, a new rain
penetration test facility with water recycling was designed. After spraying onto the collector, the water is collected
and flows via a channel into a bucket. From there a pump transports the collected water into a store. A second
pump transports the water from the store again through the spray nozzles onto the collector. Self-evident, the
inclination angle of this test facility is variable and can be adjusted infinitely. Fig. 2 shows a rendering of the new
designed rain penetration test facility. A mounted splash guard avoids the waste of water.
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Fig. 2: Rendering (left) and picture (right) of the newly developed rain penetration test facility, which allows water recycling

3. Thermal performance testing of solar thermal systems and solar collectors
The combination of test procedures for testing the thermal performance of solar domestic hot water systems
according to ISO 9459-2 and -5 together with the one of solar collectors according to EN 12975 have been already
published (Bestenlehner). Due to the replacement of the EN 12975-2 by ISO 9806 some minor changes related to
the hydraulics and the measuring equipment have been realized.
However, the test rig for thermal performance testing has been revised significantly to allow a more flexible and
multifunctional use. The inclination angel is now adjustable to every desired angle between 0° (horizontal) and
90° (vertical). On the one hand, adjusted to the horizontal, it allows for an easy installation of the test sample. On
the other hand, façade collectors intended to be mounted vertically can be tested as well. Additionally the
horizontal position of the test rig allows even for testing of solar thermal systems equipped with a self-supporting
frame such as e.g. non-pressurized thermosiphon systems mainly produced in Asia. Fig 3 shows renderings and
Fig. 4 a picture of the newly designed test rig for performing thermal performance test of solar thermal systems
and collectors.

Fig. 3: Renderings of the newly designed test rig for thermal performance tests of solar thermal systems and collectors

Fig. 4: Picture of the newly designed test rig for thermal performance tests of solar thermal systems and collectors
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4. Thermal performance testing of thermal energy stores
A third issue for the update of the test facility was the aim to combine the capability of performing tests according
to four different test procedures in one test facility in order to determine also the thermal performance of hot water
stores using the same test facility. With regard to hot water stores, the test methods of the following standards
have been implemented: EN 12977-3, -4, EN 12897, EN 15332. Whereas the test methods defined in the EN
12977 part 3 and 4 are detailed procedures to determine the characteristics of hot water stores and combistores,
the test methods described in EN 12897 and EN 15332 are procedures to determine predominantly the heat losses
of the store.
Since it is not everywhere possible to install such an all-in-one test facility for testing up to 4 solar thermal
collectors, systems and hot water stores in parallel, a small and handy test facility was developed. This test facility
is designed for performing tests for the determination of the heat losses of hot water stores according to the abovementioned standards. Fig. 5 shows a picture of such a test facility.

Fig. 5: Picture of the handy and mobile test facility for the determination of the heat loss rate of hot water stores

5. Validation measurements
To ensure the reliable and reproducible operation of the updated “all-in-one” test facility, validation measurements
concerning thermal performance testing have been performed successfully. Exemplarily, the results of the
validation measurement of a solar thermal system are presented and discussed in the following. The system under
investigation was a thermosiphon system with 1.98 m² solar collector area and a hot water store with 180 L and a
jacket heat exchanger. Fig 6 shows the solar thermal fraction of the related solar thermal system at different
locations calculated on the basis of the determined test results. The hot water load plotted as tapped hot water
volume is varied between 80 L/d and 600 L/d. The results show a decreasing solar thermal fraction with increasing
daily load volume, which is quite obvious. The deviation was calculated between the reference measurements and
the measurements performed with the updated test facility. All measurements have been performed using the same
test samples or solar thermal system respectively. The deviation in the solar fraction is for all measurements below
±2 % (relative).
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Fig. 6: Presentation of the validation measurements; solar fraction (left ordinate) and deviation (right ordinate) between tests
performed with the original and the updated test facility versus tapped hot water volume

6. Summry
The results of the evaluated solar thermal system show that the updated all-in-one test facility enables reliable and
cost effective testing. The relative deviation of 2 % of the test results referring to the solar fraction is far below
the required limits. The mandatory tests according to the new international standard ISO 9806:2017 the hightemperature resistance test, the determination of the standard stagnation temperature, the exposure and preexposure test, the external and internal thermal shock test, and the rain penetration test can be reliable and costeffective performed with the updated all-in-one test facility.

7. References
[1] D. Bestenlehner, H. Drück, S. Fischer, H. Müller-Steinhagen, Development of a mobile, stand-alone test
facility for solar thermal collectors and systems; Proceedings of ISES 2007 Solar World Congress,
September 18 to 21, 2007, Beijing, China, ISBN 978-7-302-16146-2, Tsinghua University Press, Beijing
and Springer-Verlag GmbH Berlin Heidelberg, CD: ISBN 978-7-89486-623-3
[2] D. Bestenlehner, H. Drück, H. Müller-Steinhagen, D. Qually, K. Deist, C. van Hoewe, Experiences with a
mobile stand-alone test facility for solar thermal collectors and systems, HEFAT 6th Conference on Heat
Transfer, Fluid Mechanics and Thermodynamics, 30.06.-02.07.08, Pretoria, South Africa
[3] D. Bestenlehner, H. Widlroither, H. Drück, S. Fischer, Müller-Steinhagen, Development of Test Facilities
for Solar Thermal Collectors and Systems, Conference Proceeding of Euro Sun 2008, 7 - 10 October 2008,
Lisbon, Portugal, S. 384 – 385, ISBN 978-972-95854-7-0
[4] D. Bestenlehner, H. Drück, S. Fischer, H. Müller-Steinhagen, Complete Test Facility for Solar Thermal
Collectors and Systems, RIO 9 – March 17 - 19, 2009 - Rio de Janeiro, Brazil

1150

ISES Solar World Congress 2017

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

SOLAR THERMAL COLLECTOR’S DEGRADATION – INFLUENCE OF
CORROSIVITY INSIDE AND OUTSIDE THE COLLECTORS
M.J. Carvalho1, S. Páscoa1, N. Mexa1, R. Gonçalves1, J. Correia1, A. Gano1, T. Diamantino1
1

LNEG - Laboratório Nacional de Energia e Geologia I.P., Lisboa (Portugal)
Abstract

Influence of atmospheric corrosivity on solar thermal collector’s degradation was studied by exposure of flat plate
collectors to two different corrosivity environments, one urban Outdoor Exposure Testing (OET) site with
medium corrosivity (C2-C3) and a very high/extreme corrosivity (industrial and marine) (C5-CX) atmosphere
highly polluted and simultaneously with highly airborne salinity. Results of thermal performance measurements
after two years of exposure in the two OET sites are presented, as well as the evaluation of the corrosion rate
inside the collectors, with zinc as reference material, atmospheric contaminants, temperature and relative
humidity. For the measurement of temperature and relative humidity inside the collectors, in house produced data
acquisition system and sensors were used and are shortly described. Collectors were dismantled and optical
properties of the absorbers were measured.
Keywords: Solar thermal collectors, atmospheric corrosivity, thermal performance degradation

1. Introduction
Solar thermal collectors (STC) have to withstand stress conditions like high temperatures, high humidity,
ultraviolet irradiance or wind and snow loads depending on the geographic location. Literature points out to
dependence on other influences like prevailing wind conditions, contaminants like chlorides, SO2 and NOx, global
solar irradiation, wetness time and precipitation (Köhl et al., 2004; Slamova et al., 2016).
Although for certification of solar thermal collector (e.g. Solar Keymark, SRCC), the testing standards applied,
namely ISO 9806:2013, consider a set of tests which address testing of collector resistance to most common
adverse conditions when collectors are in use, these tests do not address long term collector durability.
In order to better know how different environmental conditions influence STC, as well as collector components,
two OET (Outdoor Exposure Testing) sites were used to expose collectors and collector components. The two
OET sites represent an urban climate (Lumiar-Lisboa) and a maritime climate with industrial influence (Sines)
(Diamantino et al., 2017). The results of collector exposure will be presented in this work for the two OET sites
after two years of exposure. Corrosion rate for zinc, atmospheric contaminants, temperature and relative humidity
inside de collectors are also presented. Collectors were dismantled and absorber optical properties measured.

2. Materials and methods
2.1. Exposure of STC at OET sites
STC studied were Flat Plate Collectors with tempered glass cover, commercially available. Their main
characteristics are described in Table 1.
For each collector model, two samples were exposed in each OET sites (see Figure 1). Thermal performance was
measured before exposure for each collector model. For three of the models, zinc standard specimens were
installed inside one of the collector samples. After two years exposure, thermal performance was measured.
Preliminary results for one of the OET sites were presented in (Carvalho et al., 2016). Summary of all thermal
performance results are presented in this work, in section 3.2.
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Tab. 1: Main collector characteristics

Collector reference

Type of collector

A*

Aluminum absorber surface with PVD coating (Mirotherm ®); Aluminum box

C*

Aluminum absorber surface with PVD coating (Eta plus ®); Aluminum box.

D*

Copper absorber surface with selective paint coating (SUNCOLOR TS S
Black); Stainless steel box.

*1 replicate with zinc standard specimens

Fig. 1: Installation of collectors in OET sites - Urban (left); Maritime/Industrial (right)

2.2. STC thermal performance evaluation method
Thermal performance tests of solar thermal collectors were performed according to ISO 9806:2013, using quasidynamic test method. The comparison is made based on the power curve as defined in ISO 9806:2013 for normal
incident irradiance of 1000 W m-2 (Direct irradiance = 850 W m-2; Diffuse irradiance = 150 W m-2).
Initial thermal performance was measured only in one collector of each reference. Final results of thermal
performance were measured for all collector models exposed. The collectors with installed reference materials
were dismantled for inspection and for evaluation of the corrosion rate in zinc samples as well as atmospheric
contaminants (chlorides, nitrates and sulphates).

2.3. Optical properties of absorbers
Optical properties of absorbers were also measured. Information on optical properties of absorbers used in each
collector exists and will also be presented (initial values) and compared with the performed measurements of the
absorber samples extracted from collectors, after two years exposure.
7KHPHDVXUHGRSWLFDOSURSHUWLHVZHUHVRODUDEVRUSWDQFH Įs) and thHUPDOHPLWWDQFH İt 7KHVRODUDEVRUSWLRQ Įs)
was measured using a Perkin Elmer’s Spectrophotometer Lambda 950 UV/VIS/NIR with a 150 mm integrating
sphere.
7KHWKHUPDOHPLWWDQFH İt) was initially determined with a portable emissometer, Devices & Service Company
model AE-AD3, which measures a surface emittance at 80 °C of temperature and corrected for a temperature of
100 ºC based on later measurements using a Spectrophotometer Frontier IR/NIR of Perkin Elmer, with integrating
sphere.

2.4. Zinc corrosion rate inside STC and atmospheric contaminants evaluation
In each of the collectors referenced in Table 1 with *, five (5) replicates of zinc metal samples were put in the air
gap between absorber and glazing (Carvalho, et al, 2016), to evaluate the corrosivity of the microclimate after
approximately two years exposure. Zinc samples inside the collectors are equal to the zinc samples placed
outdoors to comparatively evaluate the atmospheric corrosivity. The corrosion categories of outdoor exposure test
sites were obtained by determination of the corrosivity based on corrosion rate measurement of standard
specimens (carbon steel, zinc, copper and aluminum) according to ISO 9223: 2012 and ISO 9226:2012 during
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main period of STC exposure.
The atmospheric contaminants present in the solar absorber surfaces, inside the collectors, were also collected by
Bresle method (ISO 8502-6, 2006) and analyzed by Ion chromatography. Atmospheric contaminants were
analyzed in three different parts of the collectors (1, 2 and 3). In Figure 2 is possible to see the zinc reference
materials (5 samples) and where environmental contaminants were collected (1, 2 and 3),

1

2

3

Fig. 2: STC with zinc reference materials and the indication where environmental contaminants were collected after dismantling of
collectors

2.5. Measurement of STC inside temperature and relative humidity
Aiming STC’s internal temperature and relative humidity measurement and analysis over a predefined period
under real working conditions, a custom real-time monitoring and data-logging programmable smart data
acquisition system was developed and prototypes were implemented for ‘in-situ’ data collection in the two OET
sites.
Due to the internal ambient working STC conditions, with peak temperatures exceeding 120 ºC, most commercial
relative humidity (RH) measuring and logging equipment do not comply with these specifications, mainly due to
temperature restrictions of most of the relative humidity electronic sensors available in the market.
The developed system has the following specifications:
x

two custom sensor probes for insertion in two STC’s, each with one resistive thermal platinum sensor
(Pt100) and one high temperature capacitive relative humidity sensor (see Figure 3a):

o temperature measuring range: -10 to 150 oC with ±0.1 oC resolution;
o relative humidity range: 0 to 100% (non condensing) with ±5 % resolution, with [-10 oC, +150 oC]
working temperature range;

x

programmable sampling periods sets, ranging from 1 sample/min (1440 Samples/Day), as maximum
sample rate, to 1 sample/ 4 Hours (6 Samples/Day) as minimum sampling rate;

x

system power autonomy of at least one year, for a full set of variables data logging with a sampling
period greater than 15 min;

x
x

local data logging of the acquired data using internal non-volatile flash memory;
data communication with an external computer for system configuration and data gathering using a
standard USB2.0 interface;

This custom smart data acquisition and processing unit (see Figure 3b) enables the simultaneous monitoring and
data logging of two separate, but adjacent, solar thermal collectors, being its hardware based on a low power, high
performance 16-bit microcontroller. This custom unit includes extra functionalities for increased flexibility in
signal acquisition, local data processing and external data communication, without compromising system’s energy
autonomy. Special attention was paid to the system’s power consumption in order to keep the intended system’s
autonomy, being used ultra-low power electronic circuits whenever possible.
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The system was developed having in mind an high configurability and flexibility in data acquisition and logging,
in order to perform internally all data processing for an ‘all digital’ information output, along with optimized
algorithms to minimize the system’s power consumption when active.

Fig. 3: Collector’s internal sensor probes with resistive platinum Pt100 temperature sensor and a high temperature capacitive
sensor for relative humidity (Left); b) Custom smart data acquisition and processing unit (right).

A custom user interface software (see Figure 4) was also developed for
system’s configuration and logged data gathering. The software application
runs under Windows environment, allowing an easy system’s operation. The
logged data can directly be imported into Excel datasheets using a standard
text file with CSV format, being each recorded sample stamped with
Date/Time information from the system’s internal real-time clock,
synchronized with the computer’s clock when the system is initially
configured to start acquisition.
This smart monitoring system is presently being enhanced to include, in the
near future, new sensors for other collector’s physical environmental
variables, like ambient temperature and relative humidity, internal absorber
working temperature, UV irradiation, etc,

Fig 4. System's user interface for
configuration and data gathering

2.6. Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray Spectroscopy (EDS)
The morphology of solar absorber surfaces (after two year of exposure in Sines OET sites) were examined using
a Philips Scanning Electron Microscope, Model XL30 FEG with Energy Dispersive X-ray Spectroscopy (EDS)
associated. Before observation, the samples were cut in a cut-off machine to a 1.0 cm X 2.0 cm size. After that,
for better conduction, samples were gold coated in the Emitech K575X turbo sputter coater, for 5 seconds.

3. Results and Discussion
3.1. OET sites characterisation
The characterization of Sines and Lumiar-Lisboa OET sites is presented in Table 2 with indication of yearly values
in terms of main climatic parameters. A more detailed presentation of ambient temperature and global irradiance
can be seen in Fig. 5. Table 3 and 4 present the corrosion rates and atmospheric corrosion categories for Sines and
Lumiar-Lisboa OET site, respectively.
These results show the different environmental parameters and corrosivities of Sines and Lumiar-Lisboa OET
sites. Both have similar temperature and relative humidity mean values, although Sines with slightly higher mean
values. The differences lie in atmospheric contaminants (chlorides and sulphur dioxide deposition values) with
much higher values in Sines. In terms of corrosivity, Sines has a high corrosivity for aluminum (category C4),
very high for steel and zinc (category C5) and extreme for copper category CX. Lumiar-Lisboa with low
corrosivity for aluminum and steel (category C2), medium for zinc (category C3) and medium-high for copper
(category C3-C4).
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Tab. 2: Climate characterization in the two OET sites (2014-2015) (Sines and Lumiar-Lisboa)

Location

Latitude

Longitude

Altitude

Year

Average
ambient
temperature
[°C]

Sines

37.95°N

-8.88°W

17 m

2014

16.9

78.7

191.8

139.1

2015

17.9

81.2

89.5

93.4

2014

16.6

76.9

15.4

10.8

2015

17.2

77.6

16.9

33.0

Lumiar
Lisboa

38.77°N

-9.17°W

116 m

Average
relative
humidity
[%]

Cl[mg day-1
m-2]

SO2
[mg day-1
m-2]

Tab. 3: Corrosion rates of carbon steel, copper, zinc and aluminum and corrosion categories measured in Sines OET site

Reference materials
Corrosion rate (g m-2 y-1)* (2014)
Corrosion rate (g m-2 y-1)* (2015)
Category/corrosivity (Year)
Category/corrosivity (Year)

Sines OET site
Carbon steel
Copper
1346.01
64.33
981.11
52.01
C5 / Very High
CX / Extreme
(2014)
(2014)
C5 / Very High
CX / Extreme
(2015)
(2015)

Zinc
59.16
44.08
C5 / Very High
(2014)
C5 / Very High
(2015)

Aluminum
3.98
2.21
C4 / High
(2014)
C4 / High
(2015)

*corrosion rates expressed in grams per square meter per year

Tab. 4: Corrosion rates of carbon steel, copper, zinc and aluminum and corrosion categories measured in Lumiar-Lisboa OET site

Reference materials
Corrosion rate (g m-2 y-1)* (2014)
Corrosion rate (g m-2 y-1)* (2015)
Category/corrosivity (Year)
Category/corrosivity (Year)

Lumiar-Lisboa OET site
Carbon steel
Copper
163.29
11.51
194.35
16.76
C3 / Medium
C2 / Low (2014)
(2014)
C2 / Low (2015)

C4 / High (2015)

Zinc
9.85
6.69
C3 / Medium
(2014)
C3 / Medium
(2015)

Aluminum
0.25
0.20
C2 / Low
(2014)
C2 / Low
(2015)

*corrosion rates expressed in grams per square meter per year

In Figure 5 it is represented the frequency distribution of irradiance and ambient temperature of both OET sites
(September 2016 to August 2017). Although ambient temperature average values are slightly higher in Sines,
Lumiar-Lisboa has higher ambient temperature amplitudes. The irradiance behavior is similar in both OET sites
although with higher irradiance values for Sines.

Fig. 5: Irradiance (global) (Left): Ambient temperature (right)
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3.2. STC thermal performance and optical properties after approximately two years exposure
In a previous paper (Carvalho, et al, 2016) the thermal performance evaluation for collectors exposed in Sines
after one and two years exposure was presented. In this work, only results with two years exposure, both for Sines
and Lumiar-Lisboa, are presented. In Table 5 the periods of exposure of these collectors are listed.
Tab: 5 – Exposure dates of STC in Sines and Lumiar-Lisboa OET sites

Model (Ref.)

Installation
date

Uninstallation
data

Exposure
time
(month)

Sines

S_A2 *(**)
11-04-2014
01-06-2016
26
S_C2 * (**)
09-05-2014
01-06-2016
25
S_D2 *
11-04-2014
01-06-2016
26
Lumiar-Lisboa
L_A2 * (**)
23-06-2014
11-11-2016
30
L_C2 * (**)
19-09-2014
11-11-2016
27
L_D2 *
19-09-2014
11-11-2016
27
*one (1) replicate with zinc metal samples; ** Temperature and humidity measurements
inside the collector
After approximately two years of exposure (see Exposure time in Table 5), the collectors with zinc samples were
tested for thermal performance and dismantled after. Measurement of optical properties was performed in different
points of the absorber. These results also presented in this section.
Fig. 6 to 8 show the collector’s power curve according to the definition of ISO 9806:2013, comparing the thermal
performances after exposure with the initial thermal performance, measured in collectors of the same type before
exposure.
In Table 6 the average relative difference between the power curves is presented.
Fig. 6 and 7 show the thermal performance after two years of exposure in Sines and Lumiar-Lisboa OET sites for
collectors with aluminum absorbers and PVD coatings (Mirotherm ® and Eta plus ®, respectively) (models A
and C). After two years exposure in Sines and Lumiar-Lisboa, collector A does not show significant degradation
– average power difference of -0.9% and -1.8%, respectively. Collector model C exposed in Sines shows
degradation – average power difference of -6.2%. After two years in Lumiar-Lisboa no significative difference is
observed in this collector (model C) – average power difference of -1.1%.
Fig. 8 shows the impact of two years of exposure of collectors with copper absorber and paint coating
SUNCOLOR TS S Black (Model D). The collector exposed in Sines shows sixthly lower power curve while in
Lumiar-Lisboa the collector exposed after two years shows higher thermal performance – average power
difference of +3.0%.

Tab. 6: Average difference of power curve relative to initial peak power (%) in the temperature range 0-90 K

Exposure
time (month)

Average difference of power curve
relative to initial peak power (%) in
the temperature range 0-80 K

S_A2 * (**)

26

-0.9

S_C2 * (**)

25

-6.2

S_D2 *

26

-0,9

L_A2 * (**)

30

-1.8

L_C2 * (**)

27

-1.1

L_D2 *

27

3.0

Collector
sample
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Fig. 6a): Power curves of collector model A (L_A1 – initial
measurement: L_A2 * – measurement after two years).

Fig. 6b): Power curves of collector model A (L_A1 – initial
measurement: S_A2 * – measurement after two years).

Fig. 7a): Power curves of collector model C (L_C1 – initial
measurement: L_C2 * – measurement after two years).

Fig. 7b): Power curves of collector model C (L_C1 – initial
measurement: S_C2 * – measurement after two years).

Fig. 8a): Power curves of collector model D (L_D1 – initial
measurement: L_D2 * – measurement after two years).

Fig. 8b): Power curves of collector model D (L_D1 – initial
measurement: S_D2 * – measurement after two years).

In Table 7 the optical properties of the absorbers of the three collector models are listed. Initial values were
obtained from measurement of thirty samples of the absorber used in each collector. The values after two years of
exposure were measured in different sections of the collector’s absorber after dismantling.
The initial values of the optical properties correspond to average values of thirty samples with corresponding
standard deviation. The values after approximately two years correspond to values of measurements made on two
or three different samples of the absorber (top, center and bottom) and, when more than one measurement was
made, the standard deviation is given.
For collectors A with aluminum substrate and PVD coating, the variation in the solar absorptance is in agreement
with the change in peak power (see Fig. 6) for both Sines and Lumiar-Lisboa. The thermal emittance shows a
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higher change in Lumiar-Lisboa than in Sines. There are no significant differences between values in the center
and bottom of the collector.
For collectors C the solar absorptance does not show significant difference although some change in peak power
measured (see Figure 7) is observed. A change in glass transparency may be the reason for this. For LumiarLisboa a higher change in thermal emittance is also observed and this change is not uniform. In Sines, the bottom
part of the absorber shows higher thermal emittance values while in Lumiar-Lisboa the center part of the absorber
shows higher thermal emittance values.
Tab. 7: Optical properties of collector absorber coatings
Note: Figures in parentheses indicate that the standard deviation observed is lower than the measurement uncertainty.

Collector
sample

Exposure time
(month)

Location inside
collector

Į

VĮ

H

VH

S_A2 *

Initial
26

L_A2 *

30

S_C2 *

Initial
25

L_C2 *

27

S_D2 *

Initial
26

L_D2 *

27

--center
bottom
center
botom
--center
bottom
top
center
bottom
--center
bottom
top
center
bottom

0.96
0.94
0.94
0.94
0.94
0.96
0.95
0.95
0.94
0.94
0.94
0.95
0.93
0.93
0.93
0.93
0.93

0.00(1)
0.00(1)
0.00(1)
0.00(1)
0.00(2)
0.00(0)
--0.00(2)
0.00(2)
0.00(2)
0.00(1)
-0.00(1)
0.00(1)
0.00(1)
0.0005

0.11
0.13
0.12
0.16
0.15
0.11
0.11
0.14
0.15
0.18
0.16
0.72
0.56
0.56
0.55
0.57
0.58

0.00(2)
0.01
0.0(0)
0.01(2)
0.00(9)
0.00(3)
--0.02
0.02
0.01
0.02
-0.00(4)
0.01
0.01
0.006

3.3. Zinc corrosion rate inside STC and atmospheric contaminants evaluation
Table 8 and 9 present the results of zinc corrosion rate and results of chemical analysis inside the STC in Sines
and Lumiar-Lisboa OET site, respectively.
Tab. 8: Zinc corrosion rate and results of chemical analysis inside the STC in Sines OET site.

STC
A

C

D
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Position
inside
collector
1
2
3
1
2
3
1
2
3

Chlorides
(mg L-1)

Nitrates
(mg L-1)

Sulfates
(mg L-1)

0.8
0.7
1.7
0.7
1.0
4.1
1.5
1.0
8.0

<1
<1
1.6
<1
<1
1.8
<1
<1
2.0

<1
<1
<1
<1
<1
<1
<1
<1
<1

Zinc corrosion rate
inside collectors
rcorr (g m-2 y-1) (SD)

Corrosion category
according to
ISO 9223:2012

90.31 (9.53)

CX

99.91 (10.63)

CX

4.56 (0.55)

C2
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Tab. 9: Zinc corrosion rate and results of chemical analysis inside the STC in Lumiar-Lisboa OET site.

STC
A

C

D

Position
inside
collector
1
2
3
1
2
3
1
2
3

Chlorides
(mg L-1)

Nitrates
(mg L-1)

Sulfates
(mg L-1)

<0.5 (QL)
0.74
<0.5 (QL)
0.5
0.7
1.4
0.53
1.0
1.1

<0.5 (QL)
<0.5 (QL)
<0.5 (QL)
<0.5 (QL)
<0.5 (QL)
<0.5 (QL)
<0.5 (QL)
1.0
<0.5

<0.5 (QL)
<0.5 (QL)
<0.5 (QL)
<0.5 (QL)
<0.5 (QL)
<0.5 (QL)
<0.5 (QL)
<0.5 (QL)
<0.5 (QL)

Zinc corrosion rate
inside collectors
rcorr (g m-2 y-1) (SD)

Corrosion category
according to
ISO 9223:2012

47.76 (3.12)

C5

- (*)

-

6.84 (0.24)

C3

(QL) - Quantification limit; (*) It was not possible to evaluate the zinc corrosion rate because the reference materials fell due to the
degradation of the polymeric screws that held them.

From the presented results, it is possible to see that the concentration of contaminants is higher at the base of the
collectors relative to the top and to the middle. The concentration of contaminants in the absorber surfaces is
highest for collector D and lowest for collector A in Sines OET site. The collectors in Sines show higher
contaminants concentration than in Lumiar-Lisboa.
It is also possible to see that in Sines, collector D has, for zinc a lower corrosivity than collectors A and C. Between
collectors A and C, the corrosivity inside collector C is higher than in collector A. This can be related to the fact
that collector C showed a higher concentration of contaminants and reaches higher internal temperatures (Figure
9).
Although temperature and humidity inside collector D was not monitored, its thermal performance clearly
indicates that the collector has lower stagnation temperature than collectors A and C. The tightness also seems to
be smaller with respect to the collectors A and C.
In Sines the zinc corrosion rate inside the collectors can be associated with the contaminants but the temperature
seems to be a determining factor.
The corrosivity inside the collector A is lower in Lumiar-Lisboa than in Sines. However, for the collector D the
zinc corrosion rate in Lumiar-Lisboa collector is a little higher than in Sines. Although the concentration of
contaminants is lower in Lumiar-Lisboa than in Sines, this may be justified by the fact that a great condensation
has been observed in the case of this collector in Lumiar-Lisboa, much higher than in the collector exposed in
Sines. Taking into account that zinc reaches in air-saturated water the higher corrosion rate between 60-80ºC (X.
G. Zhang, 2011), it can justify the little higher corrosion rate observed in Lumiar-Lisboa. The greater condensation
in Lumiar’s collector may have contributed more to zinc corrosion than the higher concentration of contaminants
in Sines.

3.4. Environmental characterisation of collectors inlet
Figure 9 shows the maximum measured values of temperature in collector models A and C, in Sines and LumiarLisboa, respectively. Figure 10 shows the average measured values of humidity in collector models A and C, in
Sines and Lumiar-Lisboa respectively.
The measurement period is different in Sines and Lumiar-Lisboa but it covers in both cases almost one year. In
Sines measurements where made between June 2015 to April 2016 and in Lumiar-Lisbooa between December
2014 to October 2015.
The sensors were placed in the upper left or right corner of the collectors.
The measurements show higher temperatures in collector C then in collector A. This is coherent with the relative
humidity values that are higher in collector A then in collector C, although results for Lumiar-Lisboa in February
and March are not in agreement with this tendency.
On a daily bases the evolution of temperature and relative humidity can be seen in Figure 11.
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Fig. 9: Maximum measured values of temperature in collector models A and C

Fig. 10: Average measured values of humidity in collector models A and C

Fig. 11: Representation of one day data (Temperature and relative humidity for collector models A and C) in Lumiar-Lisboa (left)
and Sines (right).

3.5. Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray Spectroscopy (EDS)
Table 10 presents SEM micrographs and EDS spectra obtained on solar absorber surfaces inside STC after two
years of exposure in Sines OET site.
By SEM was possible to observe the selective surfaces from the three STC and to verified that the surface where
there are major changes due to corrosion is on the surface of the collector C, where the chlorine and sulfur elements
are present in the corrosion products.
In collector A sodium chloride deposits are observed on the surface but no corrosion products are detected by
SEM on the surface.
On the surface of collector D are also visible atmospheric contaminants and some coating cracking / degradation,
as well as sodium chloride deposits. Considering that this coating initially had some application defects, it is not
possible to distinguish if these observed changes are due to initial corrosion process or to the initial defects of the
application.

1160

M.J. Carvalho / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Tab. 10: SEM micrographs and EDS results of the chemical elements identified on solar absorber surfaces inside STC in Sines
OET site after two years

STC

SEM micrographs

EDS spectrum of chemical elements
detected

a

A

a

C

a

a

D

4. Conclusions
After two years exposure, the measurement of thermal performance of the STC shows higher decrease in Sines
than in Lumiar-Lisboa for collectors A and C. The decrease in thermal performance is higher for collector C than
collector A, especially in Sines. These results are in agreement with higher level of contaminants, especially
chlorides, and also in line with the corrosion rates for zinc measured in Sines and Lumiar-Lisboa for collectors A
and C.
In the case of collector D, the variation of the thermal performance does not show a clear relation to the location.
This may be because the manufacturing process of the collector is not completely controlled. Differences in initial
thermal performance of each collector were not detected since the initial measurement was done in only one
collector of model D. The low corrosion rates for zinc in this case may be a result of much lower temperature
levels in this collector. Although the temperature and humidity was not monitored in this case, the thermal
performance of the collector indicates a lower stagnation temperature than in collectors A and C.
The contaminants present on the different solar absorber surfaces were also different depending on the type of
collector. Different ventilation rates and higher temperatures in collectors A and C may explain these differences
in terms of contaminants and zinc corrosion rate.
The contaminants detected on the absorbers are mainly chlorides in all collectors and nitrates (Sines OET). The
concentration of sulfates and nitrates are low and in some cases below the limits of quantification. From the
observations by SEM made for the absorbers of collectors exposed in Sines, we may correlate changes due to
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corrosion in collector C to the presence of contaminants. In the case of collector A, although chlorine was present
on the surface, no corrosion was observed. The high corrosion resistance of PVD present in collector A relatively
to collector C is in agreement with the results presented for these selective surfaces exposed in OET sites
(Diamantino et al. 2017) and in accelerated aging tests (Diamantino et al, 2016).
Two years exposure is still a short period to correlate thermal performance decrease with corrosion due to
atmospheric contaminants but it is possible to identify the importance of chloride for locations like Sines and the
need to introduce this contaminant in the accelerated aging tests for qualification of absorber surfaces. ISO 229753:2014 only considers sulfur as contaminant.
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Abstract
Based on the experience and data gained during a 3 year exposure of different solar thermal collectors under
different climate conditions (tropical, arid, arid maritime, moderate and cold alpine) and system simulations
using TRNSYS a test procedure for accelerating aging of solar thermal collectors has been developed and
exemplary conducted on flat plate collectors. The overall test procedure which comprises a UV resistance test, a
salt mist test, a humidity test, a temperature cycle test and an extended high temperature test is introduced and
described in detail.
Key-words: collector test, accelerated aging test, lifetime prediction

1. Introduction
During their lifetime solar thermal collectors are exposed to a variety of partially overlapping aging effects.
These are introduced on the one hand from the system type and the mode of operation resulting in different inlet
temperatures of the heat transfer fluid. On the other hand site-specific climatic conditions have an important
impact on the aging process as shown by B. Traub et al. (2012) and P. Kofler et al. (2013).
To assess and judge the durability and reliability of solar thermal collectors for different system types and
different locations a test procedure which takes into account these different ageing processes is needed which
goes far beyond the existing durability and reliability test sequences which are documented in the ISO 9806
(2013) testing standard. Thus a test sequence was developed within the German project SpeedColl taking into
account all relevant kinds of different ageing processes a solar thermal collector is exposed during its lifetime.
The test sequence comprises the following tests:
•
•
•
•
•
•
•

Initial test
UV resistance test
Salt mist test
Humidity test
Temperature cycle test
Extended high temperature test
Final assessment

The test conditions of each single test can be chosen according to the desired climate and system type the
collector will be used for. The different test conditions were derived from a three year long outdoor exposure
and monitoring at 6 different test sites (Stuttgart (Germany), Freiburg (Germany), Zugspitze (Germany), Gran
Canaria (Spain), Sede Boker (Israel) and Cochi (India)) and from the results of simulations using TRNSYS.
Table 1 shows the different climates of the exposure sites.
The data monitored included besides the weather data also the measurement of different temperatures within the
collectors as the absorber temperature and the temperature with in the glue joint between the glass cover and the
frame and the humidity in the collector between the absorber and the glass cover. The resistance of the tested
collectors against the single tests is rated by different criteria. These criteria include lasting and the function of
the collector or single components influencing changes and include incidences like brakeage of the glass cover
or frame, fogging and a reduction of thermal performance.
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Tab. 1: Climates and exposure sites

Climate

Exposure site

Remarks

Tropical climate

Cochi (India)

Hot, humid and wet (Monsun)
conditions

Arid climate

Sede Boqer (Israel)

Hot, dry and sandy

Arid maritime climate

Gran Canaria (Spain)

Saline atmosphere

Moderate climate

Stuttgart (Germany)

-

Moderate climate

Freiburg (Germany)

-

Cold alpine climate

Zugspitze (Germany)

High mechanical load through wind
and snow loads

2. Initial test
Before the collector will go through the actual aging tests the following initial tests will be carried out
1.

Thermal performance test according to ISO 9806, section 20 "Performance testing of fluid heating
collectors" to assess the thermal performance prior to aging testing.

2.

Mechanical load tests according to ISO 9806, section 16 "Mechanical load test with positive or
negative pressure" with a load (positive and negative) of 2400 Pa to ensure a minimum resistance
against wind and snow loads. The load (positive and negative) of 2400 Pa is applied 10 times.

3. UV resistance test
To pre-age the collector and to assess the ability of the collector construction including collector parts as
polymeric sealing, transparent covers, adhesives and other potential parts sensitive to ultraviolet (UV) radiation
the collector is tested using an artificial UV source.
The test setup consists of a climate chamber, light sources and instrumentation with the following specifications:
•

Maximum UV radiation (280 nm – 400 nm) shall not exceed 230 W/m² at any location in the collector
plane

•

The homogeneity of the UV-radiation shall be in the range of r 15 %. Homogeneity shall be measured
at least at 6 locations, evenly distributed over the collector plane.

•

Relative humidity in the climate chamber shall be in the range of 15 % r 5 %

•

The temperature in the climate chamber shall be controlled to a value which results in a surface
temperature of the collector frame of 80 °C r 2 °C, measured at location of frame at the top of the
collector in an area which is not directly irradiated.

•

All temperatures are measured with a standard uncertainty of r 1 K.

The collector is placed in the climate chamber at a tilt angle of at least 60° and parallel to the light source. The
light source is turned on and the climate chamber is set to 15 % relative humidity. Afterwards the temperature
within the climate chamber is adjusted such that the surface temperature of at the location of the collector frame
at the top of the collector in an area which is not directly irradiated reaches 80 °C r 2 °C. When this temperature
is reached the test begins. During the test ambient temperature, frame temperature and UV irradiance (280 nm –
400 nm) is measured and recorded. The test is completed after an UV irradiation of 280 kWh/m² is reached.
After the test the collector is visually examined and obvious changes or damages like decolouring, changes in
structure or surface are documented.
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4. Salt mist test
Collectors are often installed close to the sea side and are exposed to significant loads of salt in the air. The test
is intended to assess if and to what extend salt will enter the collector and deposit on the absorber and other parts
of the collector.
The test setup consists of a salt mist chamber according to EN 60068-2-52:1996 (EN 1996), section 4. A
natrium chloride (NaCl) solution of 3 % r 0.5 % is used. The pH-value of the solution is in the range of 6.5 to
7.2. The salt mist chamber is qualified for the measurement using working standards according to
EN ISO 9227:2012 (EN 2012). The working standard is placed in the salt mist chamber at a tilt angle of 70° and
is exposed for 48 h a salt mist spray at an ambient temperature of 35 °C r 2 °C and a relative humidity of more
than 90 %. The removal of the working standard shall be 85 g/m² r 20 g/m²after the test. A pumped heat transfer
loop using a suitable heat transfer liquid, with the collector forming part of the loop.
The collector is placed in the salt mist chamber at a tilt angle between 30° and 60° and connected to the heat
transfer loop. Afterwards the test cycle as shown in Table 2 is performed on the collector.
During the test the relative humidity and the temperature with in the salt mist chamber shall be measured and
recorded. The test is completed when altogether 22 cycles (see Table 2 and Figure 1 are completed.
Tab. 2: Test cycle salt mist test

Phase (duration)
Humid phase (5 h)

Description
Heat transfer loop on, mean heat transfer fluid temperature ׇm = 60 °C r 2 °C.
Ambient temperature with in the salt mist chamber ׇa = 40 °C r 2 °C. Relative
humidity ĳ > 90 %
Heat transfer loop on, mean heat transfer fluid temperature ׇm = 60 °C r 2 °C.
Ambient temperature with in the salt mist chamber ׇa = 35 °C r 2 °C. Relative
humidity ĳ > 90 %
Heat transfer loop off, ambient temperature with in the salt mist chamber
ׇa = 40 °C r 2 °C. Relative humidity ĳ > 90 %
Heat transfer loop off, ambient temperature with in the salt mist chamber
ׇa = 35 °C r 2 °C. Relative humidity ĳ > 90 %
Heat transfer loop off, ambient temperature with in the salt mist chamber
ׇa = 40 °C r 2 °C. Relative humidity ĳ > 90 %
Heat transfer loop on, mean heat transfer fluid temperature ׇm = 60 °C r 2 °C.
Ambient temperature with in the salt mist chamber ׇa = 23 °C r 2 °C. Relative
humidity in the range of 30 < ĳ < 70 %

Salt mist phase (2 h)

Humid phase (10 h)
Salt mist phase (2 h)
Humid phase (5 h)
Drying phase (24 h)
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ambient temperature in °C and
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Fig. 1: Schematic test cycle salt mist test
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5. Humidity test
The humidity test is designed to test the durability of the collectors against high humidity and is realized by the
accelerated simulation of the day night cycle within a climate chamber. Figure 2 shows the graphs of
temperature and relative humidity within the climate chamber as well as the switching points for turning on and
off of the irradiance and the mass flow. Figure 3 shows the resulting graphs of the temperature and the relative
and absolute humidity within the air gap between the absorber and glass cover of a tested collector. The graphs
during the humidity test are very close to the data recorded during the real exposure as shown by Fischer et al.
(2016).
This test cycle accelerates the outdoor exposure by the factor of 4. The boundary conditions like ambient
temperature relative humidity as well as the hemispherical irradiance can be adjusted when required.
temperature

relative humidity

mass flow

hem. Irradiance

100

450

Temperature in °C
rel. humidity in %

80

360

70
60

270

50
180

40
30

90

20

Hem. Irradiance/10 in W/m²
mass flow in kg/(m² h)

90

10
0

0
0.0

1.0

2.0

3.0
Time in h

4.0

5.0

6.0

Fig. 2: Temperature, relative humidity, hemispherical irradiance and mass flow during the humidity test cycle
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abs. humidity in air gap
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0
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abs. humidity in g/kg

Temperature in °C

temperature in air gap
200

0
0.0

1.0

2.0

3.0
time in h

4.0

5.0

6.0

Fig. 3: Temperature, relative and absolute humidity within the air gap between absorber and glass cover of a tested collector
during the humidity test
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6. Temperature cycle test
During operation a collector and its components will undergo numerous temperature cycles during its lifetime.
This test is intended to assess the ability of the collector design to withstand these temperature cycles without
damage.
The test setup consists of a climate chamber and instrumentation with the following specifications:
•

A climate chamber suitable for the operation in the range of -45 °C to + 95 °C

•

The temperature in the climate chamber at quasi-stationary conditions is controlled to a value which
results in a surface temperature of -40 °C r 2 °C and +90 °C r 2 °C respectively at the top of frame of
the collector.

•

Instrumentation for the measurement of the relative humidity.

•

All temperatures are measured with a standard uncertainty of r 1 K.

The collector is placed in the climate chamber at ambient conditions (room temperature and corresponding
relative humidity). The air in the climate chamber is cooled down to a temperature leading to a temperature at
the surface of the frame at the top of the collector of -40 °C r 2 °C and held at this temperature for 1 h.
Afterwards the climate chamber is set to a temperature leading to a temperature at the surface of the frame at the
top of the collector reaches +90 °C r 2 °C and held for 1 h, see Figure 4. During the whole test the temperature
and relative humidity within the climate chamber as well as the frame temperature at the top of the collector are
measured and recorded. The test is completed when altogether 200 temperature cycles are completed.

100

temperature in°C

frame temperature

1h

50

0

1h
-50
0

1

2
time in h

3

4

Fig. 4: Schematic test cycle of temperature cycle test

7. Extended high temperature test
This test assesses the ability of the collector to withstand high temperatures during operation and lifetime like
they may occur during times with high solar irradiance and high ambient temperature while no heat is removed
by circulating the heat transfer fluid (stagnation). Times when the collector needs to withstand these high
temperatures are:
•

When empty during installation.

•

When empty during any period of maintenance.

•

When filled with heat transfer fluid or steam at stagnation conditions.

The absorber temperature -abs used for the test is the absorber temperature which will be reached at
hemispherical radiation G of 1100 W/m² and an ambient temperature -a of 50 °C and shall be calculated
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according to the following equation (1)

-abs

50qC 

 a1  a12  4K 0 a21100W / m 2
2a 2

0.5

 20qC (eq. 1)

The collector parameters K0, a1 and a2 are taken from thermal performance measurement during the initial test.

7.1 Method 1: Test setup, conditions and procedure
The test setup of Method 1 consists of a climate chamber, solar simulator and instrumentation with the
following specifications:
x A combination of climate chamber and solar simulator which allows to heat the absorber to the
required test temperature -abs and to keep this temperature constant to r 2 K. The irradiance level in the
collector plane shall be between 900 W/m² and 1200 W/m².
x A temperature sensor to measure the absorber temperature -abs is positioned at two-thirds of the
absorber height and half the absorber width. It is fixed firmly in a position to ensure good thermal
contact with the absorber. The sensor shall be shielded from solar radiation.
x A temperature sensor is positioned on the frame at the top of the collector. The sensor shall be shielded
from solar radiation.
x Instrumentation for the measurement of the relative humidity.
x All temperatures shall be measured with a standard uncertainty of r 1 K.
The collector is placed in the climate chamber at a tilt angle of at least 60° and parallel to the solar simulator. All
but one of the fluid pipes are sealed to prevent cooling by natural circulation of air. The climate chamber is set
to 50 % relative humidity. Solar simulator and climate chamber are set to an irradiance and temperature that the
absorber temperature according to equation 1 r 2 °C is reached. At this stage the test begins and runs for 8 h.
Afterwards the solar simulator is shut down and the ambient temperature is set to 25 °C. After 4 h the solar
simulator and climate chamber are turned on again until the absorber temperature has stayed another 8 hour time
period at the test temperature r 2 °C. The collector should be visually inspected daily during the cooling phase
and any it´s appearance shall be reported. During the whole test the relative humidity and the temperatures of
the absorber, the collector frame and of the ambient are measured and recorded. The test is completed when
altogether 15 temperature cycles (see Figure 3) are completed.
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Fig. 5: Schematic test cycle of extended high temperature test
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7.2 Method 2: Test setup, conditions and procedure
x

x

x
x
x

A pumped heat transfer loop using a suitable heat transfer liquid, with the collector being part of the
loop. A suitable heat transfer fluid is one that will remain in its liquid state at the test temperature and
the maximum operating pressure of the collector.
A temperature sensor to measure the absorber temperature -abs is positioned at two-thirds of the
absorber height and half the absorber width. It is fixed firmly to ensure good thermal contact with the
absorber. The sensor is shielded from solar radiation.
A temperature sensor is positioned on the frame at the top of the collector. The sensor shall be shielded
from solar radiation.
Instrumentation for the measurement of the relative humidity.
All temperatures shall be measured with a standard uncertainty of r 1 K.

The collector is mounted at a tilt angle of at least 60° and connected to the heat transfer loop. The climate
chamber is set to 50 % relative humidity. Heat transfer loop and climate chamber are set to temperatures that the
absorber temperature according to equation 1 r 2 °C is reached. The mass flow rate shall be adjusted in a way
that the heat transfer fluid will not lose more than 2 K while passing through the collector. At this stage the test
begins and runs for 8 h. Afterwards the heat transfer loop is shut down and the ambient temperature is set to
25 °C. After 4 h the heat transfer loop and climate chamber are turned on again until the absorber temperature
has stayed another 8 hour time period at the test temperature r 2 °C. The test is completed when altogether 15
temperature cycles (see Figure 5) are completed.

7.3 Inspection
After the test the collector is visually inspected for any changes or damages like permanent deformation, glass
or adhesive brakeage any structural failure, any burning, scorching, or heat shrinkage, outgassing and any effect
likely to impair the serviceability of the collector.

8. Final assessment
After the collector went through all accelerating aging tests the following final tests will be carried out to assess
the impact of the previous test on the performance of the collector:
1.

Thermal performance test according to ISO 9806, section 20 "Performance testing of fluid heating
collectors" to assess the thermal performance prior to aging testing.

2.

Mechanical load tests according to ISO 9806, section 16 "Mechanical load test with positive or
negative pressure" with a load (positive and negative) of 2400 Pa to ensure a minimum resistance
against wind and snow loads. The load (positive and negative) of 2400 Pa is applied 10 times.

When the tests have been completed the collector used for the tests is dismantled and inspected. All
abnormalities shall be documented and accompanied by photographs. The collector and all of its components
shall be described and should be photographed (glazing, absorber, absorber coating, insulation, housing, inlet
and outlet ports, glazing supports and retainers, seals, gaskets, back sheet, etc.).

9. Summary and outlook
In the framework of the German research project SpeedColl " Development of Accelerated Ageing Tests for
Solar Thermal Collectors and their Components” a test procedure for the accelerated aging of collectors has
been developed and was carried out. The proposed test conditions of the single tests can be adopted according to
specific climatic and operational requirements. Thus the proposed test procedures allow an assessment of the
impact of the operation and climatic conditions during the lifetime of the collector.
Currently the test sequences are further developed with in the follow-up research project SpeedColl2
"Estimation of the service life of solar collectors and its components". The aim of the project are accelerated
aging tests which allow the estimation of the service life of solar collectors and its components depending on the
climate and the operation conditions the collectors will be used at.
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Abstract
Photovoltaic Thermal (PVT) hybrid modules producing electricity and heat in parallel are becoming more
relevant in the Solar Thermal market. Especially PVT modules in combination with heat sinks operating in low
temperature ranges like heat pumps are showing perfect conditions for that kind of combination. One important
topic for a broader market implementation and distribution will be a clear and overall performance
characterization with respect to electrical and thermal power measurements and their interaction.
The presented project has validated a method for a junction (module) temperature forecast based on the thermal
behavior of PVT’s under consideration of mean fluid temperature, ambient temperature and wind speed. This
approach will give the required link between thermal collector testing and electrical PV module characterization
and provide a clear distinction of responsibilities for the thermal and PV experts and laboratories.
Keywords: PVT, Performance prediction, junction temperature, module temperature

1.

Motivation

As for most PVT applications it is not possible to use temperature probes for direct measurement of the cell
temperature, a new approach without additional sensors inside the PVT construction was developed.
Based on the method of the equivalent cell temperature ECT [IEC 60904-5:2011] it is possible to receive all
required information for a detailed description of the overall thermal behavior including the cell/ junction
temperature.
(eq. 1)
A general equation to estimate the module temperature by field measurements is described in IEC 618532:2016:
Tm – Tamb = G/ (u0-u1*v)

(eq. 2)

As this approach is not covering the main influence of PVT’s, the fluid temperature dependency, it is not
applicable for modules combined with a thermal heat absorber. Therefore, a new model or equation was
developed to cover also this influence.
This new approach which will be presented in the next clause was already introduced before in the project report
“Harmonization and Standardization of multi-functional PVT Solar Collectors (PVT-Norm)” Fritzsche et al.
(2016). The current work should validate the indoor steady state results with dynamic outdoor field results. A
detailed field test of two similar PVT modules with (PVT 1) and without thermal back-side insulation (PVT 2)
was performed over several months to provide a large set of data with a wide range of environmental conditions.
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2.

Procedure

Based on the long experience of performance testing of PVT’s and the results of absorber temperature
estimation right from the beginning of our testing it was obvious, that the behavior of the module resp. cell
temperature could be described similar to that of the thermal performance, but with an opposite sign as the
temperature is rising and not decreasing with higher fluid temperatures. Figure 1 is showing an excellent
example, how the measurement points from the steady state indoor test are distributed and how the resulting
curves will look like.

Fig. 1: Example of thermal performance and cell over temperature measurement points and resulting curves

EN ISO 9806:2013 is giving the following equation 3 for the steady state testing of “uncovered” collectors.
(eq. 3)
The new equation describing the cell over temperature is based on the regular equation for thermal performance
of unglazed collectors. By changing the sign, the gradient of the cell (absorber) over temperature could be
described as seen in equation 4. It was evaluated, if the global irradiance has to be taken into account, but the
influence of wind and fluid temperature was dominating, that the global irradiance was finally neglected.
(eq. 4)
With:
ϑcell

=

cell (absorber) temperature

ϑcell,0

=

cell (absorber) temperature conversion point

du

=

wind dependence of the conversion point

d1

=

heat „gain“ coefficient

d2

=

wind dependence of heat gain coefficient

The units are currently following the EN ISO systematic. The nomenclature itself is open for discussion, but
describes the different coefficient in the best way.

3.

Test sequences

As mentioned before, two similar PVT modules with and without a thermal insulation were used for the
validation of the procedure. After an initial indoor test of electrical and thermal properties, the modules had
performed an outdoor field test over several months.
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3.1. Initial steady state testing
Beside a characterization of the electrical performance according to standard test conditions STC, a detailed
indoor performance test was. The collectors were tested according to EN ISO 9806:2013 with the steady state
test method for uncovered collectors. This method requires a constant high irradiance level and three different
inlet temperatures with three different wind speed ranges.

Fig. 2: Indoor steady state test set up

It is obvious, that those requirements are really hard to fulfill, if this procedure should be applied outdoors. As
the boundary conditions within a sun simulator are stable and highly reproducible, it was always the preferred
method at TÜV to test this wind dependent collector types.
During thermal performance testing, the electrical part of the PVT was operating in the so called MPP
Maximum Power Point controlled by an electronic load. In addition to that, the load was measuring the PV
module IV curve every five minutes. Even, if not the full IV curve is necessary for the ECT method; at least the
open circuit voltage signal has to be detected regularly.
The parameter sets describing the thermal performance according to equation (3) as well as the cell temperature
above ambient (4) were determined for the two used test samples are described in table 1 and 2.
Tab. 1: Data set for prediction of the thermal performance of the two test samples

PVT 1 with back side insulation

PVT 2 without back side insulation

Value

Standard deviation
[%]

Value

Standard deviation
[%]

0.490

0.9

0.538

1.6

bu [s/m ]

0.055

8.3

0.048

14.6

b1 [W/(m²K)]

9.336

2.5

13.805

3.4

b2 [J/(m³K)]

1.574

7.5

1.905

10.4

[]

Tab. 2: Data set for prediction of the module (cell) temperature above ambient

PVT 1

PVT 2

Value

Standard deviation
[%]

Value

Standard deviation
[%]

19.82

1.12

14.65

1.11

du [s/m ]

-0.047

10.3

-0.058

9.79

d1 [ ]

0.651

1.80

0.653

1.29

d2 [s/m]

-0.030

16.6

-0.032

13.3

[°C]
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3.2. Field Test
As described before, the two samples had been sent to our outdoor test field in Italy after initial indoor testing.
There we’ve extended the already existing infra structure to monitor not only the electrical the PV long term
performance, but also the thermal behavior of PVT modules.
Beside additional sensors as Pyrgeometer for long wave irradiation detection or wind speed sensors to measure
the wind speed in the aperture area, a thermal testing loop for two samples had been realized.

Fig. 3: Field test set up

Delayed tests for certification of the products are the reason, that only about four month from October to
January had been available for the final validation of this procedure. The initial plan was at least half a year
including the summer and autumn.

3.3. Final steady state testing
After that outdoor field test, the samples had been sent back to Cologne to undergo a final test under the sun
simulator. As this test was showing performance degradation, these values had not been used for the final
validation. As the field measurement didn’t show any degradation over time, the vertical transport of the
samples might be the reason for that minor degradation.
Nevertheless, the final tests had been used to perform the tests not only according to the “old” method described
in EN ISO 9806:2013, but also according to the new method described in the 2017 release of the standard. The
comparison of both methods didn’t show significant deviations, that the applicability of this new equation for so
called WISC collectors under the sun simulator was confirmed.

Fig. 4: Comparison of initial and final test performance tests for the PVT 2 collector without thermal insulation
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4.

Validation

The validation of the new model was made on the basis of the resulting electrical performance. Even, if the
model itself gives only the module temperature above ambient, the final aim is a precise prediction of the
electrical output. This approach was also necessary, as the electrical output was measured with a much higher
resolution than the open circuit voltage signal during the IV-Curve measurement.
The limit for the minimum irradiance level was set to 200 W/m² not only because of spectral response of the
cells, but also because of higher uncertainties during this low irradiance performance.

4.1

PVT 2 without thermal insulation

In figure 5, you will find the comparison results between measured and calculated electrical output for the PVT
without thermal insulation.

Fig. 5: Precision of measured and calculated electrical performance

In general, the comparison of simulated and measured output power fits quite well as shown in figure 5. The
energy difference during irradiance levels above 200 W/m² over the complete test period is about 0.14%. The
used quality figure described as the integral of the absolute deviation (energy of deviation) divided by the
measured energy is only 1.3 %.
The following figures 6 & 7 are showing representative days and the resulting deviation of measured and
estimated electrical output. For a long term prediction, these short time depending deviations up to a few
percentages are not relevant and could be neglected.

Fig. 6 & 7: Representative days for clear sky and partly cloudy days
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4.2

PVT 1 with thermal Insulation

Fig. 8: Precision of measured and calculated electrical performance

In general, the comparison of simulated and measured output power fits quite well as shown in Fig. 8. The
energy difference during irradiance levels above 200 W/m² over the complete test period is about 0.24 %. The
used quality figure described as the integral of the absolute deviation (energy of deviation) divided by the
measured energy is only 1.8 %.
The following figures 9 & 10 are again showing representative days and the resulting deviation of measured and
estimated electrical output for the sample with thermal insulation.

Fig. 9 & 10: Representative days for clear sky and partly cloudy days

The resulting deviation between measured and calculated output power and energy is slightly higher than for
PVT 2. But even this higher deviation is still more than appropriate for a long term energy yield.
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5.
5.1

Conclusion
Model for estimation of cell temperature of PVT‘s

This model is showing promising results with an appropriate accuracy. As you can see below in Fig. 6, 7, 9, 10,
there is still a daytime depending deviation as well as deviations based on quick irradiance changes, but this is
not relevant for long time or annual performance prediction. From current perspective, this might be solved by
using a 2-node model, where the cell is the first and the fluid the second note. As this model is not referred in
the collector standard or necessary for the described purposes, this might be a solution for R&D, but not for
certification and general performance indication.
Beside the accuracy, a clear distinction of the different responsibilities is given. Beside a regular determination
of the open voltage signal and the already required performance under MPP, no additional electrical
measurements are necessary.
An accurate measurement of the wind speed over aperture will be the main challenge for outdoor measurements.

5.2

Performance Indicator for PVT collectors based on NMOT conditions

A harmonized and realistic presentation of the electrical as well as thermal performance of PVT’s is a main
requirement for a broader distribution and acceptance of this technology. Currently, there’s no harmonized way
to present these results and a direct comparison of the performance of different PVT’s is nearly impossible.
Furthermore, the partly used unrealistic presentation based on reference conditions, which will never occur at
the same time will result in unrealistic expectation and disappointed owner or user.
The performance indication based on standard test conditions, which will usually be used for PV modules are
not applicable for PVT. These conditions are fixed to a cell temperature of 25°C and could never consider the
thermal behavior in an appropriate way. One opportunity for PVT’s is a performance indication based on
Nominal Module Operation Temperature conditions, as these are considering a realistic module temperature in
the field as basis. Not only for PVT, but also for standard PV modules, the performance at NMOT as described
in IEC 61215-2:2016 is a much more realistic performance indicator than the performance at a fixed cell
temperature of 25°C and 1000 W/m² irradiance.
Beside the conditions at NMOT, additional reference conditions for the collector inlet temperature or the mean
collector fluid temperature has to be defined. To distinguish between different applications of PVT’s as
combined with heat pipes, pools or as pre-heater, there should be a set of different inlet temperatures available.
To cover the main fields of application the inlet temperature levels 10 K below ambient, ambient and 10 K
above ambient might be a reasonable range. Considering the ambient temperature of 20°C for NMOT, this
would result in mean fluid temperatures of 10, 20 and 30°C. A possible nomenclature would be NMOT PVT10.
Table 3 is showing exemplary results for the PVT 1 with thermal insulation.
Table 3: Performance indication based on NMOT conditions with a global irradiance of 800W/m²,
20°C ambient temperature and a wind speed of 1 m/s

Mean Fluid
Temperature
[°C]

Equivalent Cell
Temperature
@ NMOT [°C]

Electrical
Power
@ NMOT
[W]

Thermal
Power
@ NMOT
[W]

Electrical
power gain
[%]

NMOTPVT10

10

29.5

197.7

8.2

747

NMOTPVT20

20

35.8

192.3

5.2

567

NMOTPVT30

30

42.0

187.0

2.3

476

NMOT

PV module

46.9

182.8

-

-
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If the mean fluid or the inlet temperature should be used need to be discussed. The use of the mean fluid
temperature would be much easier, but if we think about an overall indication as used in the Solar Keymark data
sheets and calculated also of the electrical energy yield in the future, it might be worse to start directly with
fixed defined inlet temperatures. This would be applicable, if the resulting means fluid temperature for these
fixed inlet temperatures will be calculated in advance.

6.

Outlook

In the framework of this small project PVT Field evaluation, a new approach to estimate the cell temperature of
PVT collectors under consideration of the thermal working point was developed. This model is independent
from the chosen collector model and could be used for indoor and outdoor measurements.
To reach more confident, further validations with additional PVT collectors should be performed. Therefore,
existing monitoring results might be used or new field measurements need to be performed.
As a final step, a technical specification out of an IEC or ISO work item may be published. In the meantime,
certification schemes like Solar Kemyark or SRCC might consider this model for an appropriate performance
indication in the frame of their individual data sheets.
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Symbols
IEC 60904-5:2011
D
E
UOC
UOC,STC
G

Temperature coefficient of the short circuit current
Temperature coefficient of the open circuit voltage
Open circuit voltage
Open circuit voltage at standard test conditions
Global irradiance

IEC 61853-2:2016
Tm
Module temperature
Tamb
Ambient temperature
u0
Irradiance depending correction factor
u1
Wind depending correction factor
v
Wind speed

%/°C
%/°C
V
V
W/m²

°C
°C

m/s

EN ISO 9806:2013
Q
Useful power extracted from collector

W

AG

Gross area of collector as defined in the ISO 9488

m2

G“

Net irradiance

W/m2

Ghem

Hemispherical solar irradiance

K0,hem
bu

Collector efficiency based on hemispherical irradiance Ghem

W/m2
-

Collector efficiency coefficient (wind dependence)
Heat loss coefficient at (ϑm - ϑa) = 0
Wind dependence of the heat loss coefficient
Mean temperature of heat transfer fluid

s/m
W/(m2·K)
Ws/ (m3·K)
°C

Ambient air temperature

°C

Surrounding air speed

m/s

b1
b2
-m
-a
u
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A software framework for algorithm-based fault detection in solar heating systems is described. It automatically
links modular algorithms in order to perform the best applicable fault detection methods considering the data
available for each monitored system. It follows an object-oriented design, where algorithm objects communicate
their needed data and parameter inputs, offered outputs as well as constraints via corresponding objects to a path
finder. Special effort is made to enable the creation of flexible measurement data requests that do not need to know
sensor names in advance. In this paper the basic concepts and implementation approaches to achieve this flexibility
in the software framework are described. Finally, exemplary results are shown for a set of algorithms that were
implemented in the software framework to determine gradual leakage in a monitored system and bring the
capabilities of the framework to life.
Keywords: Solar heating, fault detection, function control, monitoring

&+)',+!'&
Solar heating systems for moderate climates are equipped with an auxiliary heater which is able to cover the whole
heat demand on its own. Hence, faulty behavior of the solar part of the heating system often remains undetected by
the end user, at least for a longer period. Higher fossil energy consumption and increased degradation of installed
components may be the consequence. But the complexity of these systems can make it time-consuming (and thus
expensive) even for an expert to assess the functioning or to detect faults of the solar heating system. Moreover,
several faults may only occur temporarily under certain circumstances and remain hidden during an inspection.
Therefore, automatic function control of solar heating systems is preferable.
However, the possibilities to automatically detect (and localize) faults depend on the system type, the underlying
hydraulics, available measurement instrumentation and known system parameters. So, different approaches,
additional assumptions or conditions may be necessary to detect a certain fault for different systems, implying
different levels of accuracy that can be reached. Hence, it was the aim to design a FDD software package which
can automatically adapt itself to such boundary conditions of each system (i.e. the available data basis) and
subsequently perform the best applicable FDD algorithms.
To enhance automated fault detection for solar heating systems, ongoing research is important and necessary. This
includes identifying relevant and observable symptoms of different faults for different systems and operation
conditions, deriving algorithmic descriptions to check for these symptoms and faults, and -even more challengingfinding acceptable threshold values that differentiate between faulty and normal operation. Besides that, constant
questioning and advancement of the best ways to implement and structure fault detection systems is important. One
approach for a self-adapting fault detection system is presented here.

 *!'&(+
Since network-connectable data loggers and controllers get more common, a server-based approach for fault
detection and diagnosis (FDD) of solar thermal systems (STS) is considered here. This means that measured data
will be transferred from local data loggers to central servers which are tasked to monitor many solar thermal
systems simultaneously. The local controller will only perform function control routines which either can be
implemented easily without extra cost, or which check for conditions that require immediate response from the
controller, e.g. to avoid damages in the STS. On the central server, the FDD analysis is performed and the results
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are passed to some “action module” which decides how to proceed (e.g. store to some database, write alarm
messages, communicate with the controller, …). Such a centralized server-based solution allows for easy
maintenance and continuous improvements of the FDD analysis routines that immediately benefit the whole user
base. Furthermore, it does not require more powerful (and thus expensive) controllers in order to perform
increasingly complex algorithms which are not part of the intrinsic control task. The software framework described
here focuses on the part of the FDD analysis, i.e. how to extract faults and malfunctions in the STS from the
available measurement data which is accessible in databases.
To achieve a FDD software package that can flexibly adapt itself to the available data basis, the whole procedure of
fault detection and diagnosis is split into small subtasks which then will be managed automatically. This modular
approach starts with the underlying FDD method which is described in Isermann (2006) and was also used by
Küthe et. al (2011). It features several levels that are passed consecutively, as shown in fig. 1. Starting from
measured values (e.g. the collector temperature), features are generated via appropriate feature algorithms. Features
are (combined) properties of measured signals or some information derived thereof (e.g. nonzero flow rate in solar
loop). Symptom algorithms then check related features for exceptional values to generate symptoms. Symptoms
specify unusual or undesired states in the STS (e.g. unwanted cooling through collector during night). In the last
step, fault algorithms usually combine several symptoms to identify the fault(s) which might cause the observed
symptoms (e.g. malfunctioning check valve). Note that the outputs of symptom and fault algorithms are
“statements about” symptoms and faults, since the result may also be their nonexistence. Hence, it is possible to
differentiate whether a symptom or fault was checked for at all, and to make use of a “confirmed nonexistence”.

Fig. 1: Levels of the FDD method and exemplary algorithms of each level with their links. Each rhomboid denotes a specific
quantity (i.e. a certain sensor/measuring point, feature, symptom, fault)

The FDD algorithms described in the previous section can be considered as “special knowledge” solving a small
subtask under certain prerequisites and hence are part of a “knowledge base”. Also, all information available about
hydraulic schemes, each system’s installed sensors as well as properties (called parameters here) of those sensors
and of other installed hydraulic components contribute to the knowledge base. The software framework described
here can access the knowledge base and then automatically link the knowledge found in order to apply it to a
specific STS. The knowledge base can be extended easily over time, and every new piece of information will
automatically be used wherever applicable. This distinction between knowledge base and automated knowledge
linking is also indicated in fig. 2 where important software elements are depicted along with the interconnecting
information flow.

!&*'+.)$%&+*
In this section, first the structure of the knowledge base is described, on top of which the software framework will
work. After that, the mechanism needed to communicate inputs, outputs and constraints between algorithms and
the framework is presented. In the third subsection, the process of knowledge linking utilizing the communication
mechanism is explained. The next subsection then sketches how the single parts are put together and which steps
are performed during a particular investigation of a STS. The last subsection summarizes how data can be accessed
and manipulated within an algorithm.


 "
As mentioned above, the knowledge base holds all FDD algorithms and known properties of STS, their
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components and measurement equipment. Two things are essential for every FDD analysis: what is the type/
hydraulic design of the STS, and what sensors are intended to measure which quantity. Also, the names for sensors
and components have to be defined. For this purpose, each STS that is to be investigated by the FDD software must
be assigned to both a hydraulic scheme and a sensor scheme. The hydraulic scheme is – in the easiest case – a
name that uniquely identifies the hydraulic layout of a STS. The possibility to compose a hydraulic scheme from
several hydraulic modules as described in (Dröscher et al., 2009) will also be implemented in future. Moreover, for
a given hydraulic scheme, names can be defined for components (except sensors) in the STS layout (e.g. “primary
solar pump”), along with their types (e.g. “pump”). Also default parameters for the components of the hydraulic

Fig. 2: Main software elements and the information flow

scheme may be provided if reasonable. All these component names and their default parameters are stored in a
central hydraulic schemes database.
For each hydraulic scheme, one or several sensor schemes can be defined. The sensor scheme uniquely identifies
the set of possible sensor names, where each sensor name is unambiguously linked to the measured quantity and a
measuring location. Again, for each sensor also default parameters may be stored here (e.g. typical maximal flow
rates or temperatures). By specifying the hydraulic scheme and the sensor scheme for each STS, the software
framework knows the namespaces that are used to identify sensors and components in its data tables. A STS may
also provide an individual installed sensors and installed components table, where individual parameters can be
stored and override the default values in the scheme tables.
Moreover, a central component and sensor database is available. Here, for each component/sensor type, specific
products can be registered along with known parameter values. Reversely, component or sensor parameters (e.g.
collector efficiency, or measurement uncertainties) can be retrieved when type, manufacturer id, product id and
parameter name are known.
Algorithms can be added by simply copying the corresponding python module file(s) into a specified directory. To
be recognized by the framework, the module files must contain algorithm objects which are created by invoking a
central factory function offered by the framework.

 ! 
Each algorithm is confined to a small subtask and is valid under certain premises. For automatic linking, the
surrounding management framework has to know the output of each algorithm as well as the required input
quantities. In the design used by the framework, algorithms are objects which communicate their output quantity
and input quantities via so-called “label” objects. Normally, each algorithm defines exactly one output label, only
fault algorithms may have several fault labels as output. Besides these requested input labels, an algorithm can also
request parameters and set up constraints that must be fulfilled in case of execution. Parameter requests and
constraints are also objects. Parameters in this context are defined as fixed values that are looked up in the
corresponding databases in the knowledge base (they might have been stored there by parameter identification
algorithms, but the latter will not be integrated in regular FDD investigations). The most common constraints limit
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an algorithm to a set of valid hydraulic schemes. But also parameter constraints can be created, demanding that the
parameter could be looked up and has the required value. Algorithm objects, label objects, parameter objects and
constraint objects are generated in a module file by calling the corresponding central factory functions offered by
the framework. The factory functions make sure that objects of the correct types are used.
The label objects describe a certain input or output quantity, but hold in their attributes much more information
than a simple name: For instance, whether it is an offer or a request, what kind of data it is associated with (just a
single value, or multiple values linked to points in time, etc.), the dimension and unit for the offered or requested
data, and so on. Label objects provide methods to check whether they match each other to allow for comparisons.
For the simplest class of labels, the matching rule looks for equality of the relevant attributes. Some attributes like
“unit” are always irrelevant and never influence matching, since two data sets containing the same quantity in
different units are equivalent in view of the information content. Such standard labels can have only one match or
none. But also label classes with more sophisticated matching rules exist (see below). However, such labels can
encounter multiple matches. In that case, the best or preferred match has to be selected.
While features, symptoms and faults can simply be labeled with meaningful unique names to link offers and
requests, the situation is somewhat more difficult for measurement data, as will be explained in the following. In
order to request measured data, an algorithm needs to specify it (or the corresponding sensor) in a well-defined
way. An obvious approach would be to set up a universal naming scheme, according to which each sensor of each
STS gets an unambiguous name, in the sense that equivalent sensors in different STS get the same name. Such a
naming scheme should include all aspects that might be needed for differentiation (e.g. quantity and some
hierarchical description of position, like “T_solarloop_primary_return”). But this results in sensor names that are
cumbersome in simple setups, while the naming scheme still may fail in cases where an unforeseen degree of
distinction is needed. It also doesn’t account for the fact that differently named sensors of different systems may
serve the same purpose in some context, thus necessitating several algorithms, with their only difference being the
sensor name requested. For instance, an algorithm needing the flow temperature coming to a heat storage from the
solar loop might have to request “T_solarloop_secondary_supply” (supposing an according naming scheme) in
case of the solar loop being connected via an external heat exchanger, but “T_solarloop_primary_supply” in case
of an internal heat exchanger. Therefore, we take a more flexible approach by including an additional layer: the
“PHYSICALQTY” label objects that describe a measurement data request in general terms, i.e. without knowing
hydraulic details and from the perspective of measurement purpose. While PHYSICALQTY labels describe sensor
requests, offered sensors are still identified via sensor names which are contained in the sensor label objects. But in
contrast to a universal naming scheme, these sensor names can be chosen freely within the sensor schemes that
were introduced in the previous subsection. Hence, the sensor names can be adapted to the needs of the hydraulic
layout. To link PHYSICALQTY requests and offered sensor labels, sensor mappers (compare fig. 2) must be
provided for each sensor scheme.
In the context of PHYSICALQTY labels, also the advanced label matching methods come into play. In principle,
PHYSICALQTY labels have several attributes that hierarchically narrow down the requested measuring purpose.
Here matching rules can be implemented that only check the equality up to the level of detail that is demanded by
the request label. For instance, it is possible to generate labels that request the flow temperature in the solar loop,
but do not care whether it is measured close to the collector or close to the heat sink. Due to the advanced matching
rule, there is no need to create a mapping link just for this request variant. It is sufficient if the PHYSICALQTY
label with highest level of detail was linked, easing the mapping effort.
Hence, to request measured data for an algorithm, one still can use the corresponding sensor name via a sensor
label object. This leads to the implicit constraint, that the algorithm can only be applicable if the investigated STS
also refers to the hydraulic scheme and sensor scheme where the sensor name is defined. This is welcome for
algorithms which are valid for only one hydraulic scheme. For algorithms applicable to several hydraulic schemes
resp. sensor schemes, the requested measured quantity is specified in general terms via corresponding
PHYSICALQTY labels.
To summarize, we want to emphasize four advantages of PHYSICALQTY labels when compared to the utilization
of a universal sensor naming scheme: Firstly, these are objects and not strings that are composed in a fixed pattern,
making it easier to access the contained information and to alter the constituent parts in future. Secondly, the
description of a measuring point does not need to include every aspect that might play a role in some special
contexts. Instead, only measuring points which are quite common on many hydraulics need to be addressable with
sufficient precision by PHYSICALQTY labels, since only those might be used in universal algorithms which do
not depend on the peculiarities of the hydraulic scheme. Thirdly, a universal naming scheme starts from possible
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measurement points in hydraulic layouts and makes sure to assign each one a unique name, meaning each “offer” is
identified unambiguously. The PHYSICALQTY labels reversely describe sensors from the perspective of requests
(which are unaware of hydraulic details), so not each offered, but each requested quantity is uniquely identified.
This means that different PHYSICALQTY labels may point to to two different sensors in one hydraulic scheme,
but to just a single sensor in another hydraulic scheme. To illustrate this, let one request be the sensor that measures
the temperature of the heat carrier coming from the solar loop to the heat storage, and the other request the sensor
measuring the flow temperature in the main (primary) solar loop before the heat sink. These are two different
measuring points when an external heat exchanger is present (primary and secondary supply temperature), but a
single one for an internal heat exchanger. Fourthly, with PHYSICALQTY labels, also requests of sensor
collections can be defined, like “all available storage temperature sensors” or “all available output temperature
sensors for parallel collector fields”. To translate PHYSICALQTY labels to the delivering sensor labels,
corresponding sensor maps are provided in the knowledge base for each sensor scheme (compare fig. 2).


  
To make use of the gradually growing knowledge base for a particular investigation, you need to check the
applicability of all known algorithms, find linking possibilities and select the best ones. This is the task of the
surrounding management framework, specifically the “path finder” (see fig. 2).
The path finder will search for known algorithms starting in a configurable root directory, but can be told to import
just certain types of algorithms. For instance, for each algorithm a maximum automated execution
frequency/minimum time interval can be specified, since some algorithms may need to look at larger timescales to
work properly, meaning it also makes no sense to call them too often. The path finder is also given a threshold time
interval, making it ignore all algorithms that have higher minimum time intervals. Hence, a path finder for daily
evaluations will omit algorithms that do not add value if called more often than once a month, but monthly path
finder will import them as well as daily algorithms.
To start the path search, the path finder fetches the set of installed sensors at the STS. It uses the sensor mappers
from the knowledge base to determine the set of deliverable PHYSICALQTY labels. For every algorithm
imported, it is checked if required input data can be supplied, if requested parameters could be looked up
successfully by the parameter manager (compare fig. 2) and if all constraints are fulfilled. The parameter manager
knows how to access all parameter tables and will look for a parameter at all relevant places. For instance, an
equipment-dependent sensor parameter will first be searched in the individual installed sensors table. If not
successful, it will try to retrieve manufacturer id and model id (first individual, then default) and use them to search
for the parameter in the central component database. A specially treated kind of algorithms are external fetchers
which may deliver data from external weather databases. These external fetchers normally are only activated by the
path finder, if the data cannot be provided by sensors installed at the heating system.
As illustrated in fig. 1, several applicable algorithms providing the same output quantity may exist. For instance,
the simple feature “it is night” could be calculated more accurately, if the zip code of the STS is known, but can
also be given, if only the country is known. Thus, the algorithms are branded with a ranking score which rates the
reliability and accuracy of an algorithm under the prerequisite of accurate input data. If several algorithms
delivering the same output are applicable, the situation is resolved depending on the configuration of the path
finder. It can be configured to choose the best algorithm a priori, based on the ranking score of the algorithm.
Alternatively, each of those algorithms is added to the execution list to calculate the output quantity. Then the
result data set with the highest reliability score will be chosen for further use. The reliability score of the output
data will be calculated via the reliability scores of the inputs and the ranking of the algorithm.
Algorithms can not only have inputs of the lower level, but also of the same level (compare fig. 1). This allows for
“virtual” sensors (e.g. calculating heat sums) as well as sophisticated features derived from other features. To make
sure to detect all linking possibilities, the path finder iteratively checks the applicability of algorithms with inputs
of the same level. It will adjust the execution order automatically, but avoid creating circular references.
At the end of the path search, when no algorithms can be added any more, the path finder removes all algorithms
from the execution list that are placed on dead end execution paths. Dead ends are defined by giving a threshold
target level to the path finder, usually being the symptom level. In that case, only algorithms that contribute to at
least one symptom generation would be executed. However, also symptoms that are not used by any operable fault
algorithm would be generated, as they might be of interest when post-processing the FDD results.
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Because many comparisons of label objects have to be made during a path search, the path finder uses data
structures for its internal input/output registries that on the one hand utilize fast membership testing via hashing
methods, on the other hand also minimize the number of unavoidable matching comparisons. This means the
comparison effort for the path search shows rather linear than quadratic growth with increasing number of
algorithms.



The main manager is responsible for performing all steps that are necessary to perform an FDD analysis for a given
STS and time range. Based on provided configuration parameters, the main manager creates instances of the
pathfinder and the parameter manager. Also, all necessary fetchers are initialized. Each fetcher knows how to look
up certain kind of information in a certain database table. Now the path finder imports the algorithms and sensor
mappers and determines the set and order of algorithms to execute. After that, the set of sensors needed as inputs is
determined. Their measurement data are fetched from the database and packed into a data collection object, where
they can be preprocessed. The data series can be checked for boundary values and/or plausibility, where the
preprocessing parameters are gathered from individual installed sensor or sensor scheme table. Invalid values are
registered and considered as data gap. Small data gaps may be interpolated (depending on the sensor’s
preprocessing parameter), larger data gaps are retained and registered. Also, a reliability score may be computed.
Optionally, a sensor may be totally removed from the list of available sensors, necessitating a new path search. Of
course, it is also possible to skip the preprocessing procedure here and perform it already before inserting new
measurement data into a database holding sanitized data. In any case, it is ensured that in the end all measured data
arrays are synchronized with one equidistant gapless timeline determining the fundamental time resolution of all
subsequent calculations. If necessary, data points are mapped or interpolated accordingly.
When the data collection of all needed preprocessed measurement data is created, it is passed from one algorithm
to the next. Each algorithm retrieves the requested input data from the collection via its input label objects.
Thereby, the label request is first mapped to the right offer in the data collection (e.g. a PHYSICALQTY to the real
sensor data), if necessary. Furthermore, the data is automatically converted to the requested unit as needed. Finally,
the result data is added to the data collection, where it gets labeled automatically. After the execution of the last
algorithm, the data collection can be passed to some “action” module responsible for final processing, which is not
in the focus here. Commonly the results would be stored in some database where they can be accessed later, but
also immediate triggering of alarm messages could be implemented here. For the algorithm development and
testing tasks, the data collection is passed to our result visualization and evaluation tool.

    
The core of each algorithm object is its method where real processing takes place. When an algorithm retrieves
input data from the data collection via the request label, the data is returned as data set object. Different kinds of
data set types exist, with continuous data sets being the most common one. They contain the data as array and a
corresponding timeline object. The timeline object provides many convenient methods e.g. to locate days, weeks,
months and so on, or to determine the day of the week for each point. Also, sub-timelines can be created easily.
Likewise, especially the continuous data sets offer convenient methods of often needed operations. For instance,
time averages over a specified time interval, daily/weekly/monthly sums, shifting data by a specified time range,
determining start or end points in mask arrays, and other signal processing methods or filters like smoothing will be
added. This makes it easier to write the processing steps in a few lines of codes for many algorithms.

$!+!'&
The software framework is developed and employed in our academic environment where a few STS are monitored.
In particular, two STS for domestic hot water preparation in multi-family houses (MFH) are available that serve as
regular heat sources under real use conditions, but may be used for experiments as well. Since they are equipped
with an extensive measurement instrumentation, these systems allow to generate real life data of the STS when a
deliberately induced fault is present. More information regarding the MFH STS can be found in (Schmelzer et al.,
2015).
Dozens of algorithms for features, symptoms and faults are already implemented in the knowledge base of the
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software framework. They were checked against measurement data from the MFH STS as far as possible, or
adopted from previous projects. Of course, the correct operation of the software framework including path finder
and all implemented mapping and matching functionalities were checked with dedicated test algorithms and test
cases, but also confirmed when used for the algorithm development and validation.
To bring the capabilities of the framework to life, exemplary results of a set of advanced algorithms are shown.
They were implemented in the software framework, aiming to detect gradual leakage in the solar loop when a
pressure sensor is available. Based on a validated physical model of the temperature-dependent pressure in the
solar loop and related sensitivity analysis studies, the expected pressure signal and uncertainty margins are
calculated as features with help of several temperature signals from the STS. The model only considers states when
the pump is off and no stagnation occurs. Hence, according features provided by other algorithms are used as input,
too. From a first version of algorithms which used several sensors that are only available at the MFH STS, a more

Fig. 3: Measured (green) and calculated (violet) pressure signals incl. their uncertainties, their difference (red) incl.
uncertainty (gray), the cumulated leakage volume (blue) and the times where the corresponding symptom and fault are
recognized.

simplified version using more common sensors was developed. They both performed similar well and were able to
detect the gradual leakage quite soon. The results of the simplified set of algorithms are shown in fig. 3. On the
MFH STS, a gradual leakage was initiated on purpose and the total leakage volume measured (blue line fig. 3). Fig.
3 shows the calculated and measured pressure signals and their difference including the corresponding calculated
uncertainties. At the bottom it is indicated where symptoms are recognized and for which days faults are reported.
Although only 3 liter (<5% of fluid in collectors and supply/return pipes, <2% of expansion vessel volume) were
lost in total, and although the measured pressure stayed on the same level, the leakage was detected correctly by the
algorithms. While a detection approach looking only at absolute pressure drops would have failed, the implemented
algorithms could derive that the pressure should have increased in normal operation. Reversely, no leakage was
detected in the leakage-free operation times. However, in order to be applicable, a pressure sensor as well as
several parameters like size of the expansion vessel and the (rough) fluid volume must be available. Hence, it is
useful for medium to large STS. Algorithms that require fewer parameters, yielding in higher uncertainties, will be
derived, too. Thanks to the path finder of the software framework, the best applicable algorithms of these variants
will be chosen automatically.

,%%)0
A flexible software framework for fault detection and diagnosis was presented. It automatically links modular
algorithms and other information from the knowledge base to flexibly adapt itself to the boundary conditions of
each solar thermal system. Hence, it can perform the best faults detection methods in dependence of the
information available. In this paper, the underlying concepts and implementation approaches to achieve this
flexibility were introduced. The usefulness and interaction of offer and request label objects, data set and algorithm
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objects and the functioning of the path finder and the overall procedure were described. Exemplary results for
algorithms detecting a gradual leakage were also shown. The FDD software framework and the corresponding
algorithms currently are developed and tested in an academic environment where a few well known systems are
monitored.
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Abstract
Solar absorbers, as a key component in solar thermal collectors, are in the focus of this paper. A well introduced
durability testing method for the solar absorber is the testing procedure described in ISO 22975-3 [1]. This standard
testing procedure is applicable to the determination of the long term behavior and service life of selective solar
absorbers for use in vented flat plate solar collectors.
Different samples of solar absorbers on aluminum and copper substrates are characterized before, during and after
the accelerated ageing tests and outdoor exposure with various methods, including FT-IR spectroscopy and
microscopic technologies like AFM microscopy to measure the degradation on different scales.
It turned out, that the corresponding testing time of the procedure for high temperature test was less than in the
standard ISO 22975-3. Therefore, the standard testing procedure is testing at higher thermal loads then the extreme
test sites with high absorber temperature in constant stagnation mode.
Keywords: Solar absorber, components for collectors, durability, accelerated ageing, optical characterization

1. Introduction
Depending on their location and prevalent climatic conditions, the components of solar thermal collectors have to
bear high climatic and mechanical stresses. Besides high temperatures, UV-light, wind, snow, humidity or saline
and corrosive atmospheres can be causes for a rapid degradation of materials and components.
Despite these well-known obstacles for solar thermal installations in extreme climates, the aging processes with
regard to different climatic and operational conditions are only partially analyzed. To qualify and enhance the
durability of solar thermal systems and improve the opportunities on a world-wide scale, the development of
suitable accelerated aging tests is necessary. The project “SpeedColl”[2] is dedicated to the research on these
issues.
The aging effects occurring in solar collectors with glass covers are determined primarily by the temperature level
in the collector. This temperature level has significantly increased during the last years due to the enhancement of
the collector efficiency and the trend towards systems with higher solar fractions with the resulting increase in
stagnation times and temperatures. Furthermore, durability analyses of new products on the market such as
spectrally selective absorber layers are needed, since only little is known about their long-term behavior.
Next to the influence of increased temperatures, other causes for aging have to be analyzed too, especially UVradiation, moisture and the influence of saline atmospheres. Furthermore the frequent use of solar thermal
collectors in Mediterranean regions for the preparation of domestic hot water generation and solar cooling, a
quality check regarding the impact of the saline atmosphere predominating close to the sea-shore in these countries
is necessary. This will be emphasized in detail in the “SpeedColl” project. This paper will focus on the influence of
the stress factor temperature on the absorber. The samples are provided by the industrial project partners.
Of all components in solar thermal systems, solar collectors experience the highest climatic and mechanical stress.
They are subjected to high temperatures and, depending on the location, variable and extreme weather conditions.
Just as coastal and sun-rich regions offer large potential for solar energy use; the systems installed in these areas

1188

 
       
  !"  # $  "%  % &''
( ))*!$  + *#  "(!!"    

T. Kaltenbach / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

are exposed to especially high levels of UV radiation, humidity and salt air. As a result, the collectors often age and
degrade faster.
In “SpeedColl” actual environmental stress data such as humidity, UV radiation, temperature and salt concentration
are determined. The data collection varies from tests carried out in alpine, moderate and maritime locations through
to measurements in arid and tropical regions. Test stands are installed on the Zugspitze, the highest mountain in
Germany, as well as in Freiburg, Stuttgart, Gran Canaria, the Negev Desert and in India. Additionally the solar
collectors and components undergo accelerated aging tests in the laboratory. Using the collected data, the
researchers validate the procedures of the aging tests, which provide information about the collector’s thermal
performance over its entire lifetime. The results also serve as a basis for standardization.

2. Absorber surface durability testing
The absorber surface durability testing specifies a failure criterion of a solar absorber based on changes in optical
performance of the absorber. The optical properties of interest are the solar absorptance D and the thermal
emittance H. The testing according to ISO 22975-3 specifies durability testing procedures focused on resistance to
high temperatures and condensation of water on the absorber surface as well as high humidity.
Within the test procedure, the reference of the thermal load for the assessment of the thermal stability of the
absorber coating was measured in a flat plate collector. The collector was exposed in Freiburg, Germany. The
absorber temperature was measured in stagnation over one day of clear conditions with a maximum global
irradiation of 930 W/m². The total annual load assumed 30 days of stagnation. The maximum stagnation
temperature was 184°C. [3].
In the “SpeedColl” project, the absorber samples are exposed to outdoor weathering at five test sites with different
climatic conditions with continuous monitoring of the micro and macro climatic conditions. Since a direct exposure
of absorbers is not adequate to the real situation of the solar absorbers in solar thermal collectors, the test samples
were mounted above the solar absorber with purpose-built galvanically insulated spacers in a commercial solar
thermal collector. The absorber temperature is continuously monitored. To receive also information of the
corrosivity of the micro climate inside the collector, test coupons of four different metals are placed inside the
collector, too. The ambient climatic conditions in terms of corrosivity are also measured as a reference next to the
test collector [4].
The temperature of the solar absorber inside the test collector is measured continuously during exposure in order to
set up a data base for the development of suitable accelerated lifetime tests.
Accelerated ageing tests with a variation of the relevant parameters, temperature and condensed water on the
absorber surface are performed in climatic cabinets. Especially tests with condensed water at high temperature
levels are used for the qualification of the materials since this is seen as the most demanding factor and relevant for
the application of solar thermal systems in sunny regions.
For collectors placed in marine environments chloride ions from sodium chloride are considered to be major
corrosion agent in these regions [5].

3. Characterization methods
The spectral measurements were carried out with a Fourier transform spectrometer Bruker Vertrex70 equipped
with two integrating spheres (a PTFE coated sphere for the shorter wavelength-range (O  2,0 Pm) and a diffusegold coated sphere for the IR (O ! 1,7 Pm) in order to measure both the directly reflected and the scattered
radiation. The diffuse part of the reflectance was calibrated with a PTFE standard from National Institute of
Standards and Technology (NIST) for the solar range and from National Physical Laboratory (NPL) for the thermal
range. The specular part in the solar and the infrared ranges was calibrated with an aluminum mirror from NPL.
The accuracy of the reflectance data was better than 1 % in the solar range and better than 2 % in the IR. The solar
absorptance/reflectance was calculated by weighted integration of the spectral reflectance with the solar spectrum
AM 1.5 according to ISO 9845-1. The thermal emittance was calculated by weighted integration of the spectral
reflectance with the Planck Black Body radiation distribution at a temperature of 373 K.
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4. Weathering tests
The samples are exposed to outdoor weathering at five test sites with different climatic conditions under
continuous monitoring of the climatic conditions (temperature, humidity, wind, precipitation, UV) and the collector
micro climate (temperature and humidity inside the collector). In order to gain worst-case-data some of the test
sites are positioned in extreme climates with very harsh conditions (Table 1).
Tab. 1: Exposition of collectors at locations with extreme climates
Climates

Location

Tropical

Kochi, India

Alpine

Schneefernerhaus, Zugspitze, Germany

Aride

Sede Boker, Negev Dessert, Israel

Maritime

Pozo Izquierdo, Gran Canaria, Spain

Moderate

Stuttgart and Freiburg, Germany

Figure 1 shows the temperature distribution of the same commercial vented flat plate solar collector type at the 5
different explosion sits within the “SpeedColl” project. The collectors were not actively cooled; therefore they
were in constant stagnation mode.

Fig. 1: Histogram of the absorber temperatures [°C] at different exposition sites, measured period from 12/2013 to 11/2014, Negev
desert (arid) in Israel; Freiburg (moderate) in Germany; Kochi (tropical) in India; Zugspitze (alpine) in the German Alps and Gran
Canaria (maritime) in Spain

The alpine exposition site reached the biggest temperature spread of the absorber temperature with minimum
temperature of -30°C and maximum temperature of 245°C.
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5. Service life testing
To measure the load during an operating time of one year of the absorber coating the effective mean temperature
Teff turns out to be a suitable parameter. It is defined in equation 1.

E
exp(  T  Teff1 )
R

Tmax

³ exp( 

Tmin

ET
 T 1 )  f (T )  dT
R

(eq. 1) [6]

with
f(T)
Tmax, Tmin
ET

the temperature frequency function for the observed load over one year
maximum or minimum absorber temperature of the load
activation energy

For thermal degradation f(T) is the time in one year, during which the absorber temperature lies between T and
T+dT. For degradation by condensation and high humidity, f(T) is the time in one year, during which the absorber
temperature lies between T and T+dT, and the relative humidity in the collector exceeds 99% or condensation takes
place on the absorber.

The effective mean temperatures of the same commercial vented flat plate solar collector type with a chosen
activation energy of 50 kJ/mol as a lower estimate at the 5 different explosion sits within the “SpeedColl” project
are shown in figure 2.

Fig. 2: Effective mean absorber temperature [°C] at different exposition sites, measured period from 12/2013 to 11/2014 with an
activation energy of 50 kJ/mol, Freiburg (moderate) in Germany; Gran Canaria (maritime) in Spain; Negev desert (arid) in Israel;
Kochi (tropical) in India and Zugspitze (alpine) in the German Alps

The alpine exposition site led to the highest effective mean temperature of 174°C. With this measured thermal load
we used the same time transformation function for the assessment of the thermal stability of the absorber coating
like it was done in the standard testing procedure ISO 22975-3.

The corresponding testing time for the procedure for the execution of the high temperature testing to 25 years
lifetime based on the Arrhenius relationship is shown in figure 3 for three different testing temperatures as a
function of the activation energy.
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Fig. 3: Testing time equivalent to 25 years lifetime with measured thermal load of Zugspitze (alpine) in the German Alps for
250°C, 300°C and 350°C testing temperature as function of the activation energy

In figure 4 the corresponding testing time for the procedure for the execution of the high temperature to 25 years
lifetime according to ISO 22975-3 is shown for three different testing temperatures as a function of the activation
energy.
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Fig. 4: Testing time equivalent to 25 years lifetime according to ISO 22975-3 with thermal load of Zugspitze (alpine) in the German
Alps for 250°C, 300°C and 350°C testing temperature as function of the activation energy
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It turns out, that the corresponding testing time for the procedure for the execution of the high temperature test
determined in the project was less than the testing time in the standard. For example with an assumed activation
Energy ET of 100 kJ/mol the testing time equivalent at a testing temperature of 300°C is 273 h and for ISO 22975-3
the testing time equivalent is 381 h.
Therefore, the standard testing procedure is testing at approx. 40% higher thermal loads then the extreme alpine
test site with high absorber temperature in constant stagnation mode.

6. Conclusion and outlook
The relevant physical properties of the material samples were measured before and after the exposure to
accelerated ageing tests and outdoor weathering. The results of the initial optical characterization of the testsamples proved a very good homogeneity. The standard deviation out of 21 test panels for the solar absorptance
value D is 0,001 and for the thermal emittance value H the standard deviation is 0.003. This assumes an excellent
production quality
It turned out, that the corresponding testing time of the procedure for high temperature test for the alpine test site
was less than in the standard. Therefore, the standard testing procedure is testing at higher thermal loads then the
extreme alpine test site with high absorber temperature in constant stagnation mode.
Thus the standard testing procedure ISO 22975-3 fully covers the aging behavior of absorbers in terms of high
temperature loads even at the condition measured at the extreme alpine test site, where the highest absorber
temperatures within the “SpeedColl” project were measured.
The effects of high humidity and condensed water in terms of the stability of the absorber coating will be addressed
in the current “SpeedColl2” project.
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Abstract
Solar thermal appliances (STAs) can be made as an integrated part of the building/housing using building material
housings (BMH), which ultimately make these appliances more user friendly, durable and weather resistance. This
paper presents fabrication and testing of three different solar thermal appliances. Appliances are developed for
water heating and cooking purposes, these are: Building material housing solar water heater (BMSWH), Fixed
structure solar concentrator (FSSC), Community size solar cooker (CSSC). According to the test results, the
thermal performances of CSSC and BMSWH are found satisfactory even after 2 and 10 years, respectively. Two
meals cooking for 8 to 10 persons can be done in CSSC on a sunny day and in BMSWH (62 liter) water can be
stored near 60 ºC. Due to building material housing, systems have good durability and high weather resistance. For
FSSC thermal profile and cooking test show it’s cooking ability (100-200 gm rice within 45 minutes to 1.5h ) in
peak sunny hours in lesser time than box type solar cooking. Fix structure makes the system user friendly and
building material structure decreases payback period of the system.
Keywords: solar water heater, solar cooker, solar concentrator, building material

1.

Introduction

Human civilization has been witnessing a gradual shift towards cleaner fuels- from wood to coal, from coal to oil,
from oil to natural gas; renewable is the present demand. It is quite obvious that solar energy is the most promising
current and future option among all non-renewable and renewable energy resources used currently across the
globe. Energy form the sun can be utilized in two ways: (i) in the form of heat or thermal energy called solar
thermal applications and (ii) in the form of electrical energy called solar photovoltaic applications. In all nations, a
major share of total energy consumption is utilized by the household sector for water heating and cooking purpose.
Solar thermal applications have immense potential especially in domestic and industrial sector to meet thermal
energy demand of the world (Dzioubinski and Chipman, 1999; Sen, 2004; Thirugnanasambandam et al., 2010;
Mahavar et al., 2012a, 2012b; Mahavar, 2015).Therefore, in the present research work our interest have been to
provide cost effective, user friendly and durable solar thermal appliances for the domestic or small industries.
Solar thermal appliances (STAs) e.g. water heater, solar concentrator, box–type solar cookers, solar stills and
dryers work on direct application of solar power. These all appliances have some common components: (i)
absorber/receiver, (ii) glaze, (iii) insulation, (iv) casing and (v) reflector. In the present piece of work we have
focused our attention on building materials (bricks, cement and their composite) to use as casing material of
different solar thermal appliances (Sukhatme, 2007).
With building material housing (BMH) STAs can be made as an integrated part of the building, which ultimately
make this appliances more user friendly and durable. BMH casing is highly weather resistant hence increase the
life time of the appliance and decreases payback period of the appliance. This casing also favorable to increase
thermal performance of appliances as it has low thermal conductivity. In order to test building material as casing in
STAs we have fabricated different solar thermal appliances viz. community size solar cooker, fixed structure solar
concentrator and solar water heater. The experimental studies of fabricated appliances have been done as per Indian
and international standard (Nayak, 2000; BIS, 2000; Belusko, 2004; Sukhatme, 2007; Hossainb, 2011). The
thermal performances of appliances are found quite satisfactory even for long time duration of 2 to 10 years. It
reveals that building material casing can makes STAs more convenient to use (due to fix structure), increase
durability and weather resistance.
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2.

Literature review

In a small capacity domestic solar water heater (SWH) a closed shallow rectangular box made of metal sheet
(absorber) is contained in a housing which supports a glass cover on the top and, insulation material that surrounds
the bottom and sides of the absorber tray. In a close-coupled SWH system the storage tank is horizontally mounted
above the solar collectors on the roof and the hot water naturally rises into the tank through thermosyphon flow
(Sukhatme, 2007; Mahavar , 2015). Different type of solar water heaters have been developed and tested by several
researchers (Hossainb, 2011; 5, Mahavar, 2015). This literature also reveals that a few researches have been done
to make solar water heaters as integrated part of housing by use of building material casing (Sengar, 2007; Marwal,
2012). As far as solar concentrators concern, these are the most effective for collecting solar radiations. This is due
to high concentration ratio and high thermal energy collection ability (Mahavar et al., 2016). Five main solar
concentrator technologies can be identified: (i) compound parabolic concentrator (CPC) (ii) parabolic trough
concentrator (PTC) (iii) linear fresnel reflector (LFR) (iv) parabolic dish with fixed focus (e.g. Scheffler) (v)
parabolic dish with moving focus. A number of solar concentrator has been developed from very large to small
scale for a wide range of applications viz. power generation, thermochemical reactions that involve production of
synthetic gas and hydrogen, production of hybrid solar-fossil fuel and solar thermal detoxification and recycling of
waste materials (Kaushika and Reddy, 2000; Sonune and Philip, 2003; Lovegrove, 2011; Reddy, 2013). Besides
these applications these systems are also used for solar cooking. Considering above aspects a parabolidal dish solar
concentrator has been fabricated for cooking in peak sunny hours. A parabolidal dish solar concentrator is a point
focal collector that requires dual axes sun tracking to concentrate solar energy onto a receiver located at the focal
point. Instead for tracking keeping the structure fix cooking can also be performed in short duration at local noon.
This cooking time is lesser than the box type solar cookers and as system does not require tracking so it is also easy
to handle by users. Use of building material housing for structure of concentrator makes the system more durable
and weather resistance. Concentrating on this, fixed structure solar concentrator (FSSC) is consisted of building
material.
The other solar thermal appliance i.e. box type solar cooker consists of a rectangular enclosure insulated on the
bottom and sides, and having one or two transparent covers on the top called glazes. Solar radiation enters through
the upper glaze and heats up the absorber and container containing food stuff. Different types of solar cookers (box
type , focusing type and advanced or indirect type) have been developed by many researchers (Panwara, 2012;
Mahavar et al., 2012a, 2012b, 2013, 2015, 2017; Cuce and Cuce, 2013; Punia, 2013) using different kind of
materials for different components. A considerable work has also been done for development of community size
solar cooker (Nahar, 1993; Piroschka, 2014) i.e. a cooker which serve cooking for 8 to 20 persons. Senger.et al.
(2011) have developed a building material housing solar cooker for cooking need of 2 to 4 persons. Fabrication of
community size solar cooker using building material has not been done yet (Punia, 2013).
Hence, building material casing has been used for fabrication of various solar thermal appliances and its long term
effect has also been tested for these appliances.

3.

Fabrication of appliances

All the systems are installed (facing south) at open rooftop of Department of Physics, University of Rajasthan,
Jaipur (26.92ºN, 75.87ºE). Building material housing solar water heater (BMSWH): This system is shown in Fig.
1. Mainly system consists of a solar collector and a storage tank. The details of these components are given in
Table 1. Fixed structure solar concentrator (FSSC): This system is shown in Fig. 2. The dimensions of system are:
0.7 m diameter, 0.2 m height and 0.15 m focal length. An aluminum sheet of diameter 0.09 m, 0.3 mm thick and
0.013 kg mass is used as receiver for measurement of thermal profile. A steel pot (coated with thin black coat) of
diameter 0.1 m is used for cooking placing at focal length distance. Community size solar cooker (CSSC): The
cooker has been designed in such a way that length to width ratio is about four, so maximum radiation reflected
from the reflector falls on the glass cover. Since aperture of the system is very large, the glaze has been designed in
two pieces, each of dimension 100×60 cm2. The lid is hinged at the top of the cooker and is used to reflect the solar
radiation onto the cooker aperture. The cooker size is sufficient to cook two meals per day for 8 to 10 persons.
System is shown in figure 3 and 4, and the component details are given in Table 2.
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Table 1: Design details of building material housing solar water heater (BMSWH)
S. No

Parameters

Details

1.

Casing
(i)Dimension
(ii) Material
(iii) Thickness
(iv) Inclination (tilt angle)

2.

Absorber tray
(i)Dimension
(ii) Shape
Collector tube
(i) Shape
(ii) Diameter
(iii) Length
(iv) Material
(iv) Coating

3.

Glaze
(i) No. of glaze
(ii) Material
(iii) Thickness
(iv) Spacing between glaze

2
Transparent acrylic (PMMA)
2.75 mm
10 mm

4.

Insulation
(i) Material
(ii) Thickness

Mineral wool
6 cm (bottom and all sides)

1.

(i) Shape
(ii)Dimension(outer)
(iii) Material
(iv) Insulation thickness
(v) Storage capacity

Solar collector
144×140×37 cm3(outer), 122×112×23 cm3 (inner)
RCC, tile bricks and cement
11 cm (upper and lower walls),14 cm (side walls)
45° (facing due south)
110×100× 6 cm3(aperture)
Trapezoidal
Spiral
1.15 cm
15.24 m
Copper (both)
Black matt paint (both)

Storage tank
Cylindrical
0.45 m (diameter), 0.66 m height
Stainless Steel
0.04 m
62 liter

Fig. 2: Fixed structure solar concentrator (FSSC)
Fig. 1: Building material housing solar water heater (BMSWH)
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Table 2: Design details of community size solar cooker (CSSC)

S. No.
1.

2.

3.

4.

5.

6.

Parameters
Casing
(i)Dimension
(ii) Material
(iii) Thickness
(iv) Orientation
Absorber tray
(i)Dimension
(ii) Shape
(iii) Material
(iv) Thickness
(v) Coating
(vi) Absorptivity

185×47 cm2(Bottom)
Trapezoidal
Aluminum
0.35mm
Black board paint
0.9

Glaze
(i) No. of glaze
(ii) Material
(iii) Thickness
(iv) Spacing between glaze

2
Glass
Lower 5 mm and upper 4 mm
13 mm

Insulation
(i) Material
(ii) Thickness

Glass wool
5 cm (all sides)

Containers
(i) Shape
(ii) Dimension
(iii) Material
(iv) No. of pots
(v) Coating
Reflector
(i) Number
(ii)Dimension
(iii) Thickness
(iv) Material

Details
210×67.5×17cm3
Bricks and cement
15 cm
Facing due south

Cylindrical
Diameter 19 cm, height 7 cm
Stainless steel
16
Black matt paint
1(Three parts)
70×74cm2(each)
4 mm
Silicate glass

Fig. 3: Schematic view of developed community size solar cooker (CSSC)
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Fig. 4: Community size solar cooker (CSSC)

4.

Experimental study of appliances

4.1. Experimental set-up
On a number of days the experimental studies of all the systems have been conducted at the University of
Rajasthan, Jaipur (26.92˚N, 75.87˚E). In these experiments, the solar radiation intensity (Is) on a horizontal
surface was measured using a pyranometer (Nation Instruments Ltd. Calcutta, instrument no. 0068). CIE-305
thermometer with point contact thermocouples (accuracy 0.1 ºC) was used to measure the temperatures at
different locations of the CSSC and FSSC; viz. the water load (Tw), and the absorber plate (TP). For BMSWH
eight channel MS 1208 Multispan thermometer (accuracy 1 ºC) is used with J-type thermocouple to measure
temperature of inlet (Tin), outlet (Tout) and storage tank (Ts) temperature. Ambient temperature (Ta) was measured
using a mercury thermometer (accuracy 0.1ºC) placed in an ambient chamber. The measurements of temperatures
of different regions were carried out on clear sunny days at every 10 minutes interval for the duration of 10:00 to
16:00 Indian Standard Time (IST) for CSSC and BMSWH. For FSSC this time interval is 5 minute and
experimental time period is around local noon. The experimental arrangement of temperature measurements is
shown in Fig. 4 for CSSC. Other instruments namely pyranometer and mercury thermometer were situated within
5 meter distance of this arrangement during testing.

4.2. Thermal Profiles
For solar water heater temperature of inlet (Tin), outlet (Tout) and storage tank temperature (Ts) are measured and
reported in Fig. 5. Sengar, (2007) and Marwal, (2012) have also studied the system with different other
components. For the reference thermal profiles of system measured in 2006 is also shown in Fig. 6 and 7 (Sengar,
2007). Fig. 8 shows the temperature profile of FSSC. The thermal performance of CSSC has been measured
without load and with load. These are depicted in Fig. 9 and 10.
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Fig. 5: Thermal profile of BMSWH (close loop) on 21 June 2017 with PMMA double glaze (T a, Tin, Tout and Ts are ambient, inlet water,
output water and storage tank water temperatures, I S is solar insolation).

Fig. 6: Thermal profile of BMSWH (open loop) on 25th Nov. 2006 with single glass glaze (T a and Tw are ambient and output water
temperatures) (Sengar, 2007).

Fig. 7: Thermal profile of BMSWH (close loop) on 21 Dec. 2006 with single glass glaze (Ta, Tout and Ts are ambient, output water and
storage tank water temperatures, IS is solar insolation) (Sengar, 2007).
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Fig. 8: Temperature profile of FSSC on 20 Jun 2015 (T fssc is receiver temperature and IS is solar insolation).

Fig.9: Measured temperature profiles and radiation intensity during sensible heating test of CSSC (8 kg water load) on 08 April 2012
(Ta and Tw are ambient and load water temperatures, IS is solar insolation).

Fig. 10: Temperature profile of the different components ( Tp- base plate, Ta-ambient, Tp (avg.)- average plate ) of CSSC and variation
of solar insoltion (Is) with the standard time on 12 July 2014.
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5.

Results and discussion

Building material housing solar water heater: Initial experimental studies (in year 2017) are performed with
PMMA glaze for BMSWH. The representative experimental observations for close loop cycle are plotted in Fig. 5.
The maximum outlet water temperature is about 74 ºC and storage tank temperature reaches around 60 ºC. System
thermal performance has also studied by Sengar; (2007) and Marwal; (2012). This is shown in Fig. 6 and 7. For
slow mass flow rate in open loop cycle the maximum outlet temperature was recorded about 90 ºC in 2006 (Fig. 6).
These tests were conducted with single glass glaze and hybrid insulation. A comparison of Fig. 5 with reference
thermal profile Fig. 7 reveals that system thermal performance is quite good (storage temperature 60 ºC ) even after
more than 10 years. Although components of system (glaze, insulation, storage tank etc.) have been changed yet
the casing is same. It indicates building material casing makes the system good weather resistance and increases
the durability. System is still under the testing for determination of different characteristic parameters of a solar
water heater.
Fixed structure solar concentrator: Fig. 8 shows that FSSC receiver attained a maximum temperature of 117 ºC at
local noon and remains above 100ºC for about 20 minutes for insolation around 800 W/m 2. In FSSC cooking of
rice is also done in a pot of diameter 10 cm and height 6 cm. The observed cooking time is 45 min. for 100 gm rice
cooking which required 200 gm of water to cook. Hence, FSSC is suitable for cooking of boiling type food in peak
sunny hours.
Community size solar cooker: The diurnal variation of water load temperature, solar insulation and ambient
temperature for 8kg water load are depicted in Fig. 9.The results of these figures are used to calculate the second
figure of merit. Figure shows that in 1 h 30 min water load attained temperature about 80 ºC and it is sustained for
more than 3 h. This reveals that two meals cooking for 8 to 10 persons can be done in this cooker as per ref.
(Mahavar et al., 2015). The value of second figure of merit (F2) (using Tw1=63.8ºC,Tw2=95.1ºC, τ=5400 sec. ,
average values for the ambient temperature 39.2ºC insulation is 806 W/m2 ) calculated as per ref. (Mahavar et al.,
2012a) is found to be 0.416 . Fig. 10 represents the diurnal variation of solar insolation, absorber plate and ambient
temperature of CSSC under no lad condition. The temperature of the absorber plate increases with time until it
achieves the maximum values around 1:00 p.m. The maximum temperature of the absorber plate Tp is recorded to
be 126.9ºC. The absorber plate temperature remains above 100ºC for most of the time. This stagnation test as per
ref. (BIS, 2000) assures the satisfactory thermal performance of community size solar cooker. This test is
conducted after more than two years in 2014 with same components and still the thermal performance of the
system is found satisfactory, it indicates the good weather resistance and durability of the system due to the
building material casing.
Hence, building material housing can serve as good casing material for solar thermal appliances and using this
casing these appliances can be made an integrated part of the building/housing.

6.

Conclusion

Solar thermal applications (STAs) have immense potential especially in domestic and industrial sector to meet
thermal energy demand of the world. Beside all the development of STAs, there is still need of user friendly, more
durable and weather resistant appliances with good thermal performance. Paper concludes that the appliances
(water heater, solar concentrator and solar cooker) developed using building material housing have good thermal
performance for long duration of 2 to 10 years or even more years. Hence, with building material casing STAs can
be developed as integrated part of the housing or small industries and can be more popularized for hot water and
cooking need of individual houses in effective way.
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Abstract
In this study, a photovoltaic module was installed on the rooftop of a crawler vehicle. If the power grid is unable
to supply electricity, the crawler-type solar electric vehicle (solar EV) is able to travel on rough ground and has a
self-charging function owing to solar energy absorption. The crawler can move in various ground conditions, such
as asphalt, soil, grass, and gravel. Driving experiments were performed under different conditions, and we
measured the photovoltaic current, voltage, acceleration, and power consumption. As a result, the solar fraction
is compared with the vibration, it was found that solar fraction of the crawler-type solar EV was achieved 4044 % on a winter clear day, power consumption of the motor was not proportional to z-axis acceleration. For
specified solar fraction, ratio between PV and motor ratings was around 30 %, it is larger than scooter-type solar
EV.
Keywords: Crawler, Solar EV, PV System, Solar Fraction, Farm Car

1. Introduction
After the Great East Japan Earthquake of 2011, as damaged infrastructure needed a longer time to return to a
normal state, many Japanese people considered harvesting solar energy for daily life, and also for automobile use.
Solar EV is a unique name proposed by the regulation of the World Solar Challenge (WSC 2012). In Japan, a
company (Fukuzawa-Oder, 2015) produced a crawler-type solar-power-driven planter for Chinese yams
(Dioscorea batatas). In recent years, we found the motivation for this study from our university students, aiming
at developing sustainable solar-powered EV. It is a low-cost and reusable vehicle with potential applications in
areas such as agriculture, delivery use (Toru Fujisawa and Takashi Kawaguchi, 2016), on uneven surfaces, or in
rural areas with a stand-alone photovoltaic system.

2. EV conversion
The solar EV is converted from an old grain thresher, OSHIMA Harvester MK-100 (fabricated by Oshimanoki,
1983–1986), as shown in Fig. 1. Its driving seat and photovoltaic module are reused components. The aluminum
frame, synchronous motor, lead-acid battery, inverter, and boost-type maximum power point tracker (MPPT) are
new components needed for conversion to a solar EV. Tab. 1 gives the specifications of the grain threshing
machine. Tab. 2 lists the major components of the converted crawler-type solar EV. Fig. 2 shows a side view of
the crawler-type solar EV. In the figure, each major component is indicated. The electrical system of the crawlertype solar EV is shown in Fig. 3.

Fig. 1: Oshima MK-100 thresher
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Tab. 1: Specifications of the grain thresher

Length

Width

Height

Tread

Mass

1,743 mm

878 mm

1,586 mm

635 mm

181 kg

Max speed of
powertrain

Max Engine

Engine

Compression
Ratio

Fuel

1,800 rpm

3.5 PS

G510L
NA 192 cc

6.2

Unleaded petrol

Power

The traveling speed of the thresher can be selected, at 0.38 m/s, 0.43 m/s, and 0.91 m/s, using its transmission
gear. We considered traveling safety and decided to avoid using a highest-speed gear. When the engine pulley
rotates 10 rounds in the lowest gear, the crawler travels 1.2 m on the road. This means that the vehicle speed can
be calculated from the rpm of the driving unit.
Tab. 2: Specifications of major components for converted crawler-type Solar EV

Battery

Motor

Inverter

PV module

Tracker

Pyranometer

VRLA

FBLM86

BLD4820

MD-HH210T

Boost

Silicon sensor

12 V × 4, 20 Ah

PMSM 660 W

 1200 W

210 W

PT-209U

ML-020VM

Pyranometer
DC-DC
PV
module
Inverter
Motor

Data logger

VRLA
Dashboard

MPPT

Al frame
Transmission
Accelerometer
Gearshift

Crawler

Fig. 2: Crawler-type Solar EV
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Fig. 3: Block diagram of electrical system

1205

T. Fujisawa / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 4 shows outdoor solar charging in summer and an indoor garage view with undergraduate students in winter.
Fig. 5 represents the PV system output current, valve regulated lead acid (VRLA) battery current, and motor
current while climbing backward a step from asphalt to greenbelt ground, as in Fig. 4.

Output Current of PV
System [A]

15

VRLA Current [A]

Fig. 4: Converted crawler-type solar EV (Left: outdoor charging in summer, Right: in a garage in winter)

15
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0
-5

10
5
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Motor Current [A]

-5
15
10
5
0
-5
12:00

12:15

12:30

12:45

13:00

13:15
Time

13:30

13:45

14:00

14:15

14:30

Fig. 5: Motor current and PV system output current in summer (climbing backward a step from asphalt to greenbelt ground)

3. Evaluations
3.1. Solar Fraction
The solar fraction (Fs) was calculated using the output PV power (Ppv) and consumed power using load (Pload).
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ܲௗ ൌ ܫ௧ ܸ௧ ,

(eq. 3)

Here, Ipv is the output current of the peak power tracker, Vbat is the voltage of the lead-acid battery (same as the
load voltage), and Ibat is the current of the battery. These data, along with the irradiance, accelerometer output,
and revolution speed (12 pulses per revolution) of the motor are recorded by a 10-channel data-logger
(GRAPHTECH GL220A) every 100 ms.
A three-axis accelerometer, Kionix KXSC7-2050, was installed under the driving seat near the center of mass, as
shown in Fig. 6. The output from this sensor is also recorded simultaneously in the same interval by the logger.
To evaluate the vibration of the vehicle, the root mean square (RMS) value of the z-axis acceleration az is
calculated as

ܴ ܣܵܯൌ ට

మ
σ
సభ 




.

(eq. 4)

Fig. 6: Installation position of three-axis accelerometer

3.2. Experiments
Three different experimental surfaces are shown in Fig. 7. The grain diameter of gravel was ~15–40 mm, and the
glass depth was ~20–40 mm. The experimental results of speed vs. power consumption on the three different
surfaces, gravel, grass, and asphalt, are shown in Fig. 8. Fig. 9 shows the z-axis acceleration for the RMS value
vs. vehicle speed. From this figure and the previous one, it can be observed that the z-axis acceleration does not
always directly affect the power consumption of the driving load.

(a) gravel

(b) glass
Fig. 7: Ground surface conditions

(c) asphalt

As a result, the power consumption was greater on gravel and glass than on asphalt. On the other hand, the RMS
value of the z-axis acceleration is smaller on grass and on asphalt than that on gravel. The solar fraction for each
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condition is calculated using eq. 1 and listed in Tab. 3.
600
Gravel

500

Grass
Power [W]

400

Asphalt

300
200
100
0
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1.8

2

Speed [km/h]
Fig. 8: Speed vs. average power consumption for three different roads

RMSA [m/s²]

1.6
1.4

Gravel

1.2

Grass
Asphalt

1
0.8
0.6
0.4
0.2
0
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Speed [km/h]
Fig. 9: RMS acceleration of vertical direction (z-axis) vs. vehicle speed
Tab. 3: Solar fraction of crawler-type solar EV on different flat surfaces on a clear winter day

Motor
Speed

Gear

Speed

Gravel

Grass

Asphalt

[km h ]

15th Dec 17

26th Jan 17

21st Jan 17

-1

First

0.720

60.9 %

56.6 %

60.6 %

Second

0.864

54.5 %

52.3 %

55.9 %

First

1.08

39.2 %

40.1 %

45.8 %

Second

1.30

34.0 %

35.6 %

38.3 %

First

1.44

29.5 %

29.0 %

33.7 %

Second

1.73

26.1 %

26.8 %

29.7 %

40.7 %

40.1 %

44.0 %

Peak Irradiance [W/m ]

645

527

637

Solar Altitude [deg.]

30.9

25.9

34.8

1000 [rpm]
1500 [rpm]
2000 [rpm]

Average
2
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4. Discussions
Tab. 4 presents the comparison between various solar EVs. The power unit, mass, PV rating, battery capability,
travel distance per charge, and solar mileage are discussed. Fig. 10 shows the ratio between the PV and power
unit ratings in terms of the specified solar fraction for comparison. Spirit is the name of the racing solar car that
participated in the WSC 2013 Adventure class, the Gyro Canopy is a converted solar EV scooter, and the Prius
PHV is TOYOTA’s first commercial solar EV that can incorporate electric power into its power battery storage
while driving.
Tab. 4: Three different types of Solar EV and plug-in HEV with photovoltaic roof (including 60-kg driver)

Motor Mass
[kW]

PV

Motor / Battery PV /
Mass
Motor

[kg] [kW] [W/kg]

[kWh]

[-]

Distance

Solar Duration
mileage

[km/charge] [km/day]

[h]

Racing solar car
KAIT Spirit

2.0

220

1.3

9.52

5.0

0.65

Crawler solar EV

0.66

245

0.21

2.69

0.6

0.32

1.5

0.6

0.6

Gyro canopy converted solar EV

1.5

210

0.13

7.14

1.3

0.87

19.5

2.4

0.2

1810

0.2

44.2

0.0025

60

6

0.1

80

10

0.7

4.3

4.5
4.0

0.6
0.5

PV / Motor ratio

300

PV/Motor

3.5

duration

3.0

0.4

2.5

0.3

2.0

dulation [h]

Prius PHV

350

1.5
0.2
1.0
0.1

0.5

0

0.0
Spirit

Crawler

Gyro Canopy

PriusPHV

Fig. 10: The ratio between PV and power ratings

5. Conclusions
From the outdoor driving experiments with the converted crawler-type solar EV, the following conclusions were
drawn:
x

The solar fraction was 44% on the asphalt road on a sunny winter day.

x The consumed power was proportional to the vehicle speed, and the lowest curve was obtained on an
asphalt road.
x The crawler-type solar EV is affordable with a 660-W synchronous motor and a VRLA battery with a
nominal power of 48 V.
x

The highest power consumption rate was obtained on asphalt, achieving 10 km/kWh in the lowest gear.

x

The rating power ratio of PV/Motor for the crawler-type solar EV was 0.32.

Farm-use cars or robotic vehicles are necessary for Japanese rural agriculture, as the rapidly aging society with
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fewer children has become the largest problem for Japan’s future.
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Abstract
This work investigates the combination of two non-imaging types of concentrating solar technologies: the
luminescent solar concentrator, that generates electricity via photovoltaic cells and the compound parabolic
concentrator, used normally with a thermal receiver. The luminescent solar concentrator in this new application
is used as a cover for the solar thermal collector (the CPC) whilst at the same time concentrating a specific
wavelength band of light to its edges where solar PV cells convert photons to electricity. Absorption of a part of
the solar spectrum occurs in the LSC, whilst the rest of the solar spectrum can be captured as thermal energy in
the CPC, essentially forming a new type of spectral splitting hybrid solar collector that can produce electricity and
medium temperature heat. A small prototype hybrid CPC and LSC collector was tested in the lab using a solar
simulator. This proof of concept device compared a high transmission and low transmission LSC and
demonstrated the experimental basis of the new type of PV-T collector. An outdoors flow experiment was
undertaken, measuring instantaneous thermal efficiency and electrical output.
Keywords: solar photovoltaic, solar thermal, hybrid

1. Introduction
The sun is the world’s most abundant energy source and means of harvesting it include photovoltaic cells to create
electricity and solar thermal collectors to generate heat. Low temperature heat can be used for domestic
applications where in urban environments available space is often limited. By combining solar thermal and
photovoltaics in one system, roof space can be saved and potentially eƥciency can be increased. Photovoltaic
technologies can only convert photons with energies above their bandgap to electricity, with the remainder of the
solar spectrum wastefully generating heat. In a hybrid configuration that heat is not wasted but collected instead.
This work combines for the first time two types of non-imaging solar concentrators, the luminescent solar
concentrator (LSC) and the compound parabolic solar thermal collector in a hybrid configuration as shown in
Fig. 1. The LSC cover acts as a beam splitter of solar radiation. The absorption and emission spectra of the
ﬂuorescent molecules within the LSC device select a part of the spectrum, where ideally it is totally internally
reﬂected to the solar PV cells attached to the edges of the LSC. The rest of the solar spectrum is transmitted
through the LSC cover to the solar thermal collector.
There are many potential applications for such a technology depending on what the desired outcome is. The CPC
solar thermal collector can be designed for domestic applications requiring low temperature heat or for commercial
applications where medium temperature heat is required (up to approximately 200 °C). Currently the LSC can
generate modest amounts of electricity that could potentially power peripheral devices or sensors. This is due to
the low power conversion efficiencies of the device, with the world record device achieving 7.1 % with expensive
gallium arsenide PV cells (Slooff et al., 2008).
There is of course a trade-oơ between electricity generated and thermal energy collected and one or the other
could be prioritised depending on loads and needs. The potential applications for hybrid photovoltaic and thermal
(PV-T) collectors are more numerous in urban environments where roof space is often limited (Ramos et al.,
2017). By making better use of the solar source, PV-T collectors can save on space and improve energy collection
eƥciency.
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2. Hybrid CPC and LSC Collector
2.1 Luminescent solar concentrator
Luminescent solar concentrators consist of a ﬂuorescent material embedded in a waveguide such as poly methyl
methacrylate (PMMA). Photons that fall within the absorption spectrum of the ﬂuorescent material can be
absorbed and then isotropically emitted at a longer wavelength. Ideally these re-emitted photons are propagated
to the edge of the waveguide via total internal reﬂection (Debije and Verbunt, 2012). Solar PV cells (or other
absorbers) can then be attached to the edges of the device to convert photons to electricity. An important beneﬁt
of LSCs is that they can concentrate both diơuse and beam radiation (Smestad et al., 1990) and they have a wide
acceptance angle, which allows them to function without tracking. The acceptance angle is defined as the
maximum angular deviation of a ray with respect to the normal to the aperture plane, which allows the ray to be
intercepted by the receiver. Additionally, the ﬂuorescent dye can be chosen to emit photons that the solar PV cells
can convert with higher eƥciency. Conventionally their use has been envisaged to be in the urban environment
to reduce the environmental impact of buildings (Gajic et al., 2017; Kanellis et al., 2017).

Fig. 1: Schematic of LSC and CPC hybrid collector overlaid with solar AM 1.5 spectrum (grey) and Lumogen Red 3505
fluorescent dye absorption spectrum (red)

2.2 LSC design and fabrication
For the small-scale prototype hybrid CPC and LSC, two LSCs were fabricated from commercially available
ﬂuorescent sheets as shown in Fig. 2. A pink sheet, commercially manufactured by Evonik (“Evonik Industries,”
2017) and a red sheet named Mars Red 4t56 available from online retailers. The properties of the LSCs are
summarised in Table 1. Since these fluorescent sheets were commercially procured, it was not possible to
determine the exact concentration of fluorescent dye or even confirm the fluorescent material. The pink sheet is
assumed to contain the dye Lumogen Red 305, estimated from spectroscopic properties. The solar AM 1.5
averaged absorption was measured for the pink sheet to be 8.6 % and red sheet to be 32.8 %. The high transparency
of the pink sheet is useful for collecting most of the energy as heat in the solar thermal collector while the higher
absorbing red sheet transmits more energy to the PV cells. The absorption spectra of the two LSCs and the AM
1.5 spectrum is shown in Fig. 3. The figure shows how that the red sheet absorbs much more of the visible
spectrum than the pink sheet, which will enhance transmission to the PV cells. The fluorescent sheets were cut
to size and the edges were optically polished with very fine sand paper and polishing oil. Sunpower high efficiency
back contact PV cells were diced and cut to fit the edge of the LSC. These cells are very well suited to LSC
applications as they have all the wiring on the back. The thickness of the cells is 3 mm and for the prototype LSCs,
cells of length 9.5 cm and 5 cm were fabricated. The pink and red LSCs have the 9.5 cm cells placed along the
10 cm edge of the LSC and along the 15 cm length both 9.5 cm and 5 cm cells were attached. Each had attached
wiring that was connected in parallel externally.
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Tab. 1: LSC prototype specifications

LSC specifications

Value

Size

10 x 15 x 0.3 cm

Geometric concentration ratio

15

Optical coupling

Silicone Elastosil Solar 2202

Red fluorescent material

Unknown

Pink fluorescent material

Lumogen Red 305

LSC waveguide

Perspex

Fluorescent dye concentration

Unknown

Solar PV cells

Sunpower PV cell cut to 3 mm thick, edge coupled

Fig. 2: Pink LSC (left) and red LSC (right)

Fig. 3: AM 1.5 solar spectrum (grey) overlaid with the pink LSC absorption spectrum and red LSC absorption
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2.3 Compound parabolic concentrator
The compound parabolic concentrator was developed by Roland Winston when he was investigating means of
efficiently detecting Cherenkov radiation (Hinterberger, 1966). The discovery of the CPC led to the development
of the field of non-imaging optics, whose designs approach and even realise the maximum concentration allowable
for a given acceptance angle, due to removing the need for point to point mapping required by conventional optics
(Rabl and Winston, 1976; Winston, 1970; Winston et al., 2009; Winston and Welford, 1978).
Ideally, the CPC concentrates all rays that fall within its acceptance half angle, ϴA. The acceptance angle will
determine the hours of light that can be collected as CPC designs are almost always non-tracking. The
concentration ratio C of a two-dimensional CPC is determined by the ratio of the aperture area to the area of the
receiver and quantifies the increase of solar flux on the receiver. C is inversely related to the acceptance angle and
this means we can achieve higher concentration ratios, but at the expense of hours of sunlight that can be
concentrated. A two-dimensional CPC can be considered as trough like and this shape is ideal for thermal
applications where a cylindrical receiver such as an evacuated tube can be placed along the focal length of the
collector (Herrick, 1982; Karwa et al., 2015). A cross sectional view is shown in Fig. 4. An involute shape CPC
with an entrance aperture, d1, and receiver radius, r, has a concentration ratio as shown in eq. 1. ϴA is the
acceptance half angle and ideally all incident rays at and below this angle will be transmitted to the receiver.

Fig. 4: Involute shaped compound parabolic concentrator
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(eq. 1)

There is a large potential for solar technologies to meet industrial process heat needs, where medium temperatures
are required (90 - 250 ˚C). CPCs offer a simple robust solution that has the potential to meet these needs. It has
also been shown that CPCs can perform better than other solar collectors over a wide range of temperatures and
without tracking (Brunold et al., 1994; Carvalho et al., 1995; Gallagher et al., 1993; Gu et al., 2014). As CPCs
can reach the maximum allowed concentration for a given acceptance angle they are the best choice for a proof
of concept collector that utilises a cover made up of a luminescent solar concentrator.

2.4 Compound parabolic concentrator for proof of concept hybrid collector
A small proof of concept prototype CPC and LSC hybrid was developed in this work. The CPC is designed with
an aperture area of 15 cm and an absorber of radius 0.87 cm, giving a concentration ratio on the absorber of 2.74.
An extruded profile of length 10 cm was generated and using CAD software, a profile was created as shown in
Fig. 5 (right). The height was truncated by 70 % to save on material costs and to allow for a thinner collector
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profile. The profile was then 3D printed with ABS polymer, and coated with highly reflective sputtered
aluminium. The properties of the CPC are summarised in Table. 2. The involute compound parabolic shape was
designed to be combined with a cylindrical receiver made up of an absorber within an evacuated tube and a 3 mm
clearance gap between absorber and glass envelope. The evacuated receiver was supplied by commercial
suppliers. However, the datasheet of the selective surface was not provided. The hybrid prototype under test
conditions is shown in Fig. 5 (left).
Tab.2: CPC specifications and values

CPC specifications

Value

Radius absorber

0.87 cm

Gap between absorber and glass

3 mm

Aperture

15 cm

Concentration ratio

2.74

Acceptance angle

21.4 ˚

Mirror reflectance

AM 1.5 averaged 91 %

Truncation of height

70 %

Cost to 3D manufacture

$ 200 (material cost only)

Fig. 5: Prototype hybrid under indoor test conditions (left), image of 3D printed prototype CPC (right)

4.2 Experimental setup
Indoor performance testing of the hybrid collector was analysed under a triple-A rated solar simulator. A
1000 W/m2 radiation flux at the aperture plane of the CPC was set up using a calibrated pyranometer. To measure
electrical performance of the LSC cover, I-V curves were taken with a Keithley 2400 source measuring unit. The
indoor experimental set up is shown below in Fig. 6. The experiment compared both the pink and red LSC covers.
I-V curves were measured under three different conditions shown below.
x

LSC only (without the CPC) placed onto an absorbing material (TiNOX). This is necessary to stop
reflected photons passing back into the LSC.

x

LSC coupled with the CPC collector at the start of illumination (cold).

x

LSC coupled with the CPC collector and after three hours of illumination (after 3 hours).
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Thermal performance was characterised by measuring the stagnation temperature of various configurations of the
device. Performance testing of solar collectors describes stagnation temperature as maximum achievable collector
temperature. This occurs at zero flow conditions where the heat input is equal to the heat loss. The collector is
illuminated at a constant radiation until this maximum temperature is reached, providing a useful comparison of
the different configurations.
The thermal receiver used in the experiment is shown in Fig. 7. The 10 cm length required was left bare while the
remainder of the tube was wrapped in foil and the ends were insulated. The tube is comprised of a selective surface
absorber in an evacuated tube. To measure the stagnation temperature three k-type thermocouples were placed in
the tube - one at the far end, one in the middle in the active area and one at the near end of the entrance.
A data logger is used to measure the temperature and the hybrid configuration was left to stagnate under the solar
simulator for up to 3 or more hours, with at least 5 measurements made of each configuration.

Fig. 6: Indoor experimental test setup

Fig. 7: Evacuated thermal receiver used in the stagnation tests

4.3 Results
The stagnation temperature test results on various configurations of the hybrid CPC and LSC are shown in Fig. 8.
The stagnation temperatures reached for the different configurations (ambient subtracted) were: 208 ˚C for the
CPC without an LSC cover, 192 ˚C for the CPC with the pink LSC cover, 150 ˚C for the CPC with the red LSC
cover and 77 ˚C for the tube on its own under one sun illumination. This value is representative of the poor quality
of these tubes we received from the manufacturer, an evacuated tube with a proper vacuum and a good selective
surface should be able to stagnate at over 200 ˚C without concentration.
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Pink and red LSC I-V curves were measured twice during the stagnation experiment; at the beginning of the
experiment, and after three hours of continuous illumination under the solar simulator. The performance of both
LSCs decreased after three hours, the pink LSC short circuit current reduced by 40 % and the red LSC short circuit
current reduced by 16 % (results are summarised in Table 3). This is an interesting result considering LSCs are
claimed to decouple the heat generating area, since it's the LSC that receives light and heats up and is thought not
to transmit much heat to the solar PV cells around the edge. It remains unclear however if it is the PV cell around
the edge of the device that is heating up, if the performance of the polymer itself is degrading or even if the
behaviour of the fluorescent material changes with temperature. When the temperature of a polymer such as
PMMA is increased its refractive index changes due to a change in its thermo-optic coefficient (Zhang et al.,
2006). This behaviour has received little attention in LSC literature. An analysis of thermal performance of LSCs
was completed by (Rajkumar et al., 2015), who studied the temperature of LSCs under illumination. The authors
found the surface of the LSC reached a temperature of 50 ˚C after one hour and the edge mounted PV cells
remained 10 ˚C cooler (the ambient temperature recorded in their lab was 21.5 ˚C and under the solar simulator
was 34.5 ˚C). All these effects come into play as well as ambient temperature and presence of heat transfer due to
convection (higher convective heat transfer coefficients outside than inside the lab).
Measurements were also taken by placing the LSC only, on a highly absorbent “black” material TiNOX that does
not reflect any photons back into the LSC. The I-V curves under the various conditions are summarised in Fig. 9.
It can be seen that simply placing the LSC on the CPC improves performance due to reflected photons from within
the collector getting a chance to be captured by the LSC, that is the performance of the LSCs improves compared
with simply measuring on a black absorber TiNOX. The reason for this is that some isotropically emitted photons
from within the LSC are emitted into the CPC at angles that do not result in them being transmitted to the receiver
and hence reflect back into the LSC. This is an interesting result showing LSCs perform better in this new
application than on their own.

Fig. 8: Results of stagnation temperature test of hybrid CPC and LSC collector
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Fig. 1: I-V curves under different configurations of the hybrid prototype with the pink LSC (left) cover and red LSC cover (right)

Tab. 3: Summary of results

Hybrid prototype configuration

Short circuit
current of LSC

Power
conversion
efficiency
of LSC

Red LSC on CPC After 3 hours

485 mA

0.98 %

Red LSC on CPC

578 mA

1.3 %

Red LSC on TiNOX

473 mA

0.99 %

Pink LSC on CPC After 3 hours

111 mA

0.2 %

Pink LSC on CPC

185 mA

0.43 %

Pink LSC on TiNOX

68 mA

0.14 %

Evacuated tube on its own

Stagnation
temperature (TabsTamb) ˚C

150 ˚C

191 ˚C

77 ˚C

3. Full Scale Roof Experiment
3.1 Introduction
In the previous section a small prototype hybrid CPC and LSC was shown to reach high stagnation temperatures
even with the LSC cover that absorbs a small proportion of the solar spectrum. In this section we extend this work
to investigate a full length, 1-meter long CPC. This full-length collector was connected to a solar test rig on a
rooftop facility at RMIT University in Melbourne as shown in Fig. 10. The collector was mounted in the eastwest direction on the test rig and connected to a high temperature fluid delivery system. The CPC was covered
with LSCs and flow experiments were performed whilst I-V measurements were made of the LSCs that had been
wired together. This work demonstrates the benefits of using this system as a decoupled photovoltaic and thermal
collector capable of delivering medium temperature heat and electricity.
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Fig. 10: Experimental setup for full length CPC and LSC collector mounted on two axis tracker

3.2 LSC design
A large sheet of Evonik PLEXIGLASS Red 3C50 GT was cut into four modules to cover the 1 m length CPC
collector. Four modules of 25 cm length x 12 cm width were fabricated to cover the CPC collector. The thickness
of the sheet was 3 mm and the edges were all polished until they became optically smooth using sandpaper and
polishing oil. Sunpower back contact PV cells were coupled with silicone gel along the top edge and bottom edge
but not sandwiched in between modules as they would heat up too much and it would be difficult to seal the
collector.

3.3 CPC design
A one-meter length CPC was fabricated out of timber in the workshop using a CNC router. The specifications of
the CPC are slightly different to section 2 of this paper, the properties of the receiver remain the same but the
aperture is reduced to 11 cm. The CPC was sanded smooth and then coated with high gloss polyurethane ready
for the reflective foil to be laid down. The reflective film, purchased from an online retailer was found to have a
solar weighted reflectivity of 90 %. The receiver consisted of an evacuated tube with a selective surface absorber
purchased from commercial suppliers, a second batch with the same specifications as the tube used in the indoor
experiments.

3.4 Experimental setup
The CPC and LSC hybrid collector was mounted east-west orientation onto a test rig that also performs twodimensional solar tracking. Tracking was used to keep the collector normal to the sun for performance
measurements, to minimise as much as possible non-normal incidence angle effects. This is a standard method
for testing solar collectors as found in the AS/NZS 2535.1:1999 standards. The hybrid collector is connected to
the closed loop fluid delivery system that is composed of a heater and cooling fan that can control the input
temperature of the collector via a PID controller and thermocouple at the heater outlet (not shown in Figures). To
determine the collector efficiency several measurements need to be made: the fluid temperature at the collector
inlet, Tin, the fluid temperature at the collector outlet Tout, mass flow rate, irradiance incident on the collector and
collector area. In this way the useful energy absorbed in the fluid (Therminol 66) can be calculated as shown in
eq. 2.
ܳ ൌ  ݉ሶܥ ሺ୭୳୲ െ ܶ ሻ

(eq. 2)

Then the instantaneous thermal efficiency of the collector can be calculated as shown in eq. 3.
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(eq. 3)

Where A is the collector area and G is the global irradiance on the collector (measured with the pyranometer).
The measurements were made after waiting for the inlet temperature and mass flow rate to stabilise, then the
values were recorded for at least 10 minutes at a rate of one measurement per second. Then the inlet temperature
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was increased again and the process repeated. The efficiency was calculated for each sample and then averaged.
To maximise ΔT, the temperature increase in the collector it was necessary to aim for as low mass flow rate as
practical whilst maintaining flow in the turbulent regime.

3.5 Results – electrical output
The LSC cover was made up of four LSC modules with Sunpower solar PV cells along the two long edges. All
the cells along the top of the LSC and all the cells along the bottom of the LSC are connected in parallel as shown
in Fig. 11, these form two outputs at both the top and the bottom of the collector. The I-V curve measurements
were taken with a laptop and Ketithley source measuring unit that were brought to the roof and connected to the
LSC for measurement. Several measurements were taken, initially and after several hours of tracking. At least
four measurements were taken at a time and averaged.
Fig. 12 left shows the I-V characteristics when the top row and bottom row were connected together in series.
Fig. 12 right shows the P-V curves comparing top/bottom outputs connected in series (purple) and parallel (pink).
The series connected output in pink has a maximum power of .220 W and performs better than the parallel
connected output achieving only 0.167 W. With a power input on to the LSC area of 120 W gives an overall LSC
cover efficiency of 0.183 %. This is an efficiency based on the AM 1.5 solar spectrum. The low power conversion
efficiency can be explained by the low initial absorption of highly transparent pink Evonik sheet that initially only
absorbs 8.6 % of the solar AM 1.5 spectrum, making this type of LSC suitable for generating modest amounts of
power and transferring most of the solar energy to the thermal receiver.

Fig. 2: LSC wiring for full length module

Fig. 12: I-V curve showing top and bottom output connected in series (left), P-V curve comparing top and bottom connected in
series and in parallel (right)
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3.5 Results – instantaneous thermal efficiency
The thermal performance of the collector was determined by obtaining values of instantaneous efficiency for
combination of measured incident radiation, inlet/outlet temperatures and flow rate in a steady or quasi steady
state. The useful power extracted is determined by eq. 3 and the thermal efficiency as a function of fluid inlet
temperature is shown in Fig. 13. An uncertainty analysis was completed and the reason for the large error bars is
due to the small ΔT across a single tube. While each RTD that measures inlet and outlet temperature has an
uncertainty of +/- 0.082 ˚C when uncertainties are propagated due to taking a difference between the two
measurements the uncertainty of ΔT becomes +/- 0.117 ˚C. Due to the high viscosity of the thermal fluid employed
during the tests, a high flow rate had to be set in the experimental rig to assure turbulent flow and enhance heat
transfer. This high flow rate decreases proportionally ΔT as shown in eq 2. In future work, a different heat transfer
fluid which allows operating at lower flow rates or a longer receiver may be considered to increase the temperature
at the outlet and minimise uncertainties in the measurements.

Fig. 3: Instantaneous thermal efficiency measured at different inlet temperatures

4. Conclusion
We successfully demonstrated the experimental basis for a new type of hybrid photovoltaic and thermal
concentrator based on two non-imaging technologies, the CPC and the LSC. As a solar thermal collector requires
a cover we have demonstrated a new type that generates electricity with LSCs. Utilising commercially available
large area fluorescent sheets we demonstrated experimentally with a small prototype that a photovoltaic-thermal
collector can work well when an LSC is used as a cover for a CPC. A small 10 cm x 15 cm prototype was stagnated
in indoor test conditions and found to reach temperatures of up to 208 ˚C without an LSC and 191˚C with an LSC
with a high transmission. In this configuration a small amount of thermal energy is sacrificed for a modest gain
in electricity generation. Outdoor testing was completed on a full-length CPC and LSC hybrid collector with four
LSC modules. It was found that less losses occurred (noticed by a much better fill factor) when the two sides of
cells were connected in series, producing over 220 mW compared to parallel. I-V measurements were taken again
after several hours of operation and it was found the performance of the LSCs did not decrease. This was most
likely due to the experiment being run during cold days when ambient temperature was around 10-12 ˚C. The
thermal efficiency was measured for a variety of temperatures and varied between 55 % and 40 % but with a high
uncertainty. We demonstrated an LSC works well as a cover for a solar thermal receiver, although only generating
modest amounts of power. The near future holds exciting possibilities of precisely engineering optical properties
of LSCs. Perhaps one day we will be able to fabricate LSCs bottom up, molecule by molecule similar to 3D
printing and once materials breakthroughs occur and LSCs can be engineering with tightly controlled optical
properties, allowing for better performance of this type of PV-T collector.
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Abstract
In recent times, more and more countries are choosing the alternative of generating clean energy. The
photovoltaic (PV) energy installed is rapidly increasing around the World. PV cells are made with
semiconductor materials such as Si, GaAs, among others. Despite the quality controls in the manufacture and
manipulation of the panels, damages occur during their manufacturing, installation, use or of wear due to
environmental factors, doing it necessary a periodic review. Manual inspections become expensive and largely
inefficient due to the big extensions of PV plants. For this reason, it is necessary to automate the inspection task.
This paper presents a methodology for the selection of equipment used to make inspections of faults in solar
panels using aerial thermography, based on the review of the state of the art and the latest equipment technology
available.
Keywords: Aerial thermography, photovoltaic inspection, photovoltaic thermography, faults diagnosis

1. Introduction
Renewable energies are an adequate answer to the actual problems of energy deficit. The negative effects caused
by fossil fuels are disheartening due to their harmful impact on climate change, marine and terrestrial
ecosystems. The impact generated is so big that there have been appreciable increases in the expected extinction
rates.
Nowadays, more countries are choosing the alternative of generating clean energy. An example of this is
Portugal, which used solar, wind and hydroelectric energy during four days, supplying the entire country
network using natural sources of energy generating zero carbon emissions.
It is therefore necessary to be aware of the current environmental situation by promoting the use of clean energy.
Solar radiation is a renewable source harnessed from photovoltaic cells, which are made with semiconductor
materials such as Si, GaAs, among others. Despite the quality controls in the manufacture and manipulation of
the panels, damages occur during their installation, their use or of wear due to environmental factors. The
environmental exposure is one of the factors that most contributes to the underproduction of the modules.
Optical degradation is a common effect produced as a consequence of a prolonged sun exposure, generating a
discolored appearance and favoring the increment of temperature and humidity in the module. This affects
electrical characteristics of the module and produces electrical mismatches which can lead to fractured cells that
generate remarkable power losses (Tsanakas et al., 2016), doing it necessary a periodic review.
Also, due to the big extensions that modules cover, manual inspections become expensive and largely inefficient
as a result of the capture conditions such as solar angle, irradiance levels, among other factors, which must be
taken into account. For this reason, it is necessary to automate the inspection task. An alternative technique
often used today, is to perform a photogrammetric flight with Unmanned Aerial Vehicles (UAVs), considering
parameters such as the area covered by each photograph, separation between flight lines, among others.

 
       
  !"  # $  "%  % &''
( ))*!$   +#  "(!!"    

1223

S. Gallardo Saavedra / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

The inspection of solar panels using aerial thermography with UAVs is a topical issue. During the years 2015,
2016 and 2017 it has had 6, 9 and 13 publications respectively in high impact magazines, which confirms that
aerial thermography is a very active area of research at the present time.
Different methodologies have been explored for the detection of faults in solar panels, some of them are: the
analysis of electrical measurements to classify abnormal behavior in the characteristic curve IV, infrared
thermography (IRT) and electroluminescence (El). The first alternative can be impractical and costly since it
requires that each module must be monitored. Alternatively, IRT and EL allow non-invasive quantification of
the damage presented by the photovoltaic module.
The main objective of this paper is to study the equipment that has been used in the researched presented up to
now, with the objective of proposing a methodology for the selection of equipment for fault detection with
thermography applied to photovoltaic plants and considering the requirements for the protocol of image capture.
To achieve that goal, a comprehensive review of the equipment used for fault inspection in solar panels using
thermography is accomplished and a methodology for the selection of equipment is proposed, highlighting
relevant aspects in thermographic cameras and UAVs.

2. Method
The applied methodology used to fulfil the objectives of this paper has been the research on the necessities and
aspects involved in thermographic inspections of PV plants, the key characteristic of sensors and platforms and
the current technologies available in the market. The results have been obtained by means of reviewing the
current literature in relation with this topic; investigating the available technology in the market contacting
manufacturers and distributors of this instrumentation and by the internet and collecting information about the
most important aspects with the aid of professional operators. More than thirty different parties have been
contacted, from which relevant information and key points have been obtained.

3. Results and discussion
Nowadays, 80% of the energy produced worldwide is produced from fossil fuels, generating therefore a
negative impact on the environment and increasing the CO2 emissions and increasing the global warming.
Consequently, it is necessary to change to renewable alternatives that replace non-renewable energy sources. A
clean alternative is the solar energy, which is produced from photovoltaic modules manufactured with GaAs and
monocrystalline and polycrystalline Si, being more efficient in the monocrystalline configuration. Each kW
produced by photovoltaic systems reduces 0.6 kg the CO 2 emissions (Elibol et al., 2017).
Photovoltaic modules present faults throughout different stages, being the environmental exposure the one that
most contributes to the underproduction of the modules. Optical degradation is a common effect produced as a
consequence of a prolonged sun exposure, generating a discolored appearance and favoring the increment of the
modules temperature and humidity. This affects electrical characteristics of modules and produces electrical
mismatches which can lead to fractured cells, generating remarkable power losses (Tsanakas et al., 2016).
Different methodologies have been explored for the detection of faults in solar panels, some of them are: the
analysis of electrical measurements to classify abnormal behavior in the characteristic curve IV, IRT and El.
The first alternative can be impractical and costly since it requires that each module must be monitored.
Alternatively, IRT and EL allow non-invasive quantification of the damage presented by the photovoltaic
module, measuring the temperature difference that the faulty modules present. Due to the large area that current
photovoltaic sites take up, an adequate way to carry out the inspection is using UAV, where the
photogrammetric routes are plotted, considering times to cover the total area and the amount of frames per
second or overlap of images
The research on this topic has had an important impact since the year 2015, when the use of UAVs and portable
thermographic cameras in aerial vehicles was integrated to the inspection and diagnosis of photovoltaic
modules. This impact can be shown in Fig. 1 which has been obtained by examining the bibliography Scopus
database for the last years, using the following search equation: PV AND UAV AND THERMOGRAPHY
AND PUBYEAR > 2014 AND PUBYEAR < 2018 AND ( LIMIT-TO ( PUBYEAR,2017 ) OR LIMIT-TO (
PUBYEAR,2016 ) OR LIMIT-TO ( PUBYEAR,2015 )). This figure represents the high impact of this topic, in
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which the number of published articles has increased from 6 articles in 2015, to 9 in 2016 and 12 articles so far
this year. The research centers and universities that lead this research at to now are: Universia degli Studi di
Napoli Federico II, Politecnico di Milano, Korea Institute of Civil Engineering and Building Technology.

Fig. 1 EB1 impact of the theme between 2015-2017

The results obtained regarding the characteristics of the instrumentation used in the research reported so far are
presented throughout the following paragraphs. Different offline processing techniques are introduced and
analyzed.
There are different manufacturers which offer alternatives for the inspection and diagnosis of defects in PV
plants. One example of this is the manufacturer Workswell, which proposes the use of its thermographic
cameras in different applications, as the building diagnosis, roofs and high voltage lines inspections. This
manufacturer has developed high spectral range thermographic cameras that combine the thermographic and
visual images, as they incorporate a RGB camera. Additionally, there are some tier one brands which are
starting to offer ready-to-flight products for the inspection of PV plants, as for example DJI and Workswell.
These brands offer the possibility of using a DJI S900 with a Workswell thermographic camera and the software
Workswell CorePlayer for the image post-processing. This software has different functionalities, as modifying
the emissivity or the reflection temperature values, obtaining thermal curves, geometrical delimitation of
relevant areas using dots or rectangles or generating reports. The equipment reported in (Wiris, n.d.) is
summarized in Tab. 1.
Tab. 1: UAV and Thermographic camera characteristics reported in (Wiris, n.d.)

UAV

DJI S900

Thermographic
camera

Characteristics

Characteristics

Flight controller

A2

Resolution (pixels)

640x512 336x256

Total Weight (kg)

3,3

Temperature
sensitivity (mK)

50 to 30

Power Battery

LiPo (6s 10000
mAh)

Spectral range (um)

7,5 to 13

Max Power
consumption (W)

3000

Weight (g)

<400

Hover time (min)

18

Memory

32 GB

Hover
environment
temperature (°C)

-10 to 40

Temperature ranges
(°C)

25 to 150

Takeoff Weight
(kg)

4,7-8,2

Accuracy

+-2% or +- 2 °C

Dimensions (mm)

460x450x360

IR Color Palettes

19
interchangeable
in real time

Type

Hexacopter

Emissivity

Adjustable

Worskswell
Wiris (integrated
RGB camera)
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The main equipment used in (Addabbo et al., 2017) is an UAV Matrice 100 of DJI and a thermographic camera
Flir Tau 2. Their main characteristics are summarized in Tab. 2. Additionally, it is used a RGB DJI Zenmuse X3
camera to obtain visual images. In this research, the UAV performs a defined flight plan over the modules to
capture the thermographic and visual images separately.
Tab. 2: UAV and Thermographic camera characteristics reported in (Addabbo et al., 2017)

UAV

DJI
Matrice
100

Thermographic
camera

Characteristics

Characteristics

Flight controller

N1

Resolution (pixels)

640x512 336x256

Total Weight (kg)

2,3

Temperature
sensitivity (mK)

50 to 30

Power Battery

LiPo (6s 10000
mAh)

Spectral range (um)

7,5 to 13

Max Power
consumption (W)

3000

Weight (g)

112

Hover time (min)

18

Memory

32 GB

Hover
environment
temperature (°C)

-10 to 40

Temperature ranges
(°C)

-25 to -135, -25
to -100

Takeoff Weight
(kg)

3,6

Accuracy

+-5% or +- 5 °C

Dimensions (mm)

650

IR Color Palettes

15
interchangeable
in real time

Type

Quadcopter

Emissivity

Adjustable

Flir Tau 2

The data taken by the optical RGB sensor is communicated through one of the drone buses with the embedded
system equipped on board the UAV, called the Intel Joule 570X quad-core, where some processes are carried
out, such as management of sensor acquisition, the storage of the acquired images and the detection algorithm,
in which a task of labeling and identification of the panels is executed. The input data for the tracking and geo
referencing algorithms require altitude data and GPS, which are extracted from the DJI on board SDK. The SDK
can be modified using programming languages such as C or C ++.
For the definition of the thermographic images capturing protocol, a video/C&C port (GPIO) of the drone is
used. This port is connected with the embedded system Joule 570X, which allows the control of the Gimbal by a
serial port. Subsequently, the processing of the thermographic images is done offline.
In (Kauppinen et al., 2015) it is used a quadcopter Walkera QR X800 a thermographic camera Flir Tau 2 and a
RGB camera GoPro Hero 3. As embedded system it is used a Raspberry Pi on board, which is connected with
the terrestrial station through WLAN connection.
In order to perform the image acquisition protocol, they consider the meteorological conditions, such as
measurements of air temperature, relative humidity using a Vaisala HM34C sensor and irradiance levels on the
photovoltaic system with the Ophir PD-300-3W sensor.
The captures of the thermal images are obtained by operating the UAV manually, monitoring the live image
from the terrestrial web browser and taking the images, only when they have the right scene. In this way it is
eliminated the possibility that the UAV shadow projection interferes with the measurement. The images are
stored in the memory of the Flir Tau 2 camera. On the other hand, the acquisition of RGB images is done
automatically using the APM flight controller planner2. The resultant images are stored in the Raspberry Pi. In
addition, in this research it is performed manual inspection of the site with a FLIR E300 thermal camera.
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Tab. 3: UAV and Thermographic camera characteristics reported in (Kauppinen et al., 2015)

UAV

Walkera
QR
X800

Thermographic
camera

Characteristics

Characteristics

Flight controller

Walkera
FCS800

Resolution (pixels)

640x512 336x256

Total Weight (kg)

3,9

Temperature
sensitivity (mK)

50 to 30

Power Battery

LiPo (6s 10000
mAh)

Spectral range (um)

7,5 to 13

Max Power
consumption (W)

-

Weight (g)

112g

Hover time (min)

40

Memory

32 GB

Hover
environment
temperature (°C)

-15 to 65

Temperature ranges
(°C)

-25 to 135°C, -25
to-100

Takeoff Weight
(kg)

3

Accuracy

+-5% or +-5 °C

Dimensions (mm)

620x620x460

IR Color Palettes

15interchangeabl
e in real time

Type

Quadcopter

Emissivity

Adjustable

Flir Tau 2

In (Aghaei et al., 2015) it is used a UAV PLP-610 Nimbus Platform and a Flir A35 thermographic camera,
which main features are summarized in Tab. 4. Some of the most relevant issues to be considered while
performing a flight plan and capturing the images are described in the paper, as reflections or shadows produced
by the surrounded vegetation, clouds, other module structures or by the own drone. The geo referencing data is
not considered in this study.
The thermographic image processing is done offline using Matlab. The flow diagram of the algorithm goes from
the conversion of the IR image to RGB, later to grayscale to perform a Gaussian type filtering. To the resultant
image is applied Laplace algorithm and a diagnosis is issued. If the panel is healthy, the post processing is
finished, otherwise, in case of detecting a defect in the module, it is established the degradation percentage of
the photovoltaic module.
Tab. 4: UAV and Thermographic camera characteristics reported in (Aghaei et al., 2015)

UAV

Thermographic
camera

Characteristics

Characteristics

Cruise Speed
(kts)

0-20

Resolution (pixels)

320x256

Operational
range (km)

0.25

Temperature
sensitivity (mK)

50 to 30

Spectral range (um)

7,5 to 13

PLP 610 Max Altitude (m)
Nimbus
Hover time (min)
Plataform
Weight (kg)

150
25

Flir A35

Weight (g)

112g

2,8

Memory

32 GB

Dimensions
(mm)

300x980

IR Color Palettes

15interchangeabl
e in real time

Type

Hexacopter

Emissivity

Adjustable

In (Tsanakas et al., 2017) it is used a hexacopter Condor AY-704 with an Optris PI450 on board and a
conventional Single Les Reflex (SLR) connected to the UAV. The embedded system is not described in the
paper. The image capturing conditions complied with IEC 62446-3 TS first edition standard in relation with the
minimum irradiance, soft clouds and maximum wind speed. The resultant images are represented in an
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interactive map without connection, similar to Google Earth. The fault processing algorithm is implemented on
the ortomosaic in Matlab. Additionally, when an anomaly is found in the image, a manual inspection and I-V
electrical characterization curve are performed on site, as validation of results.
Tab. 5: UAV and Thermographic camera characteristics reported in (Tsanakas et al., 2017)

UAV

Condor
AY 704

Thermographic
camera

Characteristics

Characteristics

Flight controller

-

Resolution (pixels)

382x288

Total Weight (kg)

-

Temperature
sensitivity (mK)

50 to 30

Power Battery

LiPo (6800
mAh)

Spectral range (um)

7,5 to 13

Max Power
consumption (W)

-

Weight (g)

380

Hover time (min)

20

Memory

32 GB

Hover
environment
temperature (°C)

-10 to 50

Temperature ranges
(°C)

-25 to 135, -25 to
100

Takeoff Weight
(kg)

-

Accuracy

+-2% or +- 2 °C

Dimensions (mm)

1,7

IR Color Palettes

15
interchangeable
in real time

Type

Hexacopter

Emissivity

Adjustable

Optris
PI450+lightweig
ht mini PC

In (Zhang et al., 2017) it is used an octocopter DJI Spreading Wings S100 with a Flir Tau 2 on board.
Additionally, it includes an image storage module that allows saving image and positioning data at the same
time. The image acquisition is performed with flight speed of 2 m/s and flight height of 20 and 40 meters with
respect to the module. The image capture schedule corresponds to the time period between 10:00 am and 12:00
pm, corresponding with the maximum irradiance. Image processing is offline; the flowchart of the algorithm
developed includes a preprocessing stage, recognition of each individual module and detection of the anomaly.
Tab. 6: UAV and Thermographic camera characteristics reported in (Zhang et al., 2017)

UAV

DJI
S1000

1228

Thermographic
camera

Characteristics

Characteristics

Flight controller

A2

Resolution (pixels)

640x512 336x256

Total Weight (kg)

4,2

Temperature
sensitivity (mK)

50 to 30

Power Battery

LiPo (6s 10000
mAh, to 20000
mAh)

Spectral range (um)

7,5 to 13

Max Power
consumption (W)

4000

Weight (g)

112g

Memory

32 GB

Flir Tau 2

Hover time (min)

15

Hover
environment
temperature (°C)

-10 to 40

Temperature ranges
(°C)

-25 to 135°C, -25
to-100

Takeoff Weight
(kg)

6,0 to 11

Accuracy

+-5% or +-5 °C

Dimensions (mm)

460x511x305

IR Color Palettes

15interchangeabl
e in real time

Type

Octocopter

Emissivity

Adjustable
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In (Dotenco et al., 2016) it is used a Da Vinci Scara Bot X8 with a thermographic camera Optris PI450 and a
RGB GoPro Hero3+. The inspection was always performed with a minimum irradiance of 600W/m2 and a
maximum of 1000W/m2.
The processing of the thermographic images is done by means of a segmentation that allows identifying the
region of interest, in this case the photovoltaic modules, from the information that does not contribute to the
analysis, as the background.
The implemented algorithm is described in four stages: normalization, thresholding, orientation of photovoltaic
modules estimation and correction and refinement. The first stage proposed, corresponds to thermal contrast.
This procedure allows dismissing temperature values below a defined threshold. In the following stages it is
done the automatic selection of thresholds in order to separate the solar panels from the background, using
combinations of Gaussian models (GMMs ).
Subsequent to the segmentation stage, it is proposed the extraction of information obtained from the average
temperature values of each solar module and its cells. Additionally, the asymmetry measures of the histograms
are used to provide information about the distribution of the temperature in the picture
Tab. 7: UAV and Thermographic camera characteristics reported in (Dotenco et al., 2016)

UAV

Thermographic
camera

Characteristics

Characteristics

Flight controller

Pixhawk

Resolution (pixels)

382x288

Total Weight (kg)

2,15

Temperature
sensitivity (mK)

50 to 30

Power Battery

6S Li-ion 15Ah

Spectral range (um)

7,5 to 13

Max Power
consumption (W)

4000

Weight (g)

380

Memory

32 GB

-10 to 40

Temperature ranges
(°C)

-25 to 135, -25 to
100

Takeoff Weight
(kg)

5.0

Accuracy

+-2% or +- 2 °C

Dimensions (mm)

545x545x402

IR Color Palettes

15interchangeabl
e in real time

Type

Octocopter

Emissivity

Adjustable

Da Vinci Hover time (min)
Copters
payload 2400g
ScaraBot
Hover
X8
environment
temperature (°C)

24
Optris PI450

In (Leva et al., 2015) it is used an UAV Nimbus PLP-610, as in (Aghaei et al., 2015), with a visible spectrum
camera Nikon 1-v1.
In the article, it is developed a protocol for the acquisition of the images, which describes the characteristics and
conditions of flight as altitude, and angles of capture, to detect faults and defects on the photovoltaic modules
using only an RGB camera. The obtained results, allow establishing the relations on the flight height at which
the acquisition of the images is done and the type of faults detected. The paper does not have a diagnosis that
identifies the severity of the faults as they do not use thermographic images.
In order to properly evaluating the features of the instrumentation required in aerial thermography of PV plants
it is necessary to consider some relevant aspects about the image capturing conditions that are analyzed
throughout this paragraphs. These capturing conditions restrict the platform and sensors characteristics that can
be used to obtain usable results. According to the review of the state of the art some of the most relevant
characteristics for the selection of cameras correspond to the following items: resolution, ranges of temperature,
sensitivity, precision, spectral range, calibration, memory, file transfer, interface, video resolution, weight, FOV,
spatial resolution.
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Tab. 8: UAV and Thermographic camera characteristics reported in (Leva et al., 2015)

UAV

Thermographic
camera

Characteristics

Characteristics

Cruise Speed
(kts)

0-20

Resolution (pixels)

3906x2606

Operational
range (km)

0.25

Dimensions (m)

113x76x43.5

Lens focal length
(mm)

35

25

Weight (g)

294g

Weight (kg)

2,8

Battery

Nikon EN-El 15
Lithium-Ion

Dimensions
(mm)

300x980

Type

Hexacopter

PLP 610 Max Altitude (m)
Nimbus
Hover time (min)
Plataform

150

Flir A35

In order to obtain accurate and usable images, the camera should be on-board of a stable gimbal and the
platform should be able to hover for obtaining detailed information. In this regard, the most appropriate platform
to perform aerial thermography for PV plants inspections are the multirotor, also known as multirotor. There are
different multirotor kinds generally classified in terms of the number of rotors that the UAVs have.
Additionally, the platform should have the capacity of carrying at least two different sensors, the thermographic
and the visual camera. A visual image along with a thermographic image facilitates the identification of the
defect mode, the detection of false hot spots, as bird drops or shadows and makes it easy to determine the exact
location of the defect module in the PV plant.
Nowadays multirotor allow the autonomous operation mode by waypoints, which is a desirable option to avoid
human errors that can be produced during the manual flight. In this case, it is necessary to have cartographic
information of the site and if not, performing a flight previously to the inspection to feed the platform software.
The UAV batteries should be as long as possible to maximize the producing time and to optimize the inspection
performance. There are different batteries options and several researches are being done in this respect during
the last years. UAVs with Lithium Polymer (Li-Po) batteries can fly approximately from 10 to 40 minutes. A
battery recharge cycle takes one hour and a half approximately. In order to perform an efficient inspection, it is
convenient to have various batteries not to be recharging them during the inspection. There are several
researches on innovative batteries that offer a greater energy density and reduce charge time, weight and
volume, as graphene batteries.
The flight height of the UAV delimits the resolution that the sensors must have so as to acquire acceptable
results. If the pixel size is higher than the cell size, the accuracy of the resultant images is not acceptable as
smaller defect will not be properly identified. Therefore, the flight height restrings the sensor resolution
required, considering also the lens used and the consequent field of view.

4. Conclusions
Although some authors mention the equipment used in their researches there is not a convenient study which
compiles other available alternatives that meet the requisites established and their most relevant characteristics.
A procedure to indicate a review of the available equipment used in aerial inspection of photovoltaic plants was
presented, in order to determinate and to analyze the key aspects that have to be considered to properly select
the equipment to be used. The results are obtained by means of the examination all the information in relation to
the characteristics of the instrumentation involved and the compilation of the UAVs and thermographic sensors
alternatives with their available characteristics.
The necessary equipment consists mainly of a thermographic camera and an Unmanned Aerial Vehicle. In the
case of UAVs, full compatibility with the camera must be guaranteed and factors such as maximum operating
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temperature, flight controller, and flight autonomy are necessary characteristics for the selection of the
equipment. According to the review of the state of the art, some of the most relevant characteristics for the
selection of cameras correspond to the following items: resolution, ranges of temperature, sensitivity, precision,
spectral range, calibration, memory, file transfer, interface, video resolution, weight, FOV, spatial resolution.
These respects have been analyzed with the aim of informing about the essential aspects to consider while
selecting the equipment for this application and of facilitating this selection to researchers. It is important to
understand that the utility of the equipment is in many cases directly linked to the available budget, as the
improvement of the features is usually associated with a notable increase in the price.

5. Bibliography
Addabbo, P., Angrisano, A., Bernardi, M. L., Gagliarde, G., Mennella, A., Nisi, M., Ullo, S., 2017. A UAV
infrared measurement approach for defect detection in photovoltaic plants. IEEE International Workshop on
Metrology for AeroSpace 2017 (MetroAeroSpace). 345–350.
Aghaei, M., Gandelli, A., Grimaccia, F., Leva, S., Zich, R. E., 2015. IR real-time analyses for PV system
monitoring by digital image processing techniques. International Conference on Event-based Control,
Communication, and Signal Processing 2015 (EBCCSP). 1–6.
Dotenco, S., Dalsass, M., Winkler, L., Wurzner, T., Brabec, C., Maier, A., Gallwitz, F., 2016. Automatic
detection and analysis of photovoltaic modules in aerial infrared imagery. IEEE Winter Conference on
Applications of Computer Vision (WACV). 1–9.
Elibol, E., Tüzün Özmen, Ö., Tutkun, N., Köysal, O., 2017. Outdoor performance analysis of different PV panel
types. Renewable and Sustainable Energy Reviews. 67, 651–661.
Kauppinen, T., Panouillot, P.-E., Siikanen, S., Athanasakou, E., Baltas, P., Nikopoulos, B., 2015. About infrared
scanning of photovoltaic solar plant. THERMOSENSE: THERMAL INFRARED APPLICATIONS XXXVII.
9485, 948517 1-14.
Leva, S., Aghaei, M., Grimaccia, F., 2015. PV power plant inspection by UAS: Correlation between altitude and
detection of defects on PV modules. IEEE 15th International Conference on Environment and Electrical
Engineering, EEEIC 2015. 1921–1926.
Tsanakas, J. A., Ha, L., Buerhop, C., 2016. Faults and infrared thermographic diagnosis in operating c-Si
photovoltaic modules: A review of research and future challenges. Renewable and Sustainable Energy Reviews.
62, 695–709.
Tsanakas, J. A., Ha, L. D., Shakarchi, F. Al., 2017. Advanced inspection of photovoltaic installations by aerial
triangulation and terrestrial georeferencing of thermal/visual imagery. Renewable Energy. 102, 224–233.
Wiris, W. (n.d.). Thermo diagnosis of photovoltaic power plants. Retrieved October 2, 2017, from
https://www.drone-thermal-camera.com/wp-content/uploads/Workswell-WIRIS_photovoltaic.pdf
Zhang, P., Zhang, L., Wu, T., Zhang, H., Sun, X., 2017. Detection and location of fouling on photovoltaic
panels using a drone- mounted infrared thermography system. Applied Remote Sensing, 11(1), 016026 1-11.

1231

ISES Solar World Congress 2017

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

Failure rate determination and Failure Mode, Effect and Criticality
Analysis (FMECA) based on historical data for photovoltaic
plants
1,2

2

1

Sara Gallardo-Saavedra , Javier Pérez-Moreno , Luis Hernández-Callejo and Óscar Duque3
Pérez
1

Universidad de Valladolid (UVa), School of Forestry, Agronomic and Bioenergy Industry
Engineering (EIFAB), Department of Agricultural and Forestry Engineering, Soria (Spain)
2

3

Solarig, Soria (Spain)

Universidad de Valladolid (UVa), Industrial Engineering School, Department of Electrical
Engineering, Valladolid (Spain)

Abstract
It is essential for photovoltaic plants investors, operators and equipment manufacturers to identify the failure
modes and rates of the system in order to reduce investment risk, to focus their maintenance efforts on
preventing those failures and to improve longevity and performance of the PV Plant. In this paper, it is
assessed the importance of the Failure Modes within a real existing portfolio in Spain and Italy of continuous
operation since 2008 and it is identified the module level failure modes, which are imperceptible in the
standard monitoring systems, through the application of thermographic inspection. The experimental Mean
Time Between Failures (MTBF) and the failure rates are calculated and these ratios are used to define the
ranking criterion to perform the Failure Mode, Effect and Criticality Analysis (FMECA) and to focus on the
module level analysis. The conclusions highlight the most critical sub-system and failure modes within a
photovoltaic PV plant.
Keywords: Failure Rate, FMECA, Photovoltaic reliability, PV Module Thermography

1. Introduction
It is essential for photovoltaic (PV) plants investors, operators and equipment manufacturers to identify the
failure modes and rates that the main equipment experiences in order to reduce investment risk, to focus their
maintenance efforts on preventing those failures and to improve longevity and performance of the PV Plant.
The reliability is defined as the capacity of a component to maintain its functionality over the years.
The Failure Mode, Effects and Criticality Analysis (FMECA) is an inductive analytical method in which the
results present the failure modes and the severity of the consequences with relatively high probability. The
main objective is to identify the failure modes that have a relevant combined occurrence, severity and nondetection probability in order to set the preventive actions accordingly. Equipment manufacturers try to
identify all the failure modes of its products in order to increase reliability and reduce warranty cost, by
researching and emulating different situations using mathematical models and experimental Highly
Accelerated Life Test (HALT) (Moorthy and Tamizhmani, 2016). Resulting from the analysis, a battery of
measures is implemented to reduce the key factors occurrence, severity or non-detection probability. The
FMECA is a broadly used technique to assess the quality being applied on the elaboration and/or definition
of, for example, safety analysis, quality control points, high standard requirements, quality procedures,
working instructions, or resources distribution (Colli, 2015). The failure mode analysis also justifies the
importance of maintenance activities and the associated cost on PV Plants to prevent premature failure and
relevant catastrophic problems.
The greater challenge that researchers address and indicate while investigating about PV systems failures is
the lack of reliable real quantitative data since most of the operators are private and do not disclose the data
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or either they do not have enough capabilities to record the data (Colli, 2012).The existing publications base
their studies on the few available open-access data and subjective evaluations from experts’ opinions with
limited experimental and scientific base. Through the implementation of advanced PV plant monitoring
systems (Cristaldi et al., 2015), the implementation of Computerized Maintenance Management Systems
(CMMS) and the feedback of the field technicians, it is possible to have an experimental database to assess
the failure rate and the FMECA of the PV plants (Colli, 2012).This fact is one of the greater strengths of this
paper, in which the information from the historical data of fifty-eight PV plants portfolio in Italy and Spain
of a well-known photovoltaic operator since 2008 has been accessible.
Monitoring of the different system components that constitute the PV plant facilitates the detection of
failures and, from the reliability point of view, allows the operator to improve the plant performance
(Cristaldi et al., 2015). Nevertheless, in utility scale PV plants, typically the monitoring system trails the
string series current of multiple modules connected and does not track the performance of the individual PV
modules, which is the key element on a photovoltaic system. Therefore, it is specially complicated the
detection of failures at this level and, even more difficult, the recognition of the failure cause and mode.
Because of this reason, during the last years additional tests have been required by solar PV investors at the
PV module level with the aim of controlling the individual module performance, for example, IV curves
tracing, electroluminescence test and thermographic test. To complete the FMECA analysis of this paper, it
has been considered that other source of information is needed for the module level assessment. Aerial
thermographic inspections, in which an Unmanned Aerial Vehicle (UAV) carries a thermographic sensor, are
recently becoming popular because it reduces the inspection cost and it is less time consuming than manual
thermographic inspections and/or IV curve tracing. Thermographic tests have been applied at a module level
to a sample of the base data to complete the FMECA of the whole PV Plant.
The main objective of the paper is to assess the importance of the Failure Modes in PV plants considering the
information taken within a real existing portfolio in Spain and Italy of continuous operation since 2008, and
the application of thermographic inspection to identify the module level failure modes. This goal is achieved
by means of calculating the experimental failure rates and the Mean Time Between Failures (MTBF) of the
systems of a sample of PV plants during a relevant time using the historical database facilitated by Solarig, a
worldwide PV operator. Based on the results, it will be applied the FMECA technique to the system
elements. Once the different Failure Mode in the field are identified, the analysis is focused in the Module
level related failures by cataloging the root cause analysis and the identification process through drone or
manual thermographic inspection.

2. Method
In this section, it is summarized the different steps that have being followed to accomplish the analysis and to
get the desired results.
The first step lies in identifying all the system components that can be affected and can produce a failure
mode within the PV plant (Tab. 1).
In the current research, the PV system has been simplified in eight possible affected elements and for each of
these elements, it has been identified the possible sub-element originating the failure. These elements are: PV
generator, inverter, MV transformer station, meter, security systems, communication systems, monitoring
systems and civil works.
After that, it has been analyzed all the available historical data and defined the sample that has been used for
each of the calculations. These calculations are performed for different PV plants with the historical data
available. With this selected data, the failure rates and the MTBF are calculated for the whole system and
each sub-system. The failure rate is calculated as the number of failure per PV plant per unit year and the
MTBF as the inverse of the failure rate.
These ratios are used to define the ranking criterion, to perform the FMECA analysis and to focus on the
module level analysis. Finally, thermographic tests have been applied at a module level to complete the
FMECA of the whole PV Plant. The results obtained throughout this analysis are presented in the results
section.
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Tab. 1: Affected elements and possible causes analyzed

Affected Element

Sub-element / Cause

Affected Element

Modules

Control Unit

Cable

Cameras

Photovoltaic generator

Fuse
Structure

Security System

Others

Cabling
UPS

Control Board

Others
Router

Inverter

Communications
System

Satellite/LAN connect.

Display

Others

Power Block

Control Unit

Contactors
Others

Monitoring system

UPS
Fiber Optics/ Cabling

Transformer

Others

MV Switchgear

Manhole

Auxiliary System
Others
Meter

Meter

Sensors

Communication Boards
Protections

MV Transformer
Station

Sub-element / Cause

Civil works

Roads
Fence
Others

Current /Voltage
transformers
Others

3. Results and discussion
The scoring system to define the ranking criterion has been defined considering the available data and the
subjective evaluations of solar experts with more than a decade experience. Three different ranking criteria
have been developed, for the severity, detection and occurrence respectively. Each ranking follows a scale
from 1 to 5, in which 1 denotes the best situation while 5 denotes the worst. As a result, the Risk Priority
Number (RPN) goes from 1 to 125, where a highest value of RPN indicates a most risky situation.
For the definition of the Severity ranking criteria, it has been considered the cost of fixing the failure (spare
parts and workforce) and the Loss of Profit (LOP) that the failure generates due to the reduction of energy
production (in case it is necessary to shut down the plant or part of it). The fixing price has been considered
in an interval from 0 €, in case the failure does not involve a fixing cost or it is negligible, as a wire that is
not well fastened, an equipment badly labelled or a communication failure due to the operator, to 60,000 € in
case of an extremely high fixing cost, as the fixing cost resulting from a fire. On the other hand, the loss of
profit that has been considered is the following: 0 € when the failure does not produce disconnection of the
PV site, 190 € when the failure produces a disconnection of approximately 1 hour, 950 € in case of half a day
disconnection, 13,300 € in case of one week disconnection and 57,000 € in case of one month disconnection.
With the combination of these two factors, it is obtained the Severity ranking criteria, showed in Tab. 2 and
Tab. 3.
Finally, the Occurrence ranking criteria has been calculated based on the failure rates obtained for each
failure mode in the portfolio analyzed and following the subjective evaluation of this data by photovoltaic
experts with more than ten years of experience in this sector. The Occurrence based on the failure rates
calculated is classified following this criterion: 1 for unlikely failures, 2 for remote probability, 3 for
occasional probability, 4 for moderate probability and 5 for high probability.
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Tab. 2: Severity ranking intervals calculated from the fixing price and the loss of profit that a failure produces

Loss of Profit (LOP)

Fixing Price
(Spares and
Workforce)

57.000 €

13.300 €

950 €

190 €

-€

60.000 €

117,000 €

73,300 €

60,950 €

60,190 €

60,000 €

15.000 €

72,000 €

28,300 €

15,950 €

15,190 €

15,000 €

1.000 €

58,000 €

14,300 €

1,950 €

1,190 €

1,000 €

500 €

57,500 €

13,800 €

1,450 €

690 €

500 €

-€

57,000 €

13,300 €

950 €

190 €

0€

Tab. 3: Severity ranking criteria

Rank

X

Description

(Fixing Cost + LOP)

1

X <690 €

Minor failure with almost no influence in the performance of the plant and
insignificant parts deterioration

2

1,950 €>X>690 €

Failure with low influence in the performance of the plant and parts
deterioration

3

28,300 €>X>1,950 €

Failure with quite important influence in the performance of the plant and
parts deterioration

4

60,950 €>X> 28,300 €

Failure with important influence in the performance of the plant and parts
deterioration

5

X >117,000 €

Major failure with extreme influence in the performance of the plant and
parts deterioration

The Detection criteria has been obtained following (Colli, 2015), and it is expressed in Tab. 4.
Tab. 4: Detection ranking criteria

Rank

Description

1

Almost certain that the problem will be detected (chance 81–100%)

2

High probability that the problem will be detected (chance 61–80%)

3

Moderate probability that the problem will be detected (chance 41–60%)

4

Low probability that the problem will be detected (chance 21–40%)

5

None/minimal probability that the problem will be detected (chance 0–20%)

Throughout analyzing the corrective maintenance reports that the plant technicians of the analyzed portfolio
have uploaded to the CMMS during the last years, it has been identified 168 failures modes that appears in
the operation of PV plants. Considering the previous detailed ranking criteria, it has been attributed a
Severity, non-Detection and Occurrence number to each of the failure modes detected. Multiplying these
three numbers it is obtained a Risk Priority Number for each of the failures. An extract of some of the main
failure modes detected in the analysis is detailed in Tab. 5.
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Tab. 5: Failure mode analysis table with the Severity, Detection, Occurrence and Risk Priority Number for some of the main
failure modes identified in the analyzed portfolio of PV plants
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Group

Element

Description Failure

S

D

O

RPN

Security syst.

CCTV

Camera/videorecorder/barrier/Sensor failure

1

3

5

15

Security syst.

CCTV

Communications failure

1

1

5

5

Meters

Meters

Erroneous meter configuration

1

3

3

9

Meters

Meters

Meter burnt

2

2

3

12

Meters

Meters

Communications failure

1

1

4

4

Grid

Grid

Overvoltage

3

1

3

9

Grid

Grid

Overcurrent

3

1

3

9

Grid

Grid

Disconnection

4

1

3

12

Civil Work

Perimeter

Fence damaged

2

4

2

16

Civil Work

Roads

Road damaged

2

3

2

12

UPS

UPS

Damaged battery

1

4

4

16

PV modules

Modules

Junction box detached

1

3

2

6

PV modules

Modules

Module damaged: degraded, hot spot,
yellowing, diode, connection.

2

5

2

20

PV modules

Structure

Galvanizing damaged

3

3

2

18

PV modules

Structure

Structure bent/rusted

3

2

2

12

PV modules

Structure

Structure not grounded

2

4

2

16

DC wiring

DC wiring

Cable damaged

2

4

2

16

DC wiring

DC wiring

Cable unfastened

1

4

4

16

Combiner box

Breakers

Circuit breaker broken

2

4

4

32

Combiner box

Cabinet

Cover damaged

1

3

4

12

Combiner box

Cabinet

Deficient ground connection

3

4

4

48

Combiner box

Communic.

Communications failure

1

1

5

5

Inverter

Inverter

High temperature

2

2

5

20

Inverter

Inverter

Display failure

2

2

3

12

Inverter

Inverter

IGBT failure

4

2

4

32

Inverter

Inverter

Communications lost

1

1

5

5

Inverter

Inverter

DC/AC fuse damaged, broken, switch off

2

4

5

40

Inverter

Inverter

Earth or insultaion fault

2

4

4

32

AC wiring

LV wiring

Cable damaged

3

4

3

36

AC wiring

LV wiring

Cable unfastened

1

4

5

20

Monitor.syst.

Monitoring

Communications card failure

1

3

4

12

Monitor.syst.

Monitoring

Power source broken

1

3

4

12

Monitor.syst.

Monitoring

Local/Remote access not allowed

1

3

4

12

Monitor.syst.

Weather Station

Weather station broken

2

3

5

30

MV

Transformer

Oil temperature alarm

3

2

4

24

MV

Transformer

Windings temperature alarm

3

2

4

24

MV

Transformer

Oil leak

4

4

2

32

MV

Transformer

Fire

5

3

2

30

MV

Transformer

Deficient transformer tank ground connection

3

4

3
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The reported failure modes are further analyzed throughout these paragraphs, in order to identify the ones
that present a higher RPN and their possible causes and effects to be considered by operators. In Fig. 1 it is
shown the sum of the RPN for each of the groups of elements under study and the accumulated RPN sum.
800

120%

700

100%

600
80%

500
400

60%

300

40%

200
20%

100
0

0%

Sum of RPN

Accumulated Sum of RPN

Fig. 1: Sum of RPN per group - FULL O&M

It can be seen that the inverter presents the higher RPN sum for the identified failure modes, followed by the
medium voltage and the auxiliary services. Due to the fact that not all the groups present the same number of
failure modes identified, it is necessary to know the average RPN in each of the groups. This analysis can be
seen in Fig. 2. It can be seen that in this case, the groups that present a higher RPN in average are the
medium voltage and the inverters, followed by AC wiring, combiner boxes, pipelines and PV modules.

Average RPN per group - FULL O&M
30

120%

25

100%

20

80%

15

60%

10

40%

5

20%

0

0%

Average RPN

Accumulated Average RPN %

Fig. 2: Average of RPN per group - FULL O&M
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As it has been previously mentioned, monitoring the different system components that constitute the PV
plant facilitates the detection of failures and from the reliability point of view allows the operator to improve
the plant performance (Cristaldi et al., 2015). Nevertheless, in utility scale PV plants, typically the
monitoring system trails the string series current of multiple modules connected, or even the inverter current,
which is the sum of the parallel string current, and does not track the performance of the individual PV
modules, which is the key element on a PV system as it converts the incident irradiance into electric power
and module’s cost is commonly upon 50% of the total PV installations cost (Agroui, 2012). Therefore, it is
specially complicated the detection of failures at this level and even more difficult the recognition of the
failure cause and mode. To complete the FMECA analysis of this paper it has been considered that other
source of information is needed for the module level assessment and that is why the final point of this
research is in the way of studying the current possibilities for operators to detect module failures and
therefore, increasing the energy output of the PV plant
During the last years, additional tests are required by solar PV investors at the PV module level with the aim
of controlling the individual module performance, for example, electrical test, electroluminescence test and
thermographic test.
Electrical test, as IV curves tracing, allow the detection of abnormal underperforming situations but do not
allow identifying the cause neither location of the defective cell. Additionally, to perform these tests it is
necessary to shut down the plant during the electrical inspection, which involves an important energy output
reduction. Electroluminescence (EL) imaging is a non-invasive technique developed to detect the radiative
recombination of charge carriers excited under forward bias in which the resultant light intensity is
proportional to the voltage. Therefore any electrically inactive parts of the module or cell are represented as
dark areas, as micro-cracks that are not visible, as well as broken contact fingers, which can be identified.
Although improvements in EL imaging equipment, involving InGaAs uncooled detectors and InSb cooled
ones, have encompassed the first steps for reliable outdoor measurements and fault diagnosis in PV sites,
electroluminescence is typically performed in indoor laboratories following strict indoor conditions.
On the other hand, thermographic inspection is fast and simple to implement and giving results in real time,
not being necessary to shut down the plant during the inspection. It is non-destructive, contact-less and
allows the identification of defects and their exact location with great accuracy, representing a temperature
distribution of the surface of the modules which discloses the defects. Nonetheless, despite being a reliable
method, manual thermography presents some relevant drawbacks. It is a costly and time-consuming
technique and there are some situations in which it is hard to detect the defective cells using manual
thermography, as in locations in which the inclination of modules is too low or during the middle hours of
the day in PV plants with trackers. That is why aerial thermographic inspections, in which an UAV carries a
thermographic sensor, is recently becoming most popular because it reduces the inspection cost and it is less
time consuming than manual thermographic inspections and/or IV curve tracing.
Thermographic tests have been applied at a module level to a sample of the base data to complete the
FMECA of the whole PV Plant. Some of the module failures that generate a difference in the temperature are
experimentally identified by thermographic techniques and their criticality is analyze, as the overheating in
multiple or one cell, connection point, module box, whole module and one row or bypass circuit. The
thermographic images obtained performing on-site manual thermographic inspection are presented in Fig. 3.

(a)
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(d)

(e)

(f)

Fig. 3: Thermographic image of PV modules taken on-site with a manual thermographic camera whic presents different
defects (a) hot spot, (b) multiple cells hot spot, (c) connection overheated (d) module box overheated, (e) whole module
overheated, (f) bypass circuit overheated.

4. Conclusions
This paper presents a failure mode analysis of PV plants based on the analyses performed to the available
data of a real existing portfolio in Spain and Italy of continuous operation since 2008. Throughout the paper,
it has been analyzed which are the most critical sub-system and failure modes within a photovoltaic PV
plant, resulting that inverters presents the higher RPN sum for the identified failure modes, followed by the
medium voltage and the auxiliary services. On the other hand, it has been proved that the groups that present
a higher average RPN are the medium voltage and the inverters, followed by AC wiring, combiner boxes,
pipelines and PV modules.
This information is essential for PV operators and manufacturers to focus their efforts on preventing those
failures and to contribute to the improvement of the reliability in PV installations.
Additionally, it has been performed a manual thermographic inspection to a PV plant to identify the module
level failure modes, as typically in utility scale PV plants the monitoring system does not track the
performance of the individual PV modules, which is the key element on a PV system as it converts the
incident irradiance into electric power and module’s cost is commonly upon 50% of the total PV installations
cost. Some of the module failures that generate a difference in the temperature have been experimentally
identified, as the overheating in multiple or one cell, connection point, module box, whole module and one
row or bypass circuit.
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Abstract
Dye-sensitized solar cells (DSSCs) have attracted great attention in recent years as a potential alternative to
conventional silicon solar cells. However, a lot of current research is still focusing on enhancing their
efficiency through the individual improvement of the DSSCs components, as well as their integration.
Among these components, mesoporous TiO2 plays an important role in the cell photoanode. Achieving wellcrystallized small nanoparticles usually requires a room temperature synthesis, giving very small crystallites
(4-10 nm) of TiO2 anatase. As as-synthesized materials contain hydration water, a major drawback in
DSSCs, we report how dehydration and crystallinity can be improved by annealing at a moderate
temperature, without any sintering or significant particle coarsening. We report in this study a comprehensive
study of the cell assembling, and its efficiency, characterized under AM 1.5 illumination with 100 mw/cm2
light intensity.
Keywords: DSSC,TiO2, nanoparticle, photovoltaic, anatase, solar cell, solar energy.

1. Introduction
Since their initial discovery (O’regan and Gratzel, 1991; Gratzel 2001) liquid-based dye-sensitized solar cells
(DSSCs) are known as alternatives to conventional silicon-based photovoltaic devices. The first generation
of liquid electrolyte-containing DSSCs display significant Power Conversion Efficiencies (PCE) > 14%
(Mathew et al. 2014; Kakiage et al. 2015) at lab scale and 10% in module (Kazim et al. 2014), but the use of
a liquid electrolyte becomes a burden for large-scale developments. Therefore, research on solid-state DSSCs
(ss-DSSCs) has significantly increased over the last years reaching up 8.2% (Freitag et al. 2015) with the
recent breakthrough of perovskites, especially organic-inorganic perovskites, which act as light harvester in
place of organic dyes, and Hole Transporting Material (HTM)(Kazim et al. 2014). Nevertheless, TiO2
anatase remains an important component in both types of DSSCs, as an electron collector. The reduction of
interface transport resistance between all components is also a major requirement, which requires a high
interfacial intimacy between components.
The electronic conduction in the protonated TiO2 film, usually made of 20 nm TiO2 particles, is the result of
a complex mechanism in liquid DSSCs. First, the presence of both dye cations and iodine species, with the
resulting formation of a positive layer on the surface of titania, create a Helmholtz double layer screening
shell around the particles, which contributes to the reduction of the electron-hole recombination in TiO2
(Cahen et al. 2000). It is also stated that the electrons are diffusing along the surface of the particles, as a
result of a short screening Debye length (1.5 nm) (Cahen et al. 2000). If this limits the electron diffusion to a
surface process for particles larger than 10 nm, we could wonder the effect of using smaller (sub-10 nm)
nanoparticles, and if the whole volume will be used for conduction.
A major contributing factor to the efficiency of the titania-based photoanode is its structure, especially, the
size of TiO2 crystals. Although the reduction in crystal size influences positively the amount of dye adsorbed
onto the surface and the dye-to-TiO2 charge transfer, it affects negatively the total internal resistance of the
cell as more grain boundaries are created per unit volume, reducing the light internal reflection. For example,
it was demonstrated that mesoporous TiO2 single crystals can deliver an enhanced mobility, good
optoelectronic performances, and high material intimacy (Crossland et al. 2013).
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We prepared previously anatase nanocrystals at room temperature, as a result of synthesis parameters being
finely optimized via a mixture design method (Hegazy and Prouzet, 2012). This nanopowder, already
successfully tested for their photocatalytic properties, (Hegazy and Prouzet, 2013) could become the raw
material for future roll-to-roll manufacturing of large-scale DSSCs, if the nanostructure can be dehydrated
with thermal annealing without particle sintering or coarsening. As we demonstrated previously that the
initial particle size can be preserved up to ≈ 400°C, (Hegazy and Prouzet, 2012) we decided to verify the
efficiency of a dehydration treatment in this temperature range, and assess the photovoltaic properties of a
DSSC assembled with this material. Different parameters in cell assembly were tested in order to improve
the final structure and connectivity of the final TiO2 photoanode. The influence of these parameters is
reported in the present study, along with the assessment of our materials, in comparison with commercially
available compounds assembled with the same method.

2. Experimental
2.1. Synthesis of TiO2 nanoparticles
We reported the detailed study of this synthesis previously (Hegazy and Prouzet, 2012). This study allowed
us to extrapolate the best composition, which would give both small nanocrystallites, and a pure anatase
phase. This specific composition was chosen inside the composition mixture diagram giving the pure TiO2
anatase phase. It corresponds to a composition between the (A) and (J) data points in the mixture phase
diagram of our previous study (Hegazy and Prouzet, 2012).

2.2. Synthesis of the TiO2 paste
The paste was prepared by mixing the TiO2 nanopowder, with different organic additives used as
plasticizers. Depending on their nature, we proceeded differently for their addition. In method 1, 0.35 g
Pluronic™ P123, was dissolved into 5 mL EtOH, and then mixed with a suspension of 1.0 g of TiO2
dispersed into 10 mL of EtOH. The resulting mixture was left at 100°C for 24 h, in a sealed vial. The vial
was further cooled down before using the paste. In method 2, a mixture of Span™80/Tween™80 was
prepared with the aim to obtain a final Hydrophilic Lipophilic Balance (HLB) of 13.6, (Hessien et al. 2012)
and 0.035g of this mixture (equiv. one to two drops) was directly added into a suspension of 1g TiO2 in 10
mL acetic acid (N). The resulting paste was ground in a mortar to ensure good dispersion of the organics
among the solid phase before being pasted.

2.3. Preparation of the TiO2 film
The film was coated onto a FTO glass substrate, with doctor-blade method. The film thickness was
controlled by the thickness of a 17 µm 3M adhesive tape, and the paste was spread with a glass rod over the
space between the tape strips. The electrode was left to dry at 80°C for 3 hours. We cured organics used as
plasticizers by either a thermal, or UV treatment. With the thermal treatment, the electrode was heated at
450°C for 30min, cooled down, and immersed into a 0.1M HCl aqueous solution for 2 hours. With UV
treatment, the electrodes were exposed to an intense curing (300 W.inch2) UV radiation for 20 min, before
being immersed in the HCl solution. After analysis, we decided to combine both methods, and all electrodes
used for the cell assembly, were made out of the TiO2nanopowder, first annealed at 350°C for 4 hours, then
cured at 450°C for 30 min, and exposed to UV. All electrodes were further grafted with the Z907 dye
molecule. Adsorption of the dye was undertaken by immersing the TiO2 electrode overnight in a 0.4 mM dye
in 50:50 vol. t-butanol:acetronitrile solution. The grafted electrodes were finally washed with acetone to
remove the excess of dye.

2.4. Counter electrode preparation
The presence of Pt nanoparticles at the surface of the counter-electrode is mandatory to achieve the reduction
of the iodide/triiodide couple (Bonnemann et al. 2007). A commercial platinum paste (Platisol-T, Solaronix)
was used as received and fired at 450°C for 30 min in order to remove organic binders. The electrode was
immersed in DI water, before being sonicated for 20 minutes in ethanol, without any noticeable wrenching of
the Pt layer from the substrate.

2.5. Cell assembly
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The Pt electrode and the dye-adsorbed TiO2 electrode were assembled as a sandwich-type, leading to a 5 cm2
photoactive surface. The redox electrolyte was introduced to the cell by capillary action.

3. Results and discussions
3.1 Influence of treatment on structure of TiO2
3.1.1 Thermal annealing
We have demonstrated in a previous study, that the crystallinity of as-synthesized TiO2 anatase could be
improved by a moderate thermal treatment without any dramatic change in the crystal size if the maximum
temperature remained below 450°C (Hegazy and Prouzet, 2012). A fully dehydrated material is a
compulsory requirement for use in DSSCs.
We analyzed by TEM the influence of annealing on the crystalline and particle structure for nanopowders
annealed for 4 hours at 350 °C (Figure 1.a), 450°C (Figure 1.b), and 500°C (Figure 1.c). TEM diffraction
reveals an improved crystallinity from 350 to 450°C (see figures inset), without drastic change in crystal size.
HR-TEM investigation of the sample annealed at 450°C (Figure 1.d) confirms the formation of 10 nm
average single crystal particles with high crystallinity. The inter-reticular distances of 3.62 Å and 2.1 Å
correspond to the (101), and (200) planes, respectively. They are in the usual value range reported in
literature for nanocrystalline TiO2. The crystal size increases at 500°C (Figure 1.c), leading to well-defined
diffraction patterns, which result from this size increasing.

Figure 1: TEM micrographs and the corresponding diffraction patterns of nanocrystalline anatase TiO2 nanoparticles
annealed at (a) 350 °C, (b) 450 °C, and (c) 500°C. (d) HR-TEM of TiO2

3.1.2 Organic additives
A TiO2 paste was prepared with the addition of various organic additives used as binders: (i) Pluronic P123,
(ii) PEG 12,000, or (iii) Span80/Tween20/acetic acid. These organics were chosen as plasticizers for
facilitating the film formation. They were added to the anatase nanoparticles previously annealed at 350°C
for 4 hours. As these organics must be removed after the film formation, we tested two types of curing, with
a short thermal treatment (450°C, 30 min), or high intensity UV (300 W/in2, 15 min). An observation by
TEM (not shown) did not reveal any drastic change in the structure of titania particles, after either thermal or
UV curing, irrespective of the type of additive.
Both surface area and porosity of the film are two important parameters in performance of DSSC, and
porosity should be typically in the 50%-65% range (van de Lagemaat et al. 2001). Previous analyses showed
that the small size of these nanoparticles create a significant textural porosity in the mesoporous range, with
both specific surface area and porous volume changing with the thermal treatment (Hegazy and Prouzet
2012). We report in Figure 2, the N2 adsorption/desorption isotherms for the powder annealed at 350°C, and
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the same powder prepared with the Span/Tween mixture plasticizing additive and cured either at 450°C, or
under UV. Figure 3.a shows that all isotherms are rather similar (Type IV isotherms), with a steep adsorption
between 0.6 and 0.9 of partial pressure. The specific surface area calculated via the multipoint BET model,
gives values of 130, 160, and 200 m2.g-1 for the annealed, thermally cured, and UV cured samples,
respectively. Their respective porous volume is 58% for the annealed powder, and 63% for both cured
samples. The modeling of the pore size distribution (PSD), using the desorption isotherm, (Figure 2.b)
allowed us to assess the possible influence of curing on the material porous structure. The initial PSD lies
between 8 and 13 nm, and both materials after either thermal or UV curing, show only a slight broadening of
PSD toward larger pores (8 – 18 nm range). We assign this PSD shift toward larger values, as a result of the
organic additive that acts as a pore promoter and contributes to create some larger pores in addition to the
initial PSD (the PSD is only broadened toward larger values, not fully shifted).

Figure 2: Nitrogen adsorption isotherms for the nanopowder after thermal annealing (350°C, 4h), and the same material after
addition of the Span/Tween mixture additive, and either thermal (450°C, 30 min.) or UV (15 min) curing: (a) ads

3.2. Effect of dye absorption and photoelectronic properties onTiO2 film
The cell performance is strongly affected by the efficiency of injected electrons from the dye to the
conduction band of the TiO2, which reflects the importance of the way the dye anchored to TiO2 surface. As
it has been demonstrated that both UV exposure and HCl treatment improve the photoanode properties, (Lee
at al. 213; Hao et al. 2004). The thermally cured TiO2 film was additionally activated under UV (10 min)
and immersed into a 0.1 M hydrochloric aqueous solution for two hours, then rinsed with DI water until no
acid trace could be found in washing water. The major effect of UV exposure is to reversibly create a high
concentration of photoactive surface states, which were described as being continuously distributed below
the conduction-band edge as shallow electron traps that would be beneficial for electron injection from the
dye and transport by thermally activated detrapping (Lee at al.213; Hao et al. 2004; Tebby et al. 2009). The
major effect of acid treatment is to increase the density of protonated sites, which favors multidentate dye
adsorption. The actual influence of this HCl treatment is illustrated by comparing the UV-Vis spectra for
both films prepared according to the procedure (thermally annealed and cured), and exposed to UV: adding
an HCl treatment before dye adsorption, increases in the absorbance. A similar blue shift was observed for
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all samples, which reveals a change in the electronic structure of the thin films surface, probably due to
surface hydroxylation (Hao et al. 2004).
Figure 3 shows the J -V characteristics of the solar cell device made using thermally treated TiO2/ plutonic
P123 films at 450oC, the TiO2 nanoparticles were preheated at 350oC. The photovoltaic parameters of the
devices made using initially treated nanoparticles at 350oC and 450oC with and without HCl treatment. The
short-circuit photocurrent density (Jsc) and the photoconversion efficiency (η) of the treated TiO2 films are
higher than those of the untreated counterparts, the active surface area was 5 cm2 for all samples. After HCl
treatment of the 350oC sample, the Jsc and η were increased by 28.4% and 4.5%, respectively. However, the
open circuit voltage (Voc) was slightly changed and the fill factor (FF) was decreased. Whereas, for the
sample prepared at 450oC, Jsc was increased by 36.3%, η by 37.2% and Voc by 8.6%. The poor FF is a result
of a combination of the high series resistance (Rseries) and low shunt resistance (Rshunt). Figure 4
demonstrates that both devices made using our synthesized TiO2 exhibit higher cell performance compared
to the commercial ones. Although the sample prepared by surfactant and acetic acid displays higher
efficiency than that made using pluronic, the later provides higher shunt resistance, Table 2.

Figure 3: J-V curves for the comparison of the thermal and UV organic curing for nano
powders being annealed beforehand at (a) 350°C, or (b) 450°C.
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Figure 4: J-V curves of dye-sensitized TiO2 films prepared on FTO/glass: with different organic
additives to our nanopowder and the commercial one(active area=5 cm2)

Table 1: Comparison between photovoltaic parameters of DSSCs prepared by the synthesized TiO 2 nanoparticles and
the commercial TiO 2 counterparts.

Sample

Voc (V)

Jsc (mA/cm2)

FF

Efficiency %

Rs (Ω)

Rsh (Ω)

TiO2_350oC_P123

0.713

9.43

62.6

4.21

16.6

1392

TiO2_Degussa_P123

0.707

6.16

56.7

2.47

15.72

462

TiO2_350oC_SRAc

0.72

8.41

77.1

4.67

2.21

324

TiO2_Degussa_SRAc

0.734

5.47

68.9

2.77

4.12

606

Several DSSC devices were fabricated based on the TiO2 films treated under different conditions. Unlike
usual testing cells with an active surface area close to 1 cm2, our cells were assembled with an active surface
area of 5 cm2, Fig.5 represents a picture of the tested cell. Therefore, the performances of the cells can hardly
be compared to literature, and they were initially used as comparative within this study.

Figure 5 Picture of the full-assembled cell

The adsorption of Z907 Dye on the TiO2 surface was characterized by ATR-FTIR spectroscopy. Figure 4
shows the ATR-FTIR absorption spectra of the Z907 dye adsorbed onto the TiO2 surface. Many studies have
shown that the dye anchors to the TiO2 surface through different carboxylate anchoring modes, like
physisorbed through hydrogen bonding, or chemisorbed via various types of chemical bonds (unidentate,
bidentate, and bridging), with bridging and bidentate being the most stable ones (Lee et al. 2011; Leon et al.
2006; Wang et al. 2004).
Strong peaks were observed at 1,380 cm-1 and 1,613 cm-1 characteristics of the νsym (COO-) and νasym
(COO-), respectively (Finnie et al.1998; Agrell et al. 2004). There is no indication of the presence of
carboxylic bond at 1,716 cm-1. This indicates that the dye is anchored to the TiO2 surface via bidentate or
bridging not via unidentate mode. The saturated hydrocarbon chains are identified by the C-H stretch modes
in the 2,800-3,000 cm-1 region with vibration modes of 2,852 cm-1 and 2,924 cm-1 for symmetric and
asymmetric -CH2-, respectively. The corresponding CH3– peak is observed at 2,956 cm-1. A broad absorption
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peak is observed between 3,200-3,400 cm-1 (not displayed), corresponding to the –OH stretching modes of
hydroxo and aquo ligands.

Figure5: FTIR spectrum of the TiO2- thin film after dye adsorption.

Another significant difference between our nanopowder and the commercial one is the strength of the dye
adsorption. The samples prepared with Span/Tween show higher absorbance, which is consistent with the
overall cell efficiency. All the reference cells made from the commercial TiO2 exhibit lower absorbance, as a
result of the dye being less adsorbed or easily removed before measurements. Our nanoparticles have the
ability to keep 7 times more of dye after this process, than the commercial powder.
We performed an EIS analysis on different configurations to get more insights into the effect of resistances
on the cell performance. We display the results obtained with TiO2 films prepared with Span/Tween (Figure
5.a) or Pluronic P123 (Figure 5.b). A large semicircle can be observed in the Nyquist plot, which
corresponds to the TiO2/dye/electrolyte triple interface. The interface between the high–frequency semicircle
and the intermediate–frequency semicircle is difficult to distinguish due to the strong overlap of the charge
transfer resistance on the TiO2 surface and that on the Pt surface. A sub-circle in the low-frequency response
is observed, which accounts for the contribution of the diffusion of the electro-active species in the liquid
electrolyte (Longo et al. 2004). In the dark, the solar cells showed high impedance and the time constants are
not well defined. For all devices testes (see Table 2), almost all the impedance parameters show a difference
between illuminated and non-illuminated cells. The response at the intermediate interface under dark
condition is much higher than the one under illumination, which corresponds to a high capacitance because
of the expected accumulation of electrons and redox species at this interface (Nogeira et al.2004). From our
results, it appears that the cells prepared with span/Tween exhibit a longer electron lifetime than those
prepared with Pluronic(P123). The reference cells (commercial TiO2 powder) showed an electron lifetime
half times shorter electrons for recombination under illumination compared to the cells made with our
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nanocrystalline TiO2 material. Higher electron lifetime leads to significant electron transfer, and thus, an
improved Jsc. Therefore, EIS analysis confirms the promising results obtained with cells assembled with our
synthesized nanocrystalline material.

Figure 5: Nyquist representation of the impedance data obtained for Z907 dye–sensitized TiO2 solar cells prepared with
preheated nanoparticles at 350oC mixed with (a,b) Span/Tween, (c,d) Pluronic P123, measured in the dark (a,c) or under light
(b,d). The symbols represent the experimental data and the dashed lines correspond to the fitting obtained with View software
using the displayed equivalent circuit displayed.

Sample

Area
(cm2)

Rs,
Ωcm-2

R1(CE),
Ωcm-2

 



 



AP_light

1.5

48.45

AS_light

2.5

67.95

T1*106

P1

R2(REC),
Ωcm-2
 

T 2*10 5

P2

Ws, Ωcm -2

τ r/ms





  

 

1.908

0.405

1.023

23.48

1.893

1.043

47.27

35

1.7*10 -7

0.195

0.6117

79.21

6.14

.9174

81.2

189
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RP_light

1.2

37.4

0.586

3.041

0.966

59.31

1.034

.985

27.37

35

Table 2: Electrochemical parameters of DSSC prepared with different TiO2 films and organic additives. 'A' refers to the
synthesized TiO2 nanoparticles prepared with S (Span/Tween) or P (Pluronic) additives, 'R' refers to reference electrodes
prepared with TiO2 Degussa with S or P additives

4. Summary
In summary, we have successfully synthesized small crystalline TiO2 nanoparticles by a novel soft chemistry
method and investigated their properties in dye–sensitized solar cells. We also demonstrated that different
organic additives can be used to prepare the photoanode and obtain the well defined working range of the
porosity. The effect of UV exposure on the structure and crystal size of as-synthesized TiO2 nanoparticles
was tested through the XRD and N2 isotherm characterization, which indicates no change in the crystal size
and a higher surface area, respectively. Furthermore, various treatment methods (UV alone, thermal
treatment alone, and combination of both) were applied. Although, UV treatment is able to clean the TiO2
surface from organic contaminates, it is less efficient to be used alone, and leads to lower performance of
solar cells, compared to thermal treatment. Interestingly, when it is used after the thermal treatment, the cells
seem to show better efficiency, which will have to be confirmed in the future with more tests. The HCl
treatment increases the cell efficiency by almost one to three. The enhancement was attributed to the increase
of the amount of the dye. An intensive investigation on the effect of HCl on the adsorbed dye was done by
the FTIR analysis. More investigation on the dye by the FTIR, demonstrates that the dye anchored
chemically to TiO2 surface. The amount of adsorbed dye for our TiO2 films was 6 times compared to the
amount of the commercial ones. The internal resistance of the cells were checked with EIS analysis, which
shows higher electron lifetime, smaller charge transfer resistance for counter electrode and high
recombination resistance compared to the commercial cells.
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Abstract

Solar cells utilize a small portion of solar spectrum depending on the technology while solar
radiation being a full of UV-VIS-IR wavelengths does not leave absorbing and other layers
unaffected. Only the photon energy that matches with absorber layer contributes to effective
power generation of solar cell. Higher and lower energy wavelengths induce thermalization
and absorption losses which in turn introduce several consequences including heating and
degradation in the cell level. Therefore engineered absorbing layer such as nanowire based
solar cell holds huge potential. Here in this work, we have investigated and simulated four
deterministic characteristics, viz, absorption depth profile, electromagnetic field, Poynting
vector and exciton generation rate distribution at different incidents. Flat silicon and silicon
nanowire were considered as examples along with a comparative outlook. Such predictive
studies facilitate the choice of technology and how to improve the cell efficiency using light
trapping technique.
Key-words: Optical characteristics, Silicon nanowire, FDTD simulation, Optical
confinement.
1. Introduction
Solar radiation per second (i.e. 1.74×105 TW) is more than sufficient to provide all the energy
demands needed to facilitate entire world population in a year. Unfortunately it has been
impractical because of technological challenges. Silicon (Si)-based solar panel is the most
popular one in this regard and holds more than 90% of current photovoltaic (PV) market
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(Sachs 2011). Although Si is abundant and superior in stability and non-toxicity, the
Shockley and Queisser efficiency limit (i.e. ~31%) for a single band gap Si-based solar cell
has become an issue and a matter of challenge for current research community. A small
portion of solar spectrum contribute to solar cells performances, whereas solar radiation
being a full of other wavelengths does not leave the associate layers unaffected. The photon
energy that matches with absorber layer contributes to effective power generation of solar
cell. Higher and lower energy wavelengths induce thermalization and absorption losses
respectively which in turn introduce several subsequent problems including heating and
degradation in the cell level. These additional consequences add up extra cost whereas
current technology is already facing various challenges to limit the cost below 1¢ per kWh.
Therefore, it is important to increase the cell efficiency at low cost to bring this technology
within afford and reach.
Si nanowires (Si-NWs) have been considered potential to face the efficiency constrain
because of nanometric features led unique properties (Kelzenberg et al. 2010; Polman and
Atwater 2012; Zhao at al. 2004; Krogstrup et al. 2013; Yu et al. 2014). Si-NWs have strong
optical absorption compared to that of flat silicon along with many other electrical
characteristics that lead to reduced production cost (Salhi et al. 2016). The efficiency can be
further improved by optimizing and tuning incident solar spectrum that is useful in efficient
solar cell system. A predictive analysis of inherent optical characteristics of such nanowire
based system indeed facilitates to determine and improve other associate layers of the solar
cell. Previously we have reported absorption profile, energy flow, EM field distribution and
exciton generation rate at 740 nm in addition to spectral analysis of absorption depth profile
for Si-NW system (Hossain 2016a, 2016b). Nevertheless, further correlated spectral analysis
on absorption profile, energy flow, EM field distribution and exciton generation rate
distributions is indispensable.
Two key challenges, low cost materials as well as higher efficiency, are immensely needed at
this moment to accelerate mass-production and utilization of PV technology. PV solar cell
based on nanometric Si-NW-based possess huge potential in this regard. Apart from optical
characteristics, short collection length for charge carriers in Si-NWs boosts up efficiency and
allows to use down grade absorbing materials. First ever PIN configured solar cells based on
Si-NWs was presented by Tian group in 2007 (Tian et al., 2007). The Si-NWs were grown by
vapor-liquid-vapor process. Since then, a variety of methods have been reported to obtain SiNW such as high temperature evaporation of silicon powder in furnace (Cui et al., 2001,
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2000; Wu et al., 2004), vapor-liquid-solid process (Wang et al., 1999; Westwater, et al
1997), laser ablation (Zhang et al., 1999), liquid solution solid process (Davidson et al.,
2004), solid liquid solid process (Yan et al., 2000), metal catalyst assisted electroless etching
(Peng et al., 2009, 2006a. 2006b, 2005, 2002), etc. There are huge and extensive studies on
conventional flat panel, although 3rd generation solar cell especially nanostructured materials
based photovoltaic solar cell is not well understood. Numerical studies always support to
implement the proof-of-concept into prototype that ultimately ends up with a suitable
product. The studies also open up new avenue and in-depth understanding of the technology.
Therefore, an correlated and simulative study, such as absorption profile, electromagnetic
(EM) field, Poynting vector, excitation generation rate distribution, etc. are inevitable.
Here in this work, we have investigated and simulated four deterministic characteristics, viz,
spectral absorption depth profile, electromagnetic field, Poynting vector and exciton
generation rate distribution. Two Si-based absorbing layers generally used in thin film solar
cell, such as flat silicon and silicon nanowire, were considered as examples. A comparative
study has been carried out to illustrate how an efficient light management can be obtained in
silicon nanowire based solar cell.
2. Method and materials
c-Si slab and Si-NW on c-Si wafer were modeled in FDTD package of Lumerical Solution
(ver 8.6) and a three-dimensional (3D) analysis was carried out to obtain and compare optical
characteristics of such systems. The model geometry was selected in such a way so that the
parameters can be as close as of those reported previously (Hossain et al. 2016). Absorption
profile, Poynting vector, EM field distribution, and generation rate distributions at different
wavelengths ranging from UV to NIR region were extracted. Unpolarized plane wave as
illumination source was set as incident to the vertically modelled Si-NW. The characteristics
of Si-NW system were compared with that of c-Si slab only. Intensities of absorption profile,
Poynting vector, EM field and exciton generation rate distributions were obtained slice by
slice at different incident wavelengths.
3. Results and discussion
Solar cell internal quantum efficiency is known to be directly related to the photon absorption
profile of the absorbing layer. Such photon absorption can be confined and enhanced
depending on the geometry of absorbing layer in solar cell. Absorption profile, EM field
distribution, Poynting energy and excitation generation rate distribution are inter-related and
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deterministic factor to efficient solar cell. We have extracted aforementioned characteristics
at different wavelength ranging from UV to NIR region (i.e. at 300, 500, 700, 900, and 1100
nm). Figure1a–c and Fig. 2a-c show absorption profiles and electromagnetic field distribution

Fig. 1: (a)-(c) Spectral absorption depth profile of Si-NW model system at 300, 700 and
1100 nm wavelengths respectively, and (d) that of flat c-Si slab at 700 nm wavelength.
of nanowire model system at 300, 700, and 1100 nm wavelength respectively. Absorption
profile and electromagnetic field distribution of c-Si slab only at 700 nm wavelength of solar
spectrum was shown in Fig. 1.d and Fig. 2d respectively as references. For shorter
wavelength with higher energy, such as at 300 nm, almost no absorption and EM field
distribution was observed. On the other hand, for longer wavelengths, such as at 1100 nm,
slight distribution was observed near the edge and started to reduce within the absorbing
layer. At 700 nm wavelength of solar spectrum, the intensity distribution was confined within
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the nanowire model system. For conventional flat panel Si-based solar cell, single band gap
material (Eg= 1.8 eV or 700 nm) utilizes the solar spectrum at around 700 nm.

Fig. 2: (a)-(c) spectral EM field distribution for Si-NW model system at 300, 700 and
1100 nm wavelengths respectively and (d) that of flat c-Si slab at 700 nm wavelength.
In photovoltaics, excitation generation rate defines how many of excess excitons (i.e., excited
electrons and holes) are available to collect. Number of useful excitons per incident photon is
very crucial in designing efficient solar cell. Current (i.e. rate of charge flow) in solar cell
depends on the concentration of such excitons. Therefore, generation rate is calculated by
taking divergence of Poynting vector considering a zero recombination loss. Therefore,
understanding of spectral distribution of Poynting vector and excitation generation rate within
flat silicon as well as Si-NW system is very important. Energy flow distribution throughout a
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single Si-NW from top to the bottom are shown in Fig. 3a–c at different wavelength such as
300, 700, and 1100 nm wavelength respectively. At shorter wavelength, such as at 300 nm,
distributions were found intense near the edge and there was almost no distribution within the
nanowire model system. For longer wavelengths with lower energy, such as at 1100 nm,
there was slight confined distribution but that started to reduce within the absorbing layer. At
700 nm wavelength of solar spectrum, the intensity distribution was observed to be confine
and well distributed. Confined energy flow distribution was observed within the nanowire
model system. Figure 3d shows the Poynting vector profile obtained in flat c-Si slab at 700
nm wavelength as reference.

Fig. 3: (a)-(c) Spectral Poynting vector profile of Si-NW model system at 300, 700 and
1100 nm wavelengths respectively, and (d) that of flat c-Si slab at 700 nm wavelength.
Figure 4a-c show excitation generation rate distribution of nanowire model at 300, 700, and
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1100 nm wavelength, respectively. At shorter wavelength with higher energy, no excitation
generation rate distribution was observed. For longer wavelengths, such as at 1100 nm, slight
distribution near the edge was observed. At 700 nm wavelength of solar spectrum, most of
the exciton generation rate distribution was confined within the nanowire model system and
the intensity distribution was well distributed. Excitation generation rate distribution of c-Si
slab only at 700 nm wavelength of solar spectrum was shown in Fig. 4d as references.

Fig. 4: (a)-(c) spectral exciton generation rate distribution for Si-NW model system at
300, 700 and 1100 nm wavelengths respectively and (d) that of flat c-Si slab at 700 nm
wavelength.
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4. Conclusion
Absorption depth profile, electromagnetic field, Poynting vector, and excitation generation
rate distribution of two typical model systems, flat silicon and nanowire model systems, were
observed at different wavelengths. At around 700 nm (band gap, Eg= 1.8 eV), intensity
distributions were found confined and well distributed within the Si-NW model system with
reference to those obtained at other wavelengths. Exciton generation rate was available and
well distributed all the way down to the bottom of the wire. Lower wavelength with higher
energy solar spectrum was not found to be efficient for Si-NW model system.
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Energy storage is a critical determinant of grid stability under scenarios with a high percentage of renewables in the
generation portfolio. Concentrating solar thermal power traditionally offers high capacity thermal energy storage
(TES) on timescales up to 24 hours, while photovoltaics operate with comparatively better economy but are limited
to direct injection into the grid during the daytime in the absence of mature, high throughput battery storage
technology. Obtaining the advantages of both systems through hybridization has been proposed in the ARPA-E
FOCUS program, and this work investigates the performance and cost trade-offs of updating existing CSP
infrastructure to include superimposed spectral filtering and concentrating photovoltaics in a linear optical
configuration. A numerical energy balance model for a retrofit parabolic trough collector is deployed in an hourly
simulation using plant characteristics and typical meteorological year (TMY) data for a location of interest. Design
features including PV band pass filtering, operating temperature, and primary optics intercept are varied for an
optimization of levelized cost of electricity. A case study for the US southwest illustrates the potential for
performance enhancement relative to a CSP baseline via increased photovoltaic output (>30%), and favourable
financial returns in comparison to greenfield PV plant development (with installed specific costs <1.5 USD/W), that
preserves the advantages for grid operators of maintaining the dispatchability of TES.
Keywords: Solar thermal, concentrating photovoltaics, energy storage, dynamic simulation, hybrid system, CSP,
CPV
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The hybridization of CSP and concentrated photovoltaics (CPV) technologies combines the energy storage
capabilities of CSP with the economy of PV conversion. Retrofitting an existing parabolic trough collector CSP
plant with a spectral splitting filter reflecting optimal wavelengths to a CPV receiver is expected to increase the
annual power output of a traditionally configured CSP plant using linear Parabolic Trough Collectors (PTCs). This
is due to the relatively higher in-band efficiency of PV cells compared to the output of a steam Rankine cycle after
accounting for optical and thermal losses in the CSP array. The concept of interposed secondary optics has been
considered previously as means to increase the concentration ratio onto the PV cell, however, in this study we take
advantage of an existing as-built CSP array, with its energy storage benefits, and add secondary optics to redirect
specific wavelengths of light to a CPV receiver. The key advantage of the hybrid CSP-CPV system is that the filter
can be designed to reflect wavelengths optimal for conversion in the PV cell, while passing the poorly utilized
wavelengths through to the CSP, thus allowing the PV cell to operate effectively while ensuring that light
wavelengths that would otherwise go to waste are exploited (Orosz 2015). The hybrid CPV retrofit of a CSP plant
would be an economical option to increase the annual power output, while still utilizing the energy storage
capabilities of CSP.
The secondary optic consists of a dichroic filter attached in plane intermediate between the primary mirror and the
focal line of the parabolic trough mirror, with the CSP heat collection element (HCE) above it and the CPV
receiver below, as shown in Figure 1. The filter splits the spectrum such that ultraviolet and infrared wavelengths
pass through the dichroic mirror to the HCE while wavelengths that are efficiently used by the CPV cell are
reflected down to the CPV receiver. The diversion of part of the solar spectrum results in reduced CSP power
output, however, the CPV power output increases the net output of the plant due to its higher in-band conversion
efficiency.
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Figure 1: A CPV retrofit attaches to and
operates with an existing standard
parabolic trough collector (RP3 outer
mirrors not shown). Inset shows a detail
of the beam splitting secondary optics, the
respective CSP and CPV targets, and the
AM1.5 band of photovoltaic conversion
(lower right) where the right band edge is
set to the cSi band gap and the left band
edge is tuned to maximize combined CSP
and CPV output.
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Probabilistic yield estimation (monthly and annual energy output) based on design and location is an important
input in the development cycle of solar energy projects and critically determines the financial merit of a proposed
solar plant. There are many commercial software packages (PVSyst, Helioscope, etc.) in use for determining the
annual yield of a solar PV power plant. The System Advisor Model (SAM) is a free software developed by NREL
(National Renewable Energy Laboratory 2016) that is utilized for both performance and detailed financial
modelling. While SAM and other specialized tools are capable of modelling PV, parabolic trough CSP and CPV
plants, there is no commercially available platform that can simulate a hybrid of both CSP and CPV, and in
particular with reference to spectral dependencies e.g. the secondary optics used in the retrofit which our team is
developing with support from the U.S. Department of Energy (DOE) Advanced Research Projects Agency (ARPAE) FOCUS program (ARPA-E n.d.). To address this observed gap in performance prediction tools, a dynamic
simulation was created in Python which embeds a previously developed detailed steady-state model of the energy
balance of a parabolic trough CSP plant with a coupled spectrum-splitting filter and CPV cell retrofit (Orosz et al.
2016).

    
A steady-state physics based energy balance model was developed in Python, based on the Forristall energy
balance model (Forristall 2003). The heat transfer equations of the Forristall model are combined with the
necessary equations to determine PV power generation, in order to determine the net generation of a retrofitted
plant. Inputs into the model include collector and HCE geometry, heat transfer fluid (HTF) properties, inlet
temperature, and flow rate, optical properties, and ambient weather conditions. In addition to CSP generation, with
and without the retrofit and CPV generation, the model also determines HTF outlet temperature, necessary
pumping power, and thermal and optical losses.
The HCE is comprised of a stainless steel tube with a selective coating inside a glass envelope, with an evacuated
annulus. The model assumes all temperatures, heat fluxes, and thermodynamic properties are uniform around the
circumference of the HCE, and that the only heat transfer in the axial direction along the length of the trough is via
the HTF. The effective incoming energy is the solar beam irradiance reduced by optical losses incurred through the
dichroic filter. The incoming irradiance is predominantly transmitted through the glass jacket, absorbed and
conducted through stainless steel absorber, and finally transferred to the HTF by convection. Residual energy is
lost to the environment via convection and radiation. The beam irradiance that is reflected by the dichroic filter is
converted to electricity directly by the CPV reciever. These energy losses and gains are calculated along the length
of the trough.

   

A meaningful comparison between a CSP plant and hybrid retrofitted plant would need to be done on at least an
annual scale to determine how the plants differ throughout a year. The computational effort associated with running
the steady-state model at every hourly time step for a year to build up an annual generation profile would be extensive.
In order to reduce this computational effort a model reduction strategy was implemented by means of a parametric
sweep, varying dry bulb temperature and direct normal irradiance. The resulting dataset was subjected to a symbolic
regression algorithm (Schmidt and Lipson 2009) to simultaneously search the parameter and form space for highly
fitted equations representing the steady-state model’s prediction for CSP and CPV yields of the retrofit.
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TABLE 1: Values of coefficients for dynamic
simulation calculations
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TABLE 2: Parameters used for dynamic simulation
calculations

Coefficient

Value

Parameter

Value

a0

0.81123

A

a1

0.000133

Aperture Area (190,338 m2)
Ambient Dry Bulb
Temperature

a2
b0
b1
b2
b3
c1
c2
c3
c4
c5
c6
c7

-34.4304
5.644508
7.367557
0.000626
0.000269
0.000831
3.498752
2.055137
0.001483
4.371873
7.378e-6
2.141e-9

Tamb
Ib

TESSOC IN

Beam Irradiance
Thermal Energy Storage
state of charge from
previous time step

To initialize the annual simulation model, typical meteorological year (TMY) data (National Renewable Energy
Laboratory 2003), consisting of 8760 hourly values for ambient conditions, is read into the model. The correlation
equations, from the symbolic regression, that make up the annual simulation model are shown in equations 1-4, with
coefficients in Table 1, and parameters in Table 2. The ambient dry bulb temperature and direct normal irradiance is
applied to these equations at each hourly time step for a year. The model calculates the CSP yield before the retrofit,
as well as the CSP and CPV yields with the retrofit. This simulation can be applied to any plant as long at the aperture
area and TMY data is available. After the model calculates the yields of the plant, the CSP yields are compared to
the nameplate capacity of the power block to ensure the power block is not being overloaded. If the CSP load is
greater than the nameplate capacity, the model assumes that collectors will be defocused to avoid this overload and
therefore the CSP yield is set equal to the nameplate capacity of the power block, as shown in Figure 2. The model
also assumes that there will be no yield of any kind if the sun is not shining, e.g. direct normal irradiance is less than
200 W/m2.
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Figure 2: Annual performance model block diagram
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For this study the CPV retrofit of the Genesis solar trough plant in the Mojave Desert near Blythe, California
(33.6650°N, 114.9948°W) is investigated. The Genesis CSP plant features linear parabolic trough collectors in a
solar field with an aperture area of 1,928,320 m2 and average annual power block output of 580,000 MWh (National
Renewable Energy Laboratory 2014). This facility has a steam Rankine power block of 250 MW net capacity and
no Thermal Energy Storage (TES)(U.S. Department of the Interior Bureau of Land Management 2016), consequently
the CSP electricity power output in the model was capped at 250 MW. The model assumes that the entire solar field
aperture area is retrofitted with the hybrid CPV system.
The Genesis plant’s first full year of operation was 2014 and monthly data for the energy output in MWh is published
online (National Renewable Energy Laboratory 2014). Actual meteorological data for Blythe, CA for 2014, 2015,
and 2016 was obtained to initialize the dynamic simulation; the dry bulb temperatures and irradiances for every hour
of those years are shown in Figure 3. The measured data provides direct normal irradiance, which does not account
for the cosine losses of a single axis tracking plane. To increase the accuracy of the dynamic simulation, the direct
normal irradiance is multiplied by the plane of array cosine loss factor for each hour, using a method adapted from
(Duffie, Beckman, and Worek 1994).

Figure 3: Beam Irradiance and Dry Bulb Temperature for 2014, 2015, and 2016 in Blythe, CA. The beam irradiance
is a modification of the direct normal irradiance considering cosine losses of a single axis tracking plane.

%'&%
  

The optical and thermal validation and parametric tuning of the dynamic simulation is achieved through comparison
of the predicted output of the CSP component (without the retrofit) to the published output data for the Genesis plant.
The model calculates the output for every hour. These were summed into each month for comparison to the measured
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data. Each of the modelled months was then compared to the measured data. A relationship is found to improve the
closeness of fit between the results of physical modeling and the published output of the genesis plant:
Equation 5:
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Table 3: Values of coefficients for tuned model simulation

     
     

Value

c1

329.1380845

c2

0.168203567

c3

332684.8232

c4

367.1260423

c5

329.1380845

c6

0.168203567

c7

3.462152074

c8

12.08652194

c9

5303.369644

c10

13796.71749
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Figure 4: Predicted vs. measured CSP output modified by equation 5 with temperature and irradiance
dependencies

Figure 5: Modelled and Actual CSP Output (MWhr) for each month of the years of operation, modified equation
5.
As shown in Figure 4, using average temperature and daytime irradiance the predicted data matches closely with the
measured data, with an R2 value of 0.9754. Accuracy can be improved in sub-annual time periods by using the
average data. The predicted CSP output matches the observed data well for each month, as shown in Figure 5.

  

The overall yield of the plant with the retrofit, as well as the baseline measured CSP yield for the three years of
operation is shown in Figure 6. The total yield of the plant is increased by 25%.
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Figure 6: Actual and predicted retrofit(modelled) annual yield of Genesis plant.
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The addition of a dichroic filter as a secondary optic in a Parabolic Trough Collector allows for the concentration of
selected bands of the solar spectrum onto two physically and thermally decoupled receiver targets. This approach is
proposed as a retrofit to existing CSP plants using the PTC format, whereby the second receiver is a solar panel. To
characterize the performance of this hybrid retrofit, a dynamic simulation model is developed using correlation
equations derived from a detailed steady state energy balance model, as a tool to facilitate the calculation of the
change in yield of an existing CSP plant with the addition of a CPV retrofit. The overall yield of the plant with the
retrofit, as well as the baseline measured CSP yield for the three years of operation is evaluated for a case study CSP
plant (Genesis) located in California in the USA, and the results of this analysis indicate that the total yield of the
plant is increased by 25%. The magnitude of the performance increase and the comparatively minor equipment
investment supports further investigation of this technology as a retrofit to the currently operating fleet of PTC plants,
and future work includes experimental validation of a prototype retrofit in a controlled environment in operating
solar fields.
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A barrier-free back contact in CdTe/CdS solar cells is fundamental for obtaining high-efficiency devices.
Generally, the back contact is made by depositing a few nanometres of copper onto an etched CdTe surface,
where a thin layer of tellurium is formed. In this way, a CuxTe film is obtained forming an ohmic contact with
CdTe. However, if x exceeds 0.4 the contact is not stable and the solar cell degrades. Several attempts were
made to make a barrier-free contact by using low-resistivity p-type materials such as: Sb2Te3, As2Te3, Bi2Te3,
MoOx and ZnTe but the results were not definitive. Still some copper seems to be needed. We used As2Te3,
Bi2Te3 and ZnTe as buffers covered by ̴ 10 nm of copper deposited at 520 K substrate temperature. This kind
of contact works very well but only if the final contact is made of a thin layer of platinum covered by a thicker
layer of molybdenum. Platinum exhibits a high work function (5.8 eV) and it is thus suitable to make an ohmic
contact to the p-type high-conductivity buffer layers.
Keywords: CdTe, Back Contact
  %#!&%! 
The CdTe/CdS solar cell has reached an efficiency of 22.1% [1] which, together with CuInGaSe2 (CIGS), is
the highest efficiency obtained for thin film solar cells. This efficiency is comparable with that of the best
crystalline silcon solar cells. However, there is something which has not been completely clarified. That is,
how to make an ohmic and stable contact to CdTe? Is it necessary to use copper? If yes, how to limit the copper
diffusion into CdTe? It is known that, if copper reaches the junction, it can cause short-circuits or it can dope
CdS, which becomes insulating. Several attempts have been made in order to avoid the use of copper in the
back contact. For example, Lin et al. [2] and Drayton et al. [3] used MoO3 thermally evaporated onto the CdTe
surface as back contact. They find that this kind of contact works well on CdTe made both by closed-space
sublimation (CSS) or R.F. sputtering. However, this contact works well if MoO3 exhibits the right
stoichiometry, which is not so simple to be obtained. Another promising material to be used as a Cu-free back
contact is iron pyrite [4] but the obtained results are not definitive. In the past, we reported the preparation of
a copper-free back-contact to CdTe by using a low resistivity p-type material such as Sb2Te3 [5] covered by
molybdenum. Despite a high efficiency ( ̴ 15%) was obtained, we found out that a roll-over is present in the JV characteristics which is an indication that some barrier still exists at the back-contact. More recently, we
used other buffers such as As2Te3 and Bi2Te3 covered by 5 – 10 nm of copper and we have demonstrated that
an annealing at 520 K in air frees tellurium which combines with copper that, diffusing through the buffer,
forms a thin layer of CuxTe on the CdTe surface [6-7]. If the Cu-diffusion is controlled in order that the x in
the CuxTe is less than 0.4, then the contact is quite stable over time. It seems that a CuxTe (with x ≤ 0.4) film
is necessary to form a good contact with CdTe. In theory, the most suitable contact should be ZnTe since it is
p-type, it does not exhibit any lattice mismatch with CdTe and its valence band is aligned to that of CdTe.
However, ZnTe thin films generally exhibit high resistivity. We found out that, if ZnTe thin films are grown
by radio frequency (R.F.) magnetron sputtering at 300 K substrate temperature and then annealed at 520 K for
20 minutes, their resistivity is lowered from 105 Ω cm to 2 Ω cm. In these conditions, ZnTe is suitable to be
used as a back contact for CdTe. In any case, in order to make a good contact, a few nanometers of copper ( ̴
10 nm) on top of ZnTe are necessary in order to form, through Cu-diffusion, a CuxTe layer in the CdTe surface.
Finally, the last contact on the buffer layer must be a metal which must form an ohmic contact with the buffer
layer. We found out that, in order to avoid any roll-over and to have always a fill factor (F.F.) greater than 0.7,
we had to use a few nanometers of platinum covered by molybdenum, that is, only platinum which exhibits a
work function of 5.8 eV makes an ohmic contact with ZnTe. The same results are obtained if As2Te3 or Bi2Te3
are used as buffer layers.


'"# %

As shown in figure 1, CdTe/CdS solar cells are made up of 4 main layers. As a substrate, a 1 inch square soda
lime glass is used. The front contact is prepared by depositing in sequence on the glass 500 nm of indium tin
oxide (ITO) and 150 nm of pure ZnO at a substrate temperature of ̴ 670 K. ITO is prepared by direct current
(D.C.) pulsed magnetron sputtering in an atmosphere of Ar + 2% of O2, while ZnO is prepared by R.F.
magnetron sputtering from a target of pure Zn in an atmosphere of Ar + 10% of O2. In both cases O2 has to be
minimized in order to avoid any excess of oxygen in the films. CdS is also prepared by R.F. magnetron
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sputtering in an atmosphere of Ar + 6% Trifluorometane (CHF3). This gas contains F, which is freed in the
sputtering discharge and, being electronegative, bombards the substrate during the growth of the CdS film. In
this way, any excess of Cd or S are removed from CdS during its growth and the film results stoichiometric
with a forbidden gap a little higher than that of the film grown without CHF3 [8]. CdTe is prepared by CSS at
a substrate temperature of 773 K. Typical thickness of CdS is 100 nm while CdTe thickness is 6 µm. Before
making the back-contact CdTe is treated for 20 – 30 minutes at 690 K in an atmosphere containing 2 x 103 Pa
of Freon R22, whose formula is CHClF3, and 5 x 104 Pa of argon.

Fig. 1: Outline of CdTe/CdS solar cell.

For the back-contact we experimented four buffer layers namely: Sb2Te3, As2Te3, Bi2Te3 and ZnTe. Those
buffer layers are generally covered by 10 nm of copper and the external layer is made by depositing in sequence
10 nm of platinum and 200 nm of molybdenum (as shown in figure 2).

Fig. 2: Scheme of back-contact structure.

Sb2Te3, As2Te3, Bi2Te3 all exhibit a low resistivity on the order of 10-2 – 10-3 Ω cm but ZnTe exhibits a high
resistivity. The lowest resistivity observed on ZnTe is about 105 Ω cm, when it is deposited by R.F. sputtering
with the substrate kept at room temperature. But, it is enough a 20 minutes annealing made at 520 K in vacuum
to lower the resistivity to 2 Ω cm. At higher annealing temperatures the resistivity tends to increase again. The
results obtained with As2Te3, Bi2Te3 and ZnTe are very similar while the efficiency obtained with Sb2Te3 is a
little smaller. Efficiency for these cells is on the order of 15 - 16% with a fill factor of 0.7 - 0.72. Figure 3
shows the J-V characteristics of the solar cell with a buffer layer of ZnTe and the external contact made with
or without platinum. While the short-circuit current density (JSC), open-circuit voltage (VOC) and F.F. are
almost the same, a roll-over appears in the J-V characteristic when platinum is not used. From these results it
comes out that in order to get CdS/CdTe solar cells with high efficiency without any roll-over:

Fig. 3: Sample CdTe #5959: external contact is made without platinum. Sample CdTe #6034: external contact is made with
platinum.
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1 - Copper is necessary in order that a CuxTe layer is formed on top of CdTe. 2 - The diffusion of copper has
to be controlled in order to form a CuxTe layer with x ≤ 0.4. 3 - A buffer layer is needed in order to control the
Cu-diffusion. 4 - A contact with a high work function, such as platinum (with a work function of 5.8 eV) is
needed in order to make an ohmic contact to the buffer layer.
 %%(%$%$
Accelerated lifetime tests have been done on solar cells with different buffer layers. Typically, the tests are
made by keeping the devices in a box in which the temperature is controlled at 350 K. During the tests the
solar cells are exposed to one sun light for about 1200 hours. Almost no efficiency degradation is observed on
solar cells with ZnTe buffer layers. There is an initial increase in the efficiency which then stabilizes at values
close to the initial value. For the other buffer layers the efficiency decrease from 5% to 10% after 1200 hours
of light soaking at 350 K.


! &$! 

Here we described a way to make a non-rectifying back-contact to CdS/CdTe solar cells. We found out that
the back-contact can contain copper whose diffusion must be controlled by a buffer layer. Finally, we would
like to put in evidence that, in order to avoid any roll-over in the J-V characteristic, the contact on the buffer
layer has to be made with a high work function metal such as platinum.
 # $
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Abstract
Thermal Imaging has always been used in military applications along with night vision, when there is no sun.
Now is the time we need thermal imaging technology to check the performance and find out
abnormalities/underperforming areas in Solar PV power plant. While the advantages of thermal imaging are
large in number, but it comes with a need of awareness of the concepts of heat transfer and fundamentals of
measurement. A lot of research has been done, on how to do the thermal imaging of various type of
surfaces, which have glazing or some type of coating over them. This paper tries to summarize the
knowledge gained in the field of heat transfer along with the application areas where Infrared (IR)
thermography can help us track down high temperature regions (hot spots) in a Utility Scale Solar PV Plant.
This paper will also serve as a quick reference guide for the Solar industry engineers for a fast set up,
measurement and understanding of Thermographic Instruments. For the analysis purpose, a 100MW Utility
scale solar site and few rooftop solar projects in India were chosen to collect the data and for taking the
measurements.
Keywords: Thermal Imaging, Performance of PV plant, Hot Spot, Heat Transfer, IR Thermography,
Reference guide

1. Introduction
Numerous techniques are being used to measure the performance of components in a PV plant. Monitoring
systems come into play, starting from the string level/array level data and it goes till current reaches the grid.
Sensors are used to measure temperature of modules, ambient temperature, Irradiance, wind speed, wind
direction and also in the electrical and electronic equipment to keep a check on the performance and
operation. The solar industry has started using Infrared thermography for finding the underperformance in
their modules and to narrow down the faults to specific cells (Hot Spots). It is also being used for checking
the uniform oil flow in heat exchangers of transformers and check whether the oil is circulating as expected
or there are regions of blockage by seeing the thermal image of the equipment. Similarly, this can be used to
check spark or loose contacts at isolator or evacuations points or substation level of a solar power plant. So, a
lot of early failures can be detected.
To check the performance of the components, one needs a good understanding of materials, their glazing
behavior as well as knowledge of heat transfer subject. Every object can emit, reflect and transmit radiations
in different band of the electromagnetic spectrum, depending on the properties of the material and the
temperature of the object. Sun is emitting electromagnetic (EM) radiations in a broad range of Infrared (IR),
Visible, UV and X-ray, etc. Every object above 0 K (Kelvin) emits and receives energy (Plank’s Law). In IR
thermography, we use the infrared emitting capacity of a body which most of the time is a strong function of
temperature (Stefan-Boltzmann law). A thermal imager can capture the IR radiations emitted and can convert
the IR data in high and low temperature regions using visible spectrum on our display screen.

2. Working of Thermal Imaging Technology:
2.1 Background
In the last 50 years, there have been three major developments in area of thermal imaging and these are:
(1) Scanners or Scanning Systems, (2) Pyroelectric Videocon’s (PEVs), and (3) Focal Plane Arrays (FPAs).
FPA technology is more popular these days due to advancement in semiconductor industry and because of
the accuracy possible with them. The function of the equipment is to detect the infrared radiations emitted by
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an object or equipment (known as Target). Corresponding to the Radiosity (sum of radiations, emitted,
reflected and transmitted per unit surface area) of the object, there is induced voltage or change in resistance
of semiconductor array. These signals are then read by the electronic circuits present in the equipment and a
thermogram is created which is visible to us on the display screen of equipment (Fig. 1). Each pixel of
thermogram inherits the point to point temperature measurement on the surface of the object. This is done by
an array of semiconductor detectors, which are placed on a plane and are highly sensitive to temperature.
More is the density of plane of the array; more will be the resolution of the thermal image and hence higher
accuracy of measurement. Typical arrays used are 256x256, 320x240, etc. For the current analysis, we have
used thermal equipment of Testo and Fluke companies, and used their respective software for the analysis.

Fig.1: Thermal image distinguishing the high and low temperature regions with the help of the visible spectrum, white and
yellow being the highest temperature region while black and blue indicating a lower temperature range.
( Image taken at one of the megawatt scale solar plant in India)

2.2 Sun’s Spectrum
Sun has always been the source of energy for earth. From photosynthesis to blowing wind, it is all because of
the sun. In recent years, we have learnt the importance of using sun’s energy directly instead of stored forms
like fossil fuels, as we don’t have to spend extra money for their extraction and purification. We just need
technology, which can convert Sun energy directly to electricity. Solar PV technology is at the forefront of
all renewable energy sources. As per International Energy Outlook 2016 by the IEA, around 30% of total
electricity generation in 2040 will be from Renewable sources of energy (International Energy Outlook,
2016). In another Annual Energy Outlook report 2017 of the IEA, solar capacity addition is projected to be
the primary replacement of retiring coal power plants between 2030 and 2040 (Annual Energy Outlook,
2017). Utilizing sun’s energy will be the most economical and most sustainable option in coming years. The
more we know about the sun and the ways to utilize its energy, the better it will be for us.
The photons coming from the sun, carrying this energy, have a wavelength varying from high energy X-rays
and gamma rays to visible light to the infrared and radio. However, here on earth, we receive only a certain
portion of the spectrum. Sun’s spectrum (shown in Fig.2) is similar to that of a spectrum of black body at
5800K as mentioned by Duffie and Beckman (Duffie and Beckman, 2013). Out of these radiations, around
44% of radiation are in visible range, i.e. 400-700 nm or 0.4-0.7 μm and 49% in the infrared region.

Figure 2: Sun's Electromagnetic Spectrum (Nick, wikipedia)
Image credits: Nick84 http://commons.wikimedia.org/wiki/File:Solar_spectrum_ita.svg, CC BY-SA 3.0,
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2.3 Infrared Radiations (IR)
Any Radiation falling on any object is never perfectly absorbed, transmitted or reflected. Always, two or all
three of these phenomena happen at once. For a typical transparent glass, 92% of the radiation are
transmitted, 6% are reflected at the glass surface and 2% are absorbed. In the solar PV modules, the glass
used is extra clear glass with low iron oxide content, which helps in less absorption of light. The transmission
curve of glass also shows us that the glass is somewhat transparent in the short waveband and opaque in the
long waveband. All these phenomena are also true for IR falling/transmitting through the glass surface.
When we see a surface, we can see the radaitions being absorbed by it along with the radiations reflected or
transmitted by it. Neither the reflected nor the transmitted radiations, provide any details about the
temperature of the object. Only emitted radiation coming out of a body give us a sense of temperature. This
radiation being emitted by a body is directly dependent on the emissivity of the surface.
In thermography, the biggest task for a professional is to separate the reflected and transmitted part of
radiation from the emitted radiations. Glasses are typically transparent to short IR wavelengths and opaque to
long IR wavelengths. Our atmosphere is transparent in two regions of wave i.e. visble, infared and radio
wave bands, rest of thermal spectrum is absorbed by water vapors, carbon dioxide and other gases (Fig.3).

Fig.3: Absoption spectrum of earth’s atmosphere. Chemical notation (CO2, O3) indicates the gas responsible for blocking
sunlight at a particular wavelength. (Earth observatory, NASA)

2.4 Materials and Emissivity measurement
A black body is a perfect absorber and emitter of radiation. The emissivity of a surface represents the ratio of
the radiation emitted by the surface at a given temperature to the radiation emitted by a blackbody at the
same temperature. The emissivity of a surface is denoted by ε, and it varies between zero and one, 0< ε<1.
Emissivity is a measure of how closely a surface approximates a black body, for which ε=1 (Yunus A.
Çengel, 2002).
For better measurements, we also need to know about the absorption property of a body. Absorptivity is a
measure of how much fraction of the radiation falling on the object/medium is absorbed by it. Radiation
falling on a surface/medium could have encountered three phenomena (a.) Absorption (b.) Reflection (c.)
Transmission (explained in eq.1). The fraction of these will vary depending on property of the
object/medium.
From the first law of thermodynamics we can say that,
Energy Incident = Energy Absorbed + Energy Reflected + Energy Transmitted
1 = (Energy Absorbed + Energy Reflected + Energy Transmitted) / (Energy Incident)
Or, 1 = α + ρ + τ

(eq. 1)

Where, α is Absorptivity, ρ is Reflectivity and τ is Transmissivity of the material.
For finding the temperature of any object, there are equipment available. There are Infrared thermometers,
which can give us point-to-point temperature readings and there are thermal imagers, which gives us the 2D
image of the surface showing hot and cold regions with different colors/contrast. Many Instruments from
various manufacturers like Fluke, Meco, Testo etc. have come into the market. But, measurements made by
these instruments do not make sense till accurate values of material/media properties, external factors are
given as input first.
For example: To find out any hotspot in a string or array we need to have knowledge of emissivity of silicon
material (assuming multi crystalline silicon solar cells) and how the upper glazing is affecting the
measurement. All the metals are good conductors of heat and electricity, so they don’t emit a lot of radiation
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in IR region and also they don’t emit the radiation from the same place where radiation has fallen. Inside
metals molecules vibrate quickly and energy gets conducted to all surrounding molecules, which results in
lesser values of emittance. Metals also reflect a part of incoming energy/light falling on it. This kind of
behavior is not shown by semiconductor materials. They absorb the radiation and emit it in the IR region.
Most of the radiation is emitted from the same place where incident radiations fell. So, most of the time
Semiconductors and insulators have higher emissive values. Table 1 lists the common materials encountered
while doing thermal imaging along with their emmissivity values.
Tab 1: List of common materials and their emissivity.
(Fluke, Emissivity of materials), (Transmetra, Emissivity for various surfaces)
Sr. No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

17
18
19
20
21
22
23
24
25

Material
Aluminum Foil
Aluminum Highly
Polished
Aluminum Heavily
Oxidized
Asbestos board
Asphalt
Brick, red rough
Brick, fireclay
Cast Iron, newly
turned
Cast Iron, turned
and heated
Cement
Clay
Coal
Concrete

Emissivity
0.04
0.0390.057
0.2-0.31

Sr. No.
26
27

Material
Mild Steel
Paper

Emissivity
0.20 0.32
0.93

28

Plastics

0.90-0.97

0.96
0.93
0.93
0.75
0.44

29
30
31
32
33

PVC
Silica
Soil
Steel Polished
Steel Galvenized old

0.91-0.93
0.79-0.85
0.79
0.07
0.88

0.60 0.70

34

Steel Galvenized new

0.23

0.54
0.91
0.8
0.85

35
36
37
38

Tin unoxidized
Titanium polished
Tungsten polished
Water 0.95 0.963

Cotton cloth
Copper
electroplated
Copper heated and
covered with thick
oxide layer
Copper Polished

0.77
0.03

39
40

Wood Beech, planned
Wood Oak, planned

0.04
0.19
0.04
0.95
0.963
0.935
0.885

0.78

41

Wood, Pine

0.95

0.0230.052
0.059

42

Wrought Iron

0.94

43

Zink Tarnished

0.25

0.92 0.94
0.985
0.966
0.985
0.14 0.38
0.61

44
45
46
47
48
49

Zink polished

0.045

0.1

50

Copper
Nickel
Alloy, polished
Glass smooth
Human Skin
Ice smooth
Ice rough
Iron polished
Iron, plate rusted
red
Mercury liquid

Note: As we know, emissivity of a given material will vary with temperature and surface finish, the value
in these tables should be used only as a guide for relative or differential temperature measurements. The
exact emissivity of a material should be determined when high accuracy is required.
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Fig. 4: Optical Image of a damaged module.

Fig. 5: IR Image for damaged module (fig.4) with
hot spot and high temperature region.

In IR thermography, camera sensor takes the IR radiations emitted by a body as its input to calculate the
temperature of the body. These instruments most often need the ambient temperature values for reference
temperature and then calculate the temperature of materials/medium accordingly. For silicon, two values of
emissivity are given in standards 0.8 and 0.9, depending on glazing. Assuming the value of emissivity as 0.8
and setting the measurement range at 35 to 75 degree centigrade in the equipment, we were able to get better
results. For cross checking our measurement, we had used a thermocouple at the back of one of the solar
modules.

3. Application of Thermography in Solar PV Plants
Thermal imagers will pin point us in the direction where fault/abnormality is present. By using electrical
instruments like Multimeter, Clampmeter and Resistance measuring units, we can get into the root cause of
an issue. Suppose there is an extra heating in one phase out of the three, thermal imager will direct us to that
phase, now to find out the reason for heating, we need to check the amount of current flowing as well as the
resistance in the circuit. A list of solar plant areas, where thermal imaging is used, is mentioned below:

3.1 Application area: To check underperforming solar strings and arrays:
Solar modules are the main component of energy conversion. The plant‘s efficiency depends primarily on
this conversion process. We can also calculate overall solar plant efficiency as the product of all the
efficiency in the process (as shown in eq. 2). For the efficiency calculation, we must know the losses in each
step of conversion.
The losses in a solar plant are as follow:
1.
2.
3.
4.
5.
6.
7.
8.

Loss due to temperature (The rated power of modules is calculated at 25°C) = L1
Dirt or soiling on face of solar module (Often, Dirt loss=5-10% or 0.05) = L2
Manufacturer's tolerance (3-4% or 0.03, given by the manufacturer) = L3
Voltage drop through AC and DC cabling = L4
Inverter efficiency/loss = L5
Shading = L6
Tilt angle of the solar modules = L7
Orientation of solar modules = L8

Overall efficiency= (1-L1) x (1-L2) x (1-L3) x (1-L4) x (1-L5) x (1-L6) x (1-L7) x (1-L8)
(GSES,2013)

(eq. 2)

Using this only, we also calculate the Energy yield of the plant,
Energy Yield = Irradiation x Module rated power x Losses (as efficiencies)
Using a thermal imager, we can calculate the thermal loss of the module and if there is any hotspot areas on
the panel.
In a solar panel, generally the cell temperature is 20-25°C higher than the ambient temperature because of
continuous heat generation at cell level. So, in the countries, which lie in between the tropic of cancer and the
tropic of capricon, this thermal loss can reach upto 20% (considering ambient temperature can go upto
50°C). The performance of these semiconductor solar cells is highest when the temperature is 0 degree C,
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which is not usually the case. This is one of the reasons that a place with high radiation need not be
generating the most amount of energy, compared to a place with low irradiance and low temperature.
So, thermal cameras can be used to check the healthiness of modules and for each degree higher temperature,
we lose roughly 0.3-0.5% of power output of cells. The Supervisory control and data acquisition (SCADA)
systems used currently will tell us the strings which are not giving full output and combined with thermal
cameras we can easily distinguish the faulty or damaged module which are making the loss.

Fig 6: The image on left shows the hot spot on a module and the damaged cell with temperatre going upto 120°C ( Shown in
right side figure with line graph)

3.2 Application Area: String Monitoring Unit (SMU)/ String Combinor Box Monitoring
(SCB)
These days SCADA systems are primarily used to check the string current in a large solar plant. Burning
issues in SCB/SMU are also common. At places around the world, fire incidents have also occurred because
of overheating issues at the terminal inside the SCB. On many occasions, it is found that connecting
terminals/joints are getting heated, but the temperature is not high enough that they will glow brightly and it
will become visible to the naked eye. The temperatures will go upto 200-250°C before the melting and
burning of plastics/rubber happen on wire insulation. Most plastics used are fire retardant but not fire proof,
so till date, early detection is the only key to avoid these accidents. Thermography being a non-contact type
technique, we can easily distinguish the overheated points, which may be because of any of the reasons like,
loose connection, dust in between the joints, some malfunctioning etc. The same is true for isolator panel
boxes also on AC and DC sides.

Fig 7: Normal and Thermal image of a typical Isolator Panel of a rooftop solar plant. In centre image we see that blue phase
wire temperature is roughly 5°C higher than wires of remaining two phases.

Action plan for relative temperature difference between phase connections:
40°C or more : Failure can happen at any time and corrective measure should be taken immediately
20°C-40°C

: Corrective measures to be taken at earliest to avoid failure in coming hours/days

20°C

: Corrective measure required to prevent from failure in coming weeks

Below 20°C

: Chance of failure; measure should be taken in next scheduled maintenance activity

3.3 Application Area 3: Power Conditioning Unit (PCU) / Inverter Level Inspection:
Inverters available in the market now (2016 onwards) have efficiencies of 95-98%. The remaining are the
conversion losses which happen in electrical and electronic components of the inverter. High quantity of
current coming from PV panels enters the inverter as Direct Current (DC) and we get 3-phase Alternating
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Current (AC) at the output. In recent inverter models, it is hard to see insulated-gate bipolar transistor
(IGBT) from outside, which is responsible for DC to AC conversion. This is adopted because of safety
features and Ingression protection standards like IP 65, IP 66 etc. In some older Inverter models (prior to
2014-15), checking healthiness of IGBT’s against overheating was possible with thermal cameras. We can
also check the heat emitted by bus bars, circuit breakers and at other connection points and can tell whether
there is something abnormal or not. In some cases, because of less space below Inverters and Junction boxes,
wires are bent in ‘U‘ shape, This causes a lot of resistance to current flow and hence heating of wires. We
can inspect such areas with thermal cameras.

3.4 Application Area: Switchyard and Substation Area:
Switch yard is the area, where the same power, which is generated by a solar plant, is transmitted to the state
electricity board substation or transmission company. Substation steps up or steps down the voltages coming
from the generating station. In both substation and Switch yard areas, thermography has huge application
because of the criticality of the equipments used. The components include circuit breakers of various types,
isolators, isolated phase buses, T joints, straight joints, bolts on bus bars, various fuses, transformers, etc.
Heating of bolts, moving contact parts, etc. in substation are often checked with thermal cameras. The fault
or failure of any of the components can lead to significant breakdown and hence loss of power. To confirm
the healthy functioning of these areas, in terms of smooth power evacuation without excessive heat being
generated on isolators, at bus bar connection points, we use thermal cameras. Depending on the material used
like bus bars are generally aluminium rods; we can set our instrument for the measurement. For high
voltages, aluminium is the most preferred choice because of conductivity, strength and corrosion resistance.
This not only saves time but also gives us confidence about the smooth operation of the plant.

Fig 8: Visible and infrared image of isolator and bus bars.

Fig 9: Palette options available in
softwares to have better visual effect.
(Screen: Fluke smart view software)

Fig 10: Fluke Smart view software window with image of a typical
isolation yard.

Note: When using the software for analysis, we need to put correct emissivity one by one for materials under
observation to see correct values of temperature. One should not conclude on basis of half-baked
information. One can also choose different kind of palettes as per one’s ease and visual advantage (Fig 9).
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4. Advantages and Limitations of IR Thermography
4.1 Advantages of Thermography (Tequipments.net)
x

It uses non-contact type of measuring technique, which makes it safe.

x

It is fast, accurate and easy to use.

x

It helps in detecting situations of electrical unbalance or overloads.

x

It can be used for electrical, mechanical and other building envelope related work.

x

It helps in fast identification of loose, corroded connections even if they are not visible to naked eye.

x

It helps in developing the Inspection program for various equipment and machineries.

x

It can be driver in making predictive and preventive maintenance schedules.

x

It can be used to check, heating in electronic circuit board and narrowing down to faulty area.

4.2 Limitation of Thermography
x

High reflecting metals: Using thermal imaging becomes tricky, when one takes measurement of
isolation yard on a sunny day. Unlike coal thermal stations or other energy generating stations, in
solar plants peak generation is in the hours, when the sun is shining bright. At this point of time, the
metals also reflect a lot of visible light. The expert has to carefully choose an angle, where sun
interferes least and try to get more radiations, which are emitted by the target equipment under
consideration. This can be done by varying the emissivity value or using some correction factor.

x

Trapping of IR radiation inside glass enclosures: Most of the thermal cameras available today can
take the measurement in short and medium infrared region. Filters are available to take care of
interference by glazing and other radiations.

x

Weather dependence in solar plant also plays a role. Recommended time for taking measurement is
peak sunshine hours. (between 11 am -2 pm in India)

x

Significant change in readings, when angle of measurement change. The recommended practice is to
take the measurement at an angle of 90 degree (normal) to the surface of object. If we take the image
at acute angles, then, the measurement will be incorrect.

x

When wind blows over a surface, a boundary layer is formed which effects the heat transfer.
Recommended practice is to take the measurement in still air conditions and at steady state
conditions.

x

IR themography takes the instantaneous measurement and not the gradient. In some cases, when
temperature is rising and falling with time, we cannot find the rate of change of temperature directly.
In those areas, thermocouples are best suited to analyze the trend with time.

x

For small rooftop solar plants, the cost of thermal equipment is high in comparison to the investment
one has done. So, it is common practice to ask an O&M company, which has taken annual
maintenance contract to do the themographic exercise once a year. This has more application in large
scale utility solar plants, where electricity is directly going to national grid and one can not afford any
failure in any components.

4.3 Other Application Areas:
x
x
x
x
x
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Used commonly by Energy Auditors to find the areas of heat loss and poor insulation in processing
industry and manufacturing industry.
Used to find oil/gas leakages from the vessels.
Used by civil work departments and building professionals to check the structural integrity and
sometimes the moisture inside the roof/wall etc.
Military use this technology along with night vision cameras in aircraft and auto guided missile
systems.
Used oftenly, in industries where lot of motors and rolling machines are present. This technology
helps in planning their maintenance schedules.

R. Sethi / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

5. Conclusion
As solar energy sector has shown its dominance in last few years, with accelerated growth rates; in coming
years, our life will be surrounded by equipment, machines and homes, running completely on solar energy.
This paper has tried to summarize the learning from megawatt scale solar plants in India, along with the
general understanding about IR thermal imaging technology. Most suitable person for thermal inspection
activity will be an engineer with basic understanding of concepts of heat transfer like radiosity, boundary
layer along with some knowledge of material science. The awareness of parameters like background
temperature, ambient air temperature, relative humidity, information on effect of wind or convection heat
transfer, emissivity properties, effect of sun, ideal distance of target, angle of incidence, will make the
measurement highly accurate. This paper has tried to touch upon these above parameters with field examples
and learnings from the SPV power plant. Few general thumb rules are also suggested, on the how to decide
the criticality and frequency of maintenance activity, based on the temperature readings (sub-section 3.2).
This paper will also serve as a reference guide, for using thermal imaging in different solar power plants and
other areas of energy efficiency.
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Abstract
The demand for energy worldwide is rising almost on a daily basis. There is need to research on new materials
and ways to provide energy. In this preliminary study, we explore the properties of polymer based TiO2 films for
possible photovoltaic applications. TiO2 films incorporating Polyvinylidene Fluoride-Co-Hexa fluoropropylene
(PVDF-HFP) as the structure directing polymer and using Titanium Isopropoxide as the precursor were deposited
by both dipping and spin coating techniques. The films were optimized with respect to solution concentration, and
spin coater speeds as well as dip coating with drawl speed. X-Ray diffraction (XRD) structural, as well as
transmittance studies were carried out. XRD spectra showed crystalline anatase films with crystal sizes of about
18-24 nm after annealing at about 430±50 oC for 30 minutes. The as deposited films were amorphous. For spin
coated films, the films uniformity became better with spin speed. However, the optimum speed that ensures
uniformity and lack of pin holes was found to be about 3000 RPM. The transmittance of the films decreased with
the coater speed. As for the dip coated films the concentration of the solution and the withdrawal speed affect the
film thickness and therefore the transmittance of the films. Thicker films were obtained from more concentrated
solutions. Decrease in concentration of the solution tended to produce a minimum thickness at some withdrawal
speed. It was found that higher withdrawal speeds led to lower transmittance due to thicker films.
Key words: TiO2, Anatase, Polymer, Dip coating, spin coating, transmittance, thickness, structural, Optical,
photovoltaic
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1.0 Introduction
With almost no exception, the current generation has assumed a lifestyle of using gadgets that need to be powered.
Current estimates for the power needs of the roughly 7 Billion people worldwide are as high as 13 Terrawatts
(TW) and it is estimated that in less than half a century, the demand will peak to about 23 Terrawatts (TW)
(Kalyanasundaram, 2010). There is, therefore concerted effort in search for alternative energy sources to
supplement the current sources. Fossil fuels, nuclear power and renewable energy (solar, wind, hydro etc.) are the
key options. Of the three options, renewable energy based on solar resource could be the most appealing and
promising since it is free, abundant and free from pollution.
Since the break through work on the possibility of generating electricity by applying the photosynthesis principle,
a lot of research has gone in to this area due to its potential to offer cheaper power compared to conventional solar
cell (Brain O’Regan and Michael Gratzel, 1991). This type of solar cell device is referred to as the Dye Sensitized
Solar Cell (DSSC). In brief, a DSSC is composed of a nanocrystalline
semiconducting film sand winched between two photo electrodes; a photo electrode and a counter electrode. The
nanocrystalline semiconducting film has a monolayer of a dye to enhance the absorption of incident photons. On
illumination, the absorption of the radiation excites an electron from the dye which is conducted through the back
contact of the photo electrode and regenerated through the counter electrode which is usually coated with an
electron regeneration catalyst like platinic acid. The electron generated by irradiation on the dye is finally
recovered at the counter electrode. Therefore, there is no electron loss.
The DSSC technology however has to overcome a number of bottlenecks before it is competitive enough with the
conventional solar cell technology-the p-n junction. Research is ongoing to overcome shortcomings like electron
loss through the back contact (Petra and Peter 2003; Waita et al., 2007), improving on the dyes (Kohjiro H. and
Nagatoshi K., 2009), increasing porosity of the semi conducting film, (Waita et al., 2006, 2007, Kiema et al.,
2005), use of other counter electrodes (Kim et al., 2012) among other approaches.
A number of techniques have been used in depositing the semiconducting film: Sputtering (Waita et al., 2007; J.
Rodri´guez et al., 2000; M. Go´mez , et al., 2000), Screen printing (S. Burnside et al., 2000), Spray pyrolysis
(A.Conde-Gallardo et al., 2005,),hydrolysis of TiCL4 (Kristel Möldre, et al., 2015), and sol-gel dip coating (Jan
Prochazka et al., 2013). In their work, Jan Prochazka et al., (2013) incorporated the use of a polymer (poly
(Hexafluorobutyl Methacrylate)) as the structure directing agent and titanium ethoxide as the precursor using the
dip coating techniques. The films were found to be dense and promoted thixotropic properties. We would like, in
this work try a different polymer and determine the properties of the film so obtained. Furthermore, we use two
deposition techniques and compare the film properties.
In this paper therefore, we report the structural and optical properties of TiO2 films that use Titanium Isopropoxide
as the precursor and incorporating Polyvinylidene Fluoride-Co-Hexa fluoropropylene (PVDF-HFP) as the
structure directing polymer deposited by the dipping and spin coating techniques.

2.0 Experimental Techniques
2.1 Solution Preparation
Two solutions, herein referred to as solution 1 and 2 were separately prepared at room temperature and then mixed
together under magnetic stirring. Solution 1 was made by mixing ≈2.2 ml of Hydrochloric Acid (HCl) (Aq)
(Aldrich) (37%) and ≈2.55 g of Titanium Isopropoxide (Aq) (Aldrich) with magnetic stirring and stirred until
the solution was homogeneous (≈ 30 minutes). This formed the precursor solution. Solution 2 was also made
under stirring and composed of ≈ 0.55 g (11-12 pellets) of Polyvinylidene Fluoride-Co-Hexa fluoropropylene
(PVDF-HFP) (Aldrich) in a mixture of Acetone and N-Methyl-2-Pyrrolidone (NMP) (Aldrich) in the ratio of
2:3, Acetone to NMP, total volume of mixture, 60 ml. Magnetic Stirring was done until all polymer was dissolved
(≈ 90 minutes). Solution 1 was then mixed with solution 2 under constant stirring which continued until the
solution became homogeneous (≈ 2 hrs). All solutions were prepared at room temperature and kept covered
thereafter.
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2.2 Substrate cleaning
Both plain glass and Fluorine Doped Tin Oxide (FT0) (15 Ω/m2) (Hartford) substrates were used for film
deposition after cleaning. The substrates were cleaned by ultra-sonicating (about 30 minutes) in deionized soapy
water, then in pure deionized water for about 10 minutes. Thereafter, the substrates were ultrasonically cleaned in
ethanol which had 2-3 drops Hydrochloric Acid (HCl) added for about 30 minutes followed by 30 minutes in
Acetone and 30 minutes in Ethanol. Finally, the substrates were rinsed with deionized water and dried by blowing
with nitrogen gas.

2.3 Film deposition for Structural studies
Two films (4(a) and 4 (b)) were deposited on FTO glass substrates and allowed to dry at room temperature. 4(a)
was used as deposited while 4 (b) was heat treated in a programmable oven (Nabertherm) for ≈ 30 mins at ≈
430 ±50 oC and allowed to cool down to room temperature .

2.3 Film deposition and heat treatment
Pre-cleaned Flourine Doped Tin Oxide (FTO) glass substrates where used as substrates and the films were coated
by simple hand dipping. For each solution, two films were made: 4a and 4b. 4a deposited and allowed to dry at
room temperature (as deposited) while 4b was heat treated in open air for ≈ 30 minutes at ≈ 430 ±50 oC after
coating and allowed to cool down to room temperature.

2.4 Thickness optimization
The amounts of Acetone and NMP were varied in order to vary the film thickness. The solution with concentration
1 (conc 1) was, 12 ml of Acetone and 18 ml of NMP. Two more dilute solutions were made: concentration 2 and
3 (conc 2 and conc 3). These concentrations were made by reducing the amount of polymer in the solvent in conc
1 while maintaining all else constant. The film thickness was measured using a Dektak 3 surface profilometer
(Sloan Technology).

2.5 Film deposition by spin coater
The spin coater used was a KW-4A Model (CHETMAT Technology) and was first calibrated to create a
correlation between the knob setting and the digital display. Film deposition using the spin coater was done on
pre cleaned glass substrates masked at one end using a scotch tape to create a step for thickness measurements.
The substrates were kept fixed on the coater using a double sided tape. About 500 μl of the solution was then
carefully spread on the substrate using a calibrated pipette. Depositions were done at various digital speeds.

2.6 Film deposition by Dip coating
Dip coating was done using an automated, computer controlled Dip coater Robot (R & K Germany). Two
solutions were made and added together making a total volume of 60 ml and were used immediately after
preparation (concentration 1, (conc 1) . Different coatings on plain glass substrates were deposited by varying the
withdrawal speed of the substrate. After deposition, the films were kept at room temperature until they were dry
before heat treatment at ≈ 450 oC for ≈ 30 minutes in a programmable furnace.

2.7 Structural studies
X-ray diffraction (XRD) of the deposited films was done using a computer controlled Siemens Diffractometer at
a voltage of 45 KV and current 40 mA. The diffraction angle was varied from 20 o to 60o.
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2.8 Optical measurements
Optical measurements were done using both a computer controlled single beam UV-VIS-NIR High Resolution
Spectacular HR 2000 Light Source Spectrometer (Ocean Optics Inc.) which was equipped with Halogen and
Deuterium lamps..

3.0 Results and Discussion
3.1 Structural characterization of the coated films
The XRD patterns for the films is displayed in fig 1 below. Film 4a was found to be amorphous while 4b was
found to be crystalline with Anatase phase. The average crystal size estimated from Scherer’s formula was ~ 1824 nm. The crystal size is critical in photovoltaics for it affects both the electron mobility as well as light
harvesting. Small crystal sizes (< 20 nm) reduce the space charge area leading to electron recombination due to
lack of electron /electron interface energy barrier as well as low conduction (Zaban et al., 2000, Gratzel, 2000).
On the hand, large crystals create large surface area for more dye anchoring increasing electron generation rate,
faster electron transport as well as slower recombination rate (S. Nakade et al., 2003).
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Fig 1. XRD patterns for the deposited films on FTO substrates

3.2 Spin coating
3.2.1 Spin Coater Calibration
The spin coater was calibrated and fig 2 below shows the variation of digital spin coater display with the position
of the spin coater knob. As can be observed, there is a direct correlation between the two. This enabled us to
determine the speed of the coater at various knob settings.
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Fig 2. The spin coater calibration: Digital speed display versus the speed knob position

Fig 3 below shows the variation of film thickness with speed of the spin coater. The film thickness was measured
using a Dektak 3 surface profilometer (Sloan Technology). Visual inspection was used to gauge how uniform the
films were. The films deposited at 800 and 1400 R.P.M. 470 nm and 297 nm thick respectively (first two data
points below)and did not appear very uniform. On the other hand, the films deposited at speeds of about 3000
R.P.M and above appeared uniform with the uniformity getting better with increase in speed but tended to lose
continuity as the speed increased. The thickness of the films were measured for the various increasing spin speeds.
Pinholes were visible in some of the films. The general trend observed is a decrease of the film thickness with the
coater speed. Increased speeds increases also the centrifugal force accelerating the solution to the edges of the
substrate. The solution spreads more and the film thickness therefore decreases .
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Fig. 3 . The Spin coater calibration: variation of film thickness with spin coater speed
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3.2.2 Optical measurements
The variation of transmittance and spin coater speed is displayed in figure 4 below. The transmittance of the
films tend to increase with the spin coater speed. This observation is in agreement with the observation
discussed above on speed variation with film thickness. This is because as the film thickness decreases due to
higher speeds, the film will become more transparent. From our data, it appears that speeds of about 3000 and
above would give us films with above 60 % transmittance for most of the wavelength and the film thickness can
be carefully monitored so that it does not become too thin to create pin hole and no uniformity. Lower speeds
produced films that seem to compromise the film’s transmittance.It is also noted that at higher speeds,
transmittance of the coated films and that of the plain glass tend to be close, a possible indication of pinholes in
the coated films. However, we did not do further study to confirm this although it is needed.
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v1-1500-297 nm
v3-2950-283 nm
v5-4500-234 nm
v7-6010-70 nm
v9-7500 14 nm
plain glass substrate

40

20

0
300

400

500

600

700

800

Wavelength (nm)
Fig 4. Transmittance of the films deposited at various spin coater speeds

3.3 DIP COATING
3.3.1 Film thickness variation with withdrawal speed
A plot of film thickness against withdrawal speed for the three concentrations is as displayed below in figure 5.
The spectra for concentration 1 (conc 1) appears like a smooth tick/right (√) changing shape to more of a bowel
as the solution concentration reduces. Thus, as the solution concentration reduces, the film thickness variation at
low and high speeds becomes less significant. In other words, the withdrawal speed does not lead to large
differences in the film thickness at low and high with drawal speeds. We explain the observation as follows:
At low withdrawal speeds, evaporation as well as convection effects determine the film deposition rate. Due to
the slow withdrawal speeds, these two effects create a low film deposition rate leading to thin films. As the
withdrawal speed increases, gravity related viscous drag force dominates leading to increase in film thickness.
This effect seems to become more prominent as the concentration of the solution increase. According to David
Grosso (2011), the dip coating technique has three regimes: Capillary at low withdrawal speeds, draining at
high withdrawal speeds and Intermediate which is an overlap of the two regimes and his observation of dip
coating concurs with ours.
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Fig 5. Film thickness variation with withdrawal speed for various concentrations of the solution

3.3.2 Transmittance of the films
The transmittance of the films deposited using the three different concentrations showed the same trend and
behavior. The only difference was the level of transmittance which decreased as the concentration increased.
Due to this, we present the transmittance spectra for the films deposited using concentration 1 only, as in figure
6 below. The observation below is that the higher the withdrawal speed, the lower the transmittance. This
behavior has a direct correlation to film thickness because concentrated solutions produced thicker films. As a
matter of fact, the transmittance of such films would be lower compared to less concentrated solutions. For films
meant to have high transparency to radiation in the visible range, low withdrawal speeds are therefore
recommended although that has to be balanced with the film thickness required.
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Fig 6. Transmittance versus wavelength for the films deposited at various withdrawal speeds. The films were made through solution of
concentration 1 (conc 1).
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3. 4 Conclusion
The structural and transmittance properties of TiO2 incorporating Polyvinylidene Fluoride-Co-Hexa
fluoropropylene (PVDF-HFP) as the structure directing polymer and using Titanium Isopropoxide as the
precursor have been deposited by both dipping and spin coating techniques.
XRD structural studies revealed that as deposited films were amorphous but heat treated films at about 450±50
o

C exhibited crystalline nature while revealing the Anatase phase of TiO2 considered better for photovoltaic

application than the other phases of TiO2. The average crystal size estimated from Scherer’s formula was ~ 18-24
nm.
Films deposited by spin coating showed better uniformity of thickness as the speed increased, although at very
high spin speeds, the films showed some pin holes. The thickness also decreased with the spin coater speed. The
optimum speed that ensures uniformity and lack of pin holes was found to be about 3000 RPM. Since the film
thickness decreases with spin coater speed, it is expected that the transmittance of the films decreases with the
coater speed. This was confirmed through our measurements.
As for the dip coated films, it was observed that the concentration of the solution as well as the withdrawal speed
both affect the film thickness and therefore the transmittance of the films. More concentrated solutions had thicker
films. The difference in thickness of the films at low and high speeds was also bigger as the solution concentration
increased. Low concentrations had speeds where the film thickness was minimum.
The transmittance of the films deposited using the three different concentrations had the same trend. It was found
that higher withdrawal speeds led to lower transmittance due to thicker films.
In order to complete our optimization of the films, we shall, in our next communication report on more optical
parameters of the films as well as the performance of the solar cells fabricated using these films.
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Abstract
The addition of a luminescent down-shifting (LDS) layer directly onto a photovoltaic (PV) cell introduces
additional loss mechanisms within the system. The combination of non-ideal photo-luminescent materials
encapsulated within a limited range of viable host materials, with the increased reflection losses arising from the
newly created interface represent losses which must be overcome for LDS to offer an enhancement to the
underlying cells efficiency. Exploiting the interaction between the highly enhanced electric fields established
close to a metal nanoparticles (MNP’s) surface is one route aimed at mitigating the poor optical properties of the
luminophore-host combinations available. Alternative approaches, aimed at addressing the other loss mechanisms
within such a system have gone relatively unexplored. Exploiting the non-ideal nature of the photo-luminescent
materials available, offers a possibility of recycling the photons which previously did not undergo
photoluminescence while also addressing the reflection losses through the inclusion of selectively reflecting
optical structures. The hybrid device designs, incorporating single- and double layer- antireflection coatings
composed of commonly available materials offer enhancements in the underlying PV cells performance of 8% 30% depending upon the design criteria established. The transfer matrix approach adopted allowed the impact of
individual design considerations on the reflection suppression capabilities of the structure, as well as their impact
on the underlying cells efficiency to be readily determined.
Keywords: Spectral losses, Photovoltaics, Photoluminescence, Plasmonics, Nanophotonic’s, Optical modelling

1. Introduction
Using luminescent materials to capture high energy photons, previously poorly utilized by a cell, and re-emit the
energy at a longer wavelength, where a cell is more efficient, led to the development of luminescent down-shifting
(LDS) layers as a potential solution to increase the efficiencies achievable by PVs (Strümpel et al. 2007;
Klampaftis et al. 2009; Thomas, Wedding, and Martin 2012; Ahmed et al. 2013; Ahmed, Doran, and McCormack
2016; Ahmed, McCormack, and Doran 2016; de la Mora et al. 2017). The enhancement offered by LDS is limited
by the optical properties (low luminescent quantum yield, re-absorption losses, fluorescent quenching, etc.) of the
luminescent and encapsulating materials (Klampaftis et al. 2009; Rothemund 2014; Ahmed, McCormack, and
Doran 2016; Ahmed et al. 2013; de la Mora et al. 2017).
Further enhancements in the short wavelength response of PV technologies can be enabled by exploiting the
plasmonic interaction between a specific combination of metal (e.g. Ag) nanoparticles (NPs) and luminescent
species. The highly localized electromagnetic fields established on a nanostructures surface, tailored through the
structures morphology and size, allow the optical properties of luminescent species within the near fields to be
augmented. Enhancements in the optical properties of luminescent materials, previously deemed non-viable for
their inclusion in an LDS device due to their poor optical characteristics, has showcased the merits of including
nanostructures within the encapsulating material (Smitha et al. 2008; Shen et al. 2009; Power 2011; Chen et al.
2013; Ahmed, McCormack, and Doran 2017; Rothemund et al. 2011). The wide range of synthesis routes,
structure morphologies, and material combinations possible allows the optimization of such plasmonic enhanced
luminescent down shifting (PLDS) designs.
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The premise of using additional optical structures, which are selectively reflecting, would allow recycling the
photons that did not previously interact with the luminescent species present within a PLDS layer. Increasing the
probability of a photoluminescence event, mitigating some of the losses associated with the non-unity luminescent
quantum yield of the luminophore, through the recycling of these photons. Exploiting the Stokes shift between
absorption and emission peaks of a luminescent species pushes the boundaries of the enhancement attainable with
a conventional PLDS approach. The optical structures consisting of a series of ‘anti-reflection’ type coatings
would permit a high reflectivity of photons within a luminophores absorption range, a moderately low reflectivity
across the remaining the response range being still present (Walshe et al. 2016).
The effect of the design of single- and double-layer reflecting structures, constructed using materials commonly
used in the fabrication of antireflection coatings, on the performance of a mono-crystalline silicon (mc-Si) solar
cell was theoretically evaluated. By adopting a transfer matrix approach, the effect of each design parameter was
evaluated in terms of its impact on the underlying solar cells performance. The aim is to establish a set of initial
design considerations that will allow for both the development of a prototype device and further refinement in the
design of such devices. This can be achieved by employing the model developed i.e. using more complex structure
designs, different luminescent species, different nanoparticle morphologies or a different underlying PV cell type.

2. Structure Enhanced Luminescent Down-Shifting (SE-LDS)
The addition of an LDS layer directly on top of a PV cell increases the number of loss mechanisms available
within the system (Klampaftis et al. 2009; Rothemund 2014). The non-ideal optical properties of the luminescent
materials available, coupled with losses introduced through the parasitic absorption and poor photo-stability of
the encapsulating materials, will allow further design revisions (McKenna and Evans 2017; de la Mora et al. 2017;
Mayr 2016; Klampaftis et al. 2009). The typically low refractive index (n = 1.5 – 2.2) of the host materials
employed in LDS devices to date is introducing reflection losses from the LDS layers front surface (McKenna
and Evans 2017). Structure-enhanced LDS (SE-LDS) devices (figure 1A) could be one such design option as it is
allowing to recycle photons and, also, minimizing the surface reflection losses introduced through the addition
of the LDS layer.

Figure 1: (A) Structure-enhanced (SE) device design concept consisting of three primary components (1) a photovoltaic cell, (2) a transparent
matrix encapsulating either a luminescent material (B) or a combination of a luminescent material and metal nanoparticle and (3) a selectively
reflecting coating with a reflection profile similar to that presented in (D). The selectivity of the reflecting structures can allows for recycling
the photons lying within the encapsulated luminophore’s absorption band (λ A). This allows more photons to be shifted to higher wavelengths
(λA) where the cells spectral response (SR) is greater (C)
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The combination of a relatively small Stokes shift and the sub-unitary LQY are pushing for exploring more energy
efficient architectures and novel design considerations. Through selectively designing the reflecting structures
(similar to ARC’s) a graded reflectivity profile (figure 1D) can be generated allowing for the recylcing of photons,
which previously did not get a chance to undergo photoluminescence.
Utilising the formation of highly localized electromagnetic (EM) fields established within metal nanostructure
vicinity further mitigates the loss mechanisms inherent within their electronic structure. Incorporating metal
nanostructures within the transparent host media offers the capability of augmenting the luminophores optical
properties through careful control of the nanostructures composition, morphology, physiochemical characteristics
and size (Stalmashonak, Seifert, and Abdolvand 2013; Wiley et al. 2006; Ahmed, McCormack, and Doran 2017;
Ahmed, Doran, and McCormack 2016; Zimbone et al. 2015; Power 2011; Smitha et al. 2008). Combining the
PLDS approach with the structural enhanced element proposed here could allow for further enhancements in the
cell performance.

3. Transfer Matrix Model
The propagation of light through a multi-layered structure, consisting of a series of thin dielectric media, with the
variation between the refractive indices of subsequent layers varying significantly can be evaluated using a
Transfer matrix model (TMM)(L, Matthew, and S 2007; Sánchez-Soto et al. 2012; Sahouane and Zerga 2014;
Shabat and Ubeid 2014; Saylan et al. 2015; Shabat, El-Amassi, and Schaadt 2016; Sikder and Zaman 2016;
Hamouche, Shabat, and Schaadt 2017). The TMM utilizes Maxwell’s equations to connect the electric and
magnetic field components across an existing boundary between two different isotropic dielectric media, allowing
the interaction of the incident light with a single layer to be represented as a 2x2 transfer matrix (L, Matthew, and
S 2007; Sánchez-Soto et al. 2012; Sahouane and Zerga 2014; Shabat and Ubeid 2014; Saylan et al. 2015; Shabat,
El-Amassi, and Schaadt 2016; Sikder and Zaman 2016; Hamouche, Shabat, and Schaadt 2017). Extending this
process to a multilayer structure is carried out through the determination of the matrix of each individual layer,
with the overall systems matrix being the product of the individual layers matrices. The overall structures matrix
is then converted back into transmission and reflection amplitude coefficients, allowing the resulting reflection,
absorption and transmission spectra for complex multilayer structures to be readily determined.

4. Design Considerations
The wide range of ARC architectures, the different types of luminophore available and the tuneability of
nanostructures granted by the numerous synthesis routes available allows for a large number of design
considerations. To prove the viability of the SE-LDS concept only the simplest of structure designs were
considered, consisting of single- and two-layer ‘Bragg’ structures. Here, the effect of the structures design and the
numerous design parameters that are available were investigated using the transfer matrix approach. Two initial
designs were selected for SE-LDS mc-Si devices (figure 2).

Figure 2: Initial designs for a structure-enhanced luminescent down-shifting (SE-LDS) mc-Si device with the selectively reflecting ‘Bragg’
structure situated (A) below the LDS layer and (B) above the LDS layer
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Anti-reflection coatings (ARC’s) can consist of a single layer or multilayer structure, with multilayer coatings
offering the possibility of a greatly reduced broadband reflectance at one or more reflectance minima. Selectively
reflecting structures were designed using both single and two layer ARC’s to produce maximum reflection
suppression at a series of wavelengths across the spectral range investigated (300nm – 1100nm), allowing the
optimal materials and corresponding thicknesses to be determined for each structure investigated. Based upon the
idealised refractive indices for both single and two layer ARC type structures, a range of suitable materials whose
refractive indices lay both above and below the ideal values were considered. The materials utilized in the study
outlined in table 1.
Table 1: List of the materials used to design structure enhanced elements (Green and Keevers 1995; Raut et al. 2011; 'SOPRA materials
database' 2017; Polyanskiy 2017)

Single layer
MgF2
SiO
CeO2
ZnS
Ideal

Two layers
MgF2-SiO
MgF2-CeO2
MgF2-ZnS
SiO2-Si3N4
MgF2-Ta2O5
MgF2-TiO2
Ideal
To develop a deep understanding of the effect of the individual optical parameters (structure composition and
design, dispersive media, optically thick layers, non-homogenous media etc.) of the system, the study was
separated into components of increasing complexity. Adding each new element individually allowed monitoring
the effect of the reflection suppression capabilities of an array of different structure enahcned (SE) designs and
the impact of SE when are incorporated in the architecture of a silicon based device. Refining the optical properties
of such structures can lead to viable structural and material configurations for the architectures of the SE-LDS (or
PLDS) devices. As an initial approximation, all media are represented as being non-dispersive and homogeneous,
with the optical properties of a layer being quantified by a single value of the refractive index and of the thickness.

5. Structure Enhanced (SE) Luminescent Down-Shifting (LDS) Devices
The single layer (SL) antireflection (AR) structures, comprising of the materials previously employed in two
different design configurations, highlighted the ability of such simple structures to offer significant enhancements
in the underlying cells performance (figure 3). Placing the AR structures below an LDS layer resulted in the
greatest enhancement in device performance, with an 8% - 18% improvement in overall device achieved
performance (figure 3A). The only instance in which a decrease in performance was observed was when the design
included MgF2. The MgF2 refractive index is lower than the represented LDS layer, mitigating the π phase shift
occurring when the n1 < n2 < n3 condition if fulfilled.
Through careful control of the AR structures composition and design, the enhancement factor can be maximised,
with the maximum performance occurring for structures designed to suppress reflections at 600 nm - 650 nm.
Reducing the thickness of the LDS had little effect on the enhancement offered by the addition of such structures
to a LDS equipped device, leading to a 0.1% - 0.4% variation in the enhancement.
Considering the AR structure above an LDS layer resulted in a decrease in the overall device performance (figure
3B). As the light propagates from a media of lower refractive index to one with a higher index, it undergoes an
1800 phase shift at the interface. This condition is only fulfilled for the structure design incorporating the material
MgF2 (figure 3B). Without the fulfilment of this condition the waves reflected from the two interfaces within
such a system don’t produce destructive interference but rather a collective of both constructive and destructive
interference. The remaining materials employed possessed a refractive index larger than the polymer (PMMA)
used to represent the LDS layer throughout the study. Decreasing the thickness of the LDS layer from 90 μm to 9
μm reduced the decrease in device performance for the majority of designs investigated (figure 3B) with values
between 1% and 3%.
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Figure 3: Average percentage (%) increase in the performance of mc-Si when fitted with two different structure enhanced LDS designs:
(A)antireflection single-layer structure deposited directly below an LDS layer and (B) the antireflection single-layer structure deposited above.
In all cases, the optical properties of the LDS layer were considered to be the optical properties of the polymer matrix material (PMMA), with
two different layer thicknesses (90 μm and 9 μm). The variation in the levels of enhancement reported for each material is due to the variation
in the wavelength at which the structures were designed to suppress reflection (λ0). Schematics of the design under consideration are included
in the figure for each case.

Increasing to two the number of layers comprising the AR structure offered an even greater degree of enhancement
in device performance (figure 4). The same trend for both initial outlined designs was reported. Placing the AR
structure above the LDS layer results in a decrease in the mc-Si performance with values between 5% and 20%
(figure 4). Initially, the SE devices designs that incorporated a selectively reflecting structure directly above the
LDS layer (figure 3B and figure 4B) have shown no merit in enhancing the mc-Si cells performance and,
consequently, they could be non-viable options.
Housing the AR structure between the LDS layer and mc-Si cell led to enhancements of 10% -24% in the cells
energy conversion efficiency (figure 4A). Irrespective of the material combination employed in the device design,
the cells performance was increased by 10% (figure 4). Fine-tuning of the design parameters facilitates
enhancements on the order of 24%, a slight increase from the increase in performance being reported for singlelayer structure designs (figure 3). Reducing the LDS layers thickness produces an increase in the enhancement
offered by the structures in figure 24A with values between 2% - 4%.
Fabricating a SE device such that the AR component is located between the LDS layer and underlying PV cell
shows the premise to deliver a significant enhancement to the PV cells conversion efficiency (figures 3A & 4A).
In reality, the design process of the AR structures should contain a cost analysis element, whereby the
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advancement in the performance enhancement will need to be weighed against the cost of increasing the structures
complexity.

Figure 4: Average percentage (%) increase in the performance of mc-Si when fitted with two different structure-enhanced LDS designs: (A)
antireflection bi-layer structure deposited directly below an LDS layer and (B) the antireflection bi-layer structure deposited above. The LDS
layer in all cases have the optical properties of the commonly used polymer matrix material (PMMA) with two different layer thickness (90
μm and 9 μm). The variation in the levels of enhancement reported for each material is due to the variation in the wavelength at which the
structures were designed to suppress reflection (λ0). Schematics of the design under consideration are included in the figure for each case.

6. Conclusion
The premise of exploiting the incorporation of novel optical structures into the architecture of a mc-Si solar cell
has been established using a TMM model. The structure designs considered highlighted their capacity to mitigate
some of the loss mechanisms inherent in LDS and PLDS device designs. By careful selection of the design
materials and the tolerance granted over their fabrication, the structures could offer potential device enhancements
of 8% - 30% irrespective of photo-luminescent or metal nanostructure interactions. The transfer matrix approach
adopted could potentially allow the design process to be automated and optimized for a given set of input criteria
i.e. structure architecture, nanostructure and luminophore combination, as well as for the photovoltaic generation
upon which the architecture is based. Refinements in the model investigated through experimental fabrication and
characterization of such devices would help to establish a deeper understanding of the optical interactions within
each component of the design.
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Abstract
This study examined the performance of a photovoltaic system with ﬂat planar reﬂectors and south-to-north
direction sun tracking system. In order to enhance sunlight collection with simple mechanism, the ﬂat planar
reﬂectors are connected to the solar cells alternately, which can track the sun by expansion and contraction
of the system. The objectives are to ﬁnd out the optimum operation of the inclination angle of the solar cell
and to design the ratio of the length of the ﬂat planar reﬂector and the solar cell by ray-tracing simulations.
According to the simulation results, the larger the reﬂector is the more sunlight is collected in winter. On the
other hand, in summer the shorter reﬂector is effective. The system with short reﬂector collects more sunlight
and less area for installation than conventional PV system. Simulations show that the system with reﬂectors,
which is 1.5 times longer than solar cell is the best in consideration of both concentration performance
and area for installation. Its annual sunlight collection is 41 % higher and area for installation is 19 %
smaller than those of conventional PV system. The experiments were conducted outside in August and
September. The solar radiation intesity on the solar cell of the system was higher than that of conventional
PV system throughout the experiment period by 40 - 50 %. Power output of the system was larger than that
of conventional PV system by at most 50 % on August 24th and 20 % on September 14th. Non-uniformity
of the reﬂected sunlight affects the output of the system.
ɹ
Keywords: Low concentrating PV system, Flat-planar mirrors, One-axis tracking, Ray-tracing simulation

1.

Introduction

Renewable energies are expected to increase the installation to reduce the consumption of fossil fuels.
Photovoltaic (PV) system is the most widely spread energy source using renewable energy all over the world.
The main problem of the PV system is still more expensive than conventional electricity. This is caused by
the cost of semi-conductors which is the most expensive part in the PV system, and low conversion efﬁciency.
Conventional Si-based PV cells convert approximately 20 % of sunlight into electricity [1–3].
ɹ One of the effective measures to reduce the cost is concentrating photovoltaic (CPV) system, which enhance
the sunlight on the PV cells. The CPV system reduces the use of PV cells for given power demand. Inexpensive
optical devices such as lenses and mirrors are used for concentrator of the CPV system. Sunlight hits the earth
surface in the forms of direct and diffuse radiations and their share in total received sunlight depends on the
local climate, weather and sky conditions such as pollutants in the air and clouds. Sun tracking is required as
concentrators only respond to direct radiation [4].
ɹ CPV systems are crassiﬁed with their concentrating ratio namely high and low concentration PV systems
[5, 6].
ɹ High concentration PV (HCPV) system concentrates 500 suns or higher and it is usually constituted by
multi-junction cells, which efﬁciency is reported over 40 % [7,8]. Yuan-Hsiang Zou obtained effciency of 28.6
% with 800 suns concentrator and PV cell with the effciency of 35.5 % [10]. One of the disadvantages of this
technology is the system needs highly accurate tracking system. The optical efﬁciency of HCPV system using
Fresnel lenses, which concentrate approximately 150 suns, is about 20 % lower than its peak when the incident
angle is 0.5 degree, reported by Dianhong Li [11]. The other disadvantage is that concentrators only respond
to the direct sunlight. When the weather conditon changes from sunny to cloudy, the energy yield signiﬁcantly
decreases. HCPV system is suitable for the places like desert area, where almost all the days are sunny for
whole year.
ɹ On the other hand, low concentration PV (LCPV) system concentrates up to 40 suns. The concentrating
ratio is lower than HCPV system, however conventional silicon solar cells, which made for 1 sun, can be used
for LCPV systems. The sollar cells are used under the concentration of 10 suns or below [5, 7, 12]. LCPV
systems have less demand on tracking accuracy than HCPV systems. In the Giorgio Grasso’s report [13],
the prism-coupled compound parabola system is designed with 5 suns concentration. The optical efﬁciency
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does not decrease until incident angle is changed 15 degree in north and south direction. Consequently, LCPV
system can be a low-cost solution to increase the density of the sunlight and to reduce the use of solar cells. For
LCPV systems, compound parabolic reﬂectors, V-trough reﬂectors or ﬂat planar reﬂectors are used [14–16].
In particular, the ﬂat planar reﬂectors have the advantage of being inexpensive compared with both V-trough
and parabolic reﬂectors [17].
ɹ The sun always changes its position in the sky. The location depends on the longtitude and the latitude, the
date and the time. To harvest energy effectively PV modules and mirrors should be placed on the solar tracker.
However this two-axis tracking system could be complicated in terms of structure and causes to be expensive.
One-axis tracking systems, which moves north-south direction or west-east direction, can have more simple
structure.
ɹ In this paper, a one-axis tracking LCPV system with ﬂat planar reﬂectors is proposed. The ﬂat planar
reﬂectors are connected to solar cells alternately. This system enhances the sunlight to the solar cells by the
reﬂectors and tracking when the system expands or contracts to control the inclination angles. Two main
activities were conducted in this study. One is ray-tracing simulation described in section 3 which predicts
the energy yield and evaluates the performance of the systems with different length of reﬂectors. It is one of
the objectives to ﬁnd out the optimum operation of the inclination angles of the solar cells and the ﬂat planar
reﬂectors. The other objective is the experiment investigation for conﬁrming the performance under the real
sunlight which is described in section 4. The optimum system model and the operation derived in section 3
was used in the experiments.

2.

One-axis tracking LCPV system with ﬂat planar reﬂectors

The one-axis tracking LCPV system with ﬂat planar reﬂectors is represented by Fig.1 where solar cells are
inclined at angle θ and the ﬂat planar reﬂectors are declined at angle φ. The solar cells and the ﬂat planar reﬂectors are connected each other in north and south direction. The inclination angle of the ﬂat planar reﬂectors
move in response to that of the solar cells. The equation of the relation of both angles is deﬁned by Eq.(1).
In this study, the inclination angle of the solar cells is controlled. This structure allows one driving source to
controll multiple units. A unit means a combination of one solar cell and one ﬂat planar reﬂector. There is a
design parameter R which is the ratio of the length of the solar cell LP V and the ﬂat planar reﬂector Lm as
deﬁned by Eq.(2).
LP V · sinθ = Lm · sinφ

(1)

R = Lm /LP V

(2)

Direct sunlight

Reflected sunlight
Re

φ

θ

Lm



flec

tor

So

la

e
rc

ll 


L PV

South

North

Fig. 1: Geometric scheme of the one-axis tracking LCPV system with ﬂat planar reﬂectors

3.

Ray-tracing simulaion for estimating sunlight intake

3. 1.

Simulation conditions

Ray-tracing simulation was conducted as Fig.2 using Solar Emulator of Tracepro [18]. The sun positions
were calculated automatically from the latitude and the longtitude of the system placed, date and time. To
model the sunlight parallel light source is assumed. The power ﬂux is set to 1067 W/m2 considering atmospheric transmittance of whole year average. The weather in the simulation is all cloudlessness and direct
radiation was considered while scattered radiation was neglected. The wavelength of sunlight spectrum was
set to 550 nm since the software does not provide a continuous sunlight spectrum. The hourly data of solar
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radiation from 6:00 to 18:00 in Tokyo were used in the simulations.
ɹ The solar cell was set to perfect absorber to evaluate the sunlight intake of the system that is the amount of
the solar radiation collected on the solar cell. The reﬂection ratio of ﬂat planar reﬂector was set to 0.95. The
resolution of inclination angle was set to 10 degree from 10 degree to 80 degree and it was adjusted to optimum
angle every one hour. The parameter R was selected from 1.0 to 3.5.
ɹ The concentration performances were calculated in the simulations. The monthly and annual concentration
are expressed by the ratio of the proposed system to the conventional PV system of which PV system cells are
ﬁxed with the inclination angle of 35 degree. The seasonal, monthly annual concentration performances are
reported in the following subsections. Moreover the areas of solar cells, mirrors and the land for the installation
are also discussed to compare the performances.

zenith
zenith
North
solar cell

Reflector

North

Fig. 2: Example of the ray-tracing simulation of the one-axis tracking LCPV
system with the R = 1.5, θ = 60 degree on June 20th

3. 2.

Seasonal concentration performance
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The seasonal optimum inclination angle θ and concetration performances are represented in Fig.3. The
representative dates of the seasons were selected as June 20th for summer, September 20th for fall and December 20th for winter. The optimum inclination angles and concentration performance of March 20th are similar
to those of September 20th therefore they are left out on this paper.
ɹ In summer when the sun height is high, the systems with smaller R obtained high concentration performance
ratios as Fig.4(a) shows. The system with R = 1.0 has the highest concentration performance. It is about 60 %
higher than that of conventional system named as std in the graphs. The angles of the PV cells and the reﬂectors
are relatively large. The more reﬂected sunlight hits the solar cells. On the other hand, The systems with large
R such as R =3.0 and 3.5 give low concentration performance. The angles of the PV cells and the reﬂectors
are small. Since most of reﬂected sunlight goes to the sky, the concentration performance of the systems with
large R are low.
ɹ In middle season such as spring and fall show similar results. The results of fall are shown in Fig.3(b) and
Fig.4(b). The concentration performance of each system is higher than the conventional system by 40 % to 60
%. All systems obtained reﬂected sunlight compared with the case of summer.
ɹ In winter when the sun height is low, the systems with larger R obtain high concentration performance as
Fig.4(c) shows. The system with R = 3.5 has the highest concentration performance. It was twice as high as
that of the conventional system. The larger area of the reﬂectors is advantageous to collect sunlight with low
incident angle in winter. On the other hand, inclination angle of the PV cells with smaller R can not be large
because there is a risk that the system makes the shade on the solar cells. Since the system with R = 1.0 makes
shade on the solar cells, the concentration performance is lower than that of the conventional system.
ɹ
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Fig. 3: Optimum angle of PV cells

Fig. 4: Concentration performance
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Monthly and annual concentration performance

Monthly concentration performances of the proposed system with various R are represented in Fig.5. Here
the improvement ratio is deﬁned so that the performance of the proposed system is normalized with that of
the conventional system. When the ratio is higher than 1.0, the proposed system works better. The ratios
were calculated using total collected sunlight when the hourly inclination angle of the solar cells was operated
optimally. In summer season, the concentration performance ratios of the systems with smaller R are higher.
The system with R = 1.0 is the highest in June by 60 % higher than the conventional system. The system with
R = 1.5 shows good performance from April to September by 50 % or higher than the conventional system.
In winter season, the systems with larger R work effectively. The system with R = 3.5 shows relatively high
performance from November to January by about 70 % as high as the conventional system. In December, the
concentration performance ratio of the system with R = 1.0 is lower than that of the conventional PV system.
As already mentioned in the previous subsection, the system makes shade on the solar cells.
ɹ Annual concentration performance ratios of the proposed system are represented in Fig.6. The system with
R = 2.5 shows the highest performance by 44 % higher than the conventional PV system. When R is above 1.5,
the system has stably high performance than the conventional PV system by 40 to 44 %. The system with R =
1.0 decreases the improvement. The result implies that the system should be designed with R more than 1.5.
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Fig. 5: Monthly concentration performance of the
proposed system with various R normalized with the performance of the conventional PV system

3. 4.
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Fig. 6: Effect of R on the annual concentration
performance of the proposed system compared with the conventional PV system

Efﬁciency of land use of the installation

The comparison of land use for the systems is disscussed in this subsection. The size of the proposed
system can be bigger than the conventional PV system because of additional reﬂectors. The conventional PV
system is installed with a rule that is avoiding the PV array making shade on the other PV array behind [19]. It
means avoiding shade when between 9 a.m. and 15 p.m. in Japan. For example, PV array with 1 m in length at
35 degree of inclination angle needs 2.2 m of distance including the gap between 2 arrays. On the other hand,
the length of the land use for installation the proposed system is simply the sum of PV cell and the reﬂector,
where the system is ﬂat. For example, one unit of the system with R = 1.5 needs 2.5 m, where 1.0 m is for solar
cell and 1.5 m for the reﬂector.
ɹ Here the efﬁciency of land use was deﬁned as the land area needed to capture a given amount of solar
irradiation for one year. The comaprison index was made so that the land area for the proposed system was
divided by that of the conventional system. The conventional system uses 45 % of the land area for the solar
cells. The system with R = 1.0 needs the smallest land area. It is 30 % smaller than that of the conventional
PV system. The area of solar cells is 23 % as small as that of the conventional system. The system with R =
1.5 can make the land area smaller than conventional PV system by 20 %. Moreover the area of solar cells is
smaller than that of conventional system by 30 % as shown in Fig.8. It is obvious that the wider the reﬂectors
are the larger becomes the land area for the proposed systems. The systems with R over 1.5 use almost the
same area of the solar cells while the area of the reﬂctors increases gradually.
ɹ In regard to the area of land, the systems with R = 1.0 and 1.5 have advantage. However, it should be noted
that the performance of the system with R = 1.0 in winter is less than that of the conventional system due to
the shade. From the viewpoints of monthly and annual performance, the system with R = 1.5 will be the best
choice. As Fig.8 the area for system installation was 20 % smaller than the conventional PV system and cell
area was 30 % smaller.
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Fig. 7: View of the land area
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Fig. 8: The areas of solar cells, reﬂectors and land use for system instllation
with a given intake of solar irradiation

4.

Experiments for evaluating system performance

4. 1.

Experimental setup

Based on simulation analysis, the system with R = 1.5 was selected to be build for the actual measurement
of the perfromance by experiments. Figure 9 shows the experimental setup of the system with R = 1.5 which
connects 2 solar panels and 2 reﬂectors. These solar panels and the reﬂectors can change their inclination
angles at the same time by linear guide. The solar panels consist of single crystalline silicon. The single
panel has the nominal maximun output of 5.5 W. The length of the solar panel is 100 mm and the width is
500 mm. The length of the mirror is 150 mm and the width is 500 mm. Cell A in Fig.9 measures the output
of the conventional PV system by setting the inclination angle of Cell A to 35 degree while Cell B measures
the output of the system with R = 1.5 by operating optimum angles calculated by the simulations. The solar
radiation intensity on the solar panels was measured by a pyranometer. The pyranometer changed its position
depending on the measurement. When measuring the solar radiation intensity of the conventional PV system,
the pyranometer is set in front of the Cell A. On the other hand, when measuring the system with R = 1.5, the
pyranometer is set behind the rear reﬂector as shown Fig.9. The output of the solar panels are measured by an
I-V checker (EKO INSTRUMENTS CO., LTD, MP-170).

Mirror Pyranometer

Cell B
Cell A
Fig. 9: The experimental setup of the system with R = 1.5

4. 2.

Methods of experiment

Experiments were held with the following procedure. The weather conditions were sunny or partly cloudy.
Measurement of conventional PV system
1) Setting the inclination angle of Cell A to 35 degree and locating the pyranometer in front of the Cell A.
2) Measuring the solar radiation intensity by the pyranometer and the output by the I-V checker.
ɹ
Measurement of the proposed system
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3) Setting the inclination angle of Cell B to a speciﬁed degree and locating the pyranometer behind the rear
reﬂector.
4) Measuring the radiation intensity by the pyranometer and the output by the I-V checker. The pyranometer
detects the direct sunlight from the sun and reﬂected sunlight from the reﬂector.
This procedure was repeated every 20 minutes during the measurement period. Time lags occurred the
measurements of Cell A and Cell B. The solar radiation intensity sometimes changes suddenly during the time
lag.
ɹ The performances of partly cloudy day and sunny day were observed. The optimum angle of the system on
these dates are shown in Table.1.
Table. 1: Operation of the inclination angles of the system with R =1.5
Weather
Time
9:00 10:00 11:00 12:00 13:00 14:00 15:00
Partly cloudy Aug 24th 60 ˃ 60 ˃ 50 ˃ 50 ˃ 50 ˃ 60 ˃ 60 ˃
Sunny
Sep 14th 50 ˃ 50 ˃ 50 ˃ 50 ˃ 50 ˃ 50 ˃ 50 ˃

4. 3.

Results of the experiments
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Fig. 10: Measurements on August 24th
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The experiments were conducted outside in August and September. The results of August 24th, which was
partly cloudy and September 14th, which was sunny, are reported in this paper.
ɹ Figure 10 (a) represents the solar radiation intensity on each of the solar panels on the 24th of August.
The weather condition was partly cloudy therefore global solar radiation intensity was up and down with short
steps. The solar radiation intensity on the solar cell of the system with R = 1.5 was higher than that of the
conventional PV system almost every time, especially it was about 50 % higher around noon. As seen in
Fig.10 (b), the output of the solar panels were in accordance with the solar radiation intensity from 11:00 until
13:00. In contrast the effect was not signiﬁcant after 13:00.
ɹ Figure 11 represents the measurement results on the 14th of September which was sunny day. The solar
radiation intensity on the solar panel of the system with R = 1.5 was about 50 % higher than that of the
conventional PV system every time. However the output of the system with R = 1.5 was higher than that of
conventional PV system only by 10 to 20 % around noon. It was found that the solar concentration did not
enhance the power generation signiﬁcantly.
ɹ In order to understand what caused the insufﬁcient performance of the proposed system, it was observed
how the mirror concentrated the irradiation on the solar panel. Fig.12 (a) to (e) show the reﬂected sunlight
distribution on the solar panel of the system with R = 1.5. As can be seen in the graphs, there existed nonuniform distribution which changed time to time. Fig.12 (c) shows that the illuminated area was largest among
the samples. The non-uniformity is considered to degrade the power generation as discussed by Hasan et
al. [20]. The results suggest that the proposed system needs to employ suitable PV panels which can work
even with non-uniform irradiation on it. The pyranometer measures the solar radiation intensity of the area the
reﬂected sunlight hit.
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(a) Solar radiation intensity of two PV panels

(b) Output of two PV panels

Fig. 11: Measurements on September 14th
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Fig. 12: Sunlight distribution on the solar panel of the system with R = 1.5 on September 14th

5.

Conclusion

The one-axis tracking LCPV system with ﬂat planar reﬂectors was examined in this study. The performance
was analysed by ray-tracing simulations and also investigated by experiments.
ɹ It was found from the simulations that the length of the reﬂector would affect the seasonal concentration
performance of the proposed systems. The system with small reﬂectors shows high concentration performance
in summer while the system with large reﬂectors gives high concentration performance in winter. The system
with R = 2.5 showed the heighest annual concentraion performance, which is 44 % higher than that of the
conventional PV system. The system with R = 1.5 gives similar performance of 41 % even though the area of
the reﬂectors are three-ﬁfth of the system with R = 2.5.
ɹ Regarding the area for system installation, the systems with R = 1.0, 1.5 or 2.0 need smaller area than the
conventional PV system. Although the system with R = 1.0 shows the best result, its concentration performance
is lower than the conventional PV system in winter. Consequently the system with R = 1.5 is considered the
best design under the assumed operating conditions. The area of the installation and the solar panels of the
system are 20 % and 30 % smaller than the conventional PV system respectively.
ɹ The system with R = 1.5 was built as an experiment setup. Experiments were conducted under the weather
of partly cloudy and sunny in August and September. The solar radiation intesity on the solar panel of the
system with R = 1.5 was successfully enhanced by the reﬂector up to 50 % at the maximum. In contrast, the
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output power was not improved so much as the concentration. It was considered to be caused by the nonuniform distribution of the solar illumination on the solar panel. The results suggest that suitable PV panels
are necessary to boost the output even with non-uniform illumination.
ɹ

Nomenclature

Lm
Lland
LP V
R
Wland
θ
φ

The length of the ﬂat planar reﬂrctor
The length of the land for installation of the conventional PV system
The length of the solar cell
The ratio of the length of the solar cell and ﬂat planar
The width of the land for installation of the conventional PV system
The inclination angle of the solar cell
The inclination angle of the ﬂat planar reﬂector reﬂector
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3KRWRYROWDLF 3RZHU &XUWDLOPHQW ZLWK )RUHFDVWLQJ DQG 8QLW
&RPPLWPHQW 6FKHGXOLQJ $ 6WXG\ RQ WKH .DQWR 5HJLRQ LQ -DSDQ
-RDR *DUL GD 6LOYD )RQVHFD -XQLRU <XNL 1LVKLWVXML <XVXNH 8GDJDZD 7DNDVKL 2R]HNL DQG
.D]XKLNR 2JLPRWR



,QVWLWXWH RI ,QGXVWULDO 6FLHQFH 7KH 8QLYHUVLW\ RI 7RN\R 7RN\R -DSDQ

1DWLRQDO ,QVWLWXWH RI $GYDQFHG ,QGXVWULDO 6FLHQFH DQG 7HFKQRORJ\ 7VXNXED -DSDQ

$EVWUDFW
3KRWRYROWDLF 39 SRZHU JHQHUDWLRQ LV UHDFKLQJ XQSUHFHGHQWHG OHYHOV RI SHQHWUDWLRQ LQ PDQ\ SRZHU JULGV DURXQG
WKH ZRUOG 6XFK WUHQG LV IRUFLQJ XWLOLWLHV DQG WUDQVPLVVLRQ V\VWHP RSHUDWRUV WR UHWKLQN WKH WUDGLWLRQDO ZD\V WR
VFKHGXOH WKH RSHUDWLRQ RI WKHLU SRZHU JHQHUDWRUV ,Q WKLV VWXG\ ZH LQYHVWLJDWH WKH LPSDFW RI GD\DKHDG IRUHFDVWV RI
39 SRZHU RQ WKH XQLW FRPPLWPHQW VFKHGXOLQJ RI D UHJLRQDO SRZHU V\VWHP 7R GR WKDW ZH DVVXPHG D VFHQDULR RI 
*: RI 39 LQVWDOOHG LQ WKH .DQWR UHJLRQ LQ -DSDQ DQG WKDW 39 SRZHU FDQ EH FXUWDLOHG 8VLQJ GD\DKHDG IRUHFDVWV RI
39 SRZHU ZH JHQHUDWHG GDLO\ XQLW FRPPLWPHQW VFKHGXOLQJ IRU RQH \HDU DQG FRPSDUHG WKHP ZLWK WKRVH JHQHUDWHG
ZLWK D IRUHFDVW ZLWKRXW HUURU $QQXDOO\ WKH DPRXQW RI SRZHU FXUWDLOHG EDVHG RQ WKH GD\DKHDG IRUHFDVWV GLIIHUHG LQ
 RI WKH DPRXQW UHTXLUHG ZKHQ D SHUIHFW IRUHFDVW ZDV XVHG 1HYHUWKHOHVV GD\DKHDG IRUHFDVW HUURUV FDXVHG DQ
LQFUHDVH  RI WKH JHQHUDWRUV IXHO FRVWV D VLJQLILFDQW YDOXH IRU FRVW  'D\DKHDG IRUHFDVW HUURUV DOVR FDXVHG D
QHHG RI FXUWDLOPHQW LQ PRQWKV ZKHQ WKH UHODWLRQ EHWZHHQ SRZHU GHPDQG DQG 39 SRZHU JHQHUDWLRQ E\ LWVHOI ZRXOG
QRW UHTXLUH LW VXFK DV -XQH DQG -XO\ )LQDOO\ WKH GHWHFWLRQ RI 39 FXUWDLOPHQW EDVHG RQ GD\DKHDG IRUHFDVWV KDG D
SRVLWLYH SUHGLFWLYH YDOXH SUHFLVLRQ RI  EXW D WUXH SRVLWLYH UDWH KLW UDWH RI  6XFK UHVXOWV DUH PDLQO\
H[SODLQHG E\ WKH SRRU SHUIRUPDQFH RI WKH IRUHFDVWV RQ VSULQJ DQG VXPPHU LQ .DQWR LQGLFDWLQJ D VSHFLILF SHULRG
ZKHQ WKH IRUHFDVW HUURU VKRXOG EH LPSURYHG
.H\ZRUGV 3KRWRYROWDLF 3RZHU 'D\DKHDG )RUHFDVWLQJ 3RZHU 6\VWHP 6LPXODWLRQ &XUWDLOPHQW RI 3RZHU

 ,QWURGXFWLRQ
6FHQDULRV RI KLJK SHQHWUDWLRQ RI SKRWRYROWDLF 39 SRZHU JHQHUDWLRQ RQ SRZHU JULGV DUH EHFRPLQJ UHDOLW\ LQ PDQ\
SODFHV DURXQG WKH ZRUOG 6XFK JURZWK LV FDXVLQJ WUDQVPLVVLRQ V\VWHP RSHUDWRUV V\VWHP RSHUDWRUV KHUHLQDIWHU WR
VHDUFK IRU QHZ ZD\V WR RSHUDWH WKHLU V\VWHPV VR WKDW 39 DQG UHQHZDEOH HQHUJ\ V\VWHPV LQ JHQHUDO FDQ EH VPRRWKO\
LQWHJUDWHG ZLWK FRQYHQWLRQDO SRZHU JHQHUDWRUV 7R VXSSRUW VXFK LQWHJUDWLRQ SURFHVV PHDVXUHV VXFK DV FRQVWUXFWLRQ
RI EHWWHU WUDQVPLVVLRQ OLQHV VWRUDJH VROXWLRQV GHPDQG UHVSRQVH PHDVXUHV HWF VKRXOG DOVR EH WDNHQ WR SUHSDUH
SRZHU JULGV DQG SRZHU V\VWHPV WR KLJK OHYHOV RI UHQHZDEOH HQHUJ\ SHQHWUDWLRQ 7KH LPSOHPHQWDWLRQ RI VXFK
PHDVXUHV KRZHYHU UHTXLUH FRQVLGHUDEOH LQYHVWPHQWV DQG ORQJ SHULRGV 7KXV LQ PDUNHWV ZKHUH WKH SHQHWUDWLRQ RI
UHQHZDEOH HQHUJ\ LV JURZLQJ VKDUSO\ VKRUWWHUP PHDVXUHV PXVW EH WDNHQ WR VXSSRUW UHQHZDEOH ZKLOH ORQJWHUP
PHDVXUHV DUH EHLQJ LPSOHPHQWHG 2QH RI VXFK VKRUWWHUP PHDVXUHV LV FXUWDLOPHQW RI UHQHZDEOH SRZHU JHQHUDWLRQ
,Q -DSDQ D UDSLG JURZWK RI 39 V\VWHPV DVVRFLDWHG ZLWK OLPLWHG LQWHUFRQQHFWLRQ FDSDFLW\ EHWZHHQ EDODQFLQJ DUHDV
FDXVHG WKH JRYHUQPHQW WR DXWKRUL]H VLQFH $SULO RI  XWLOLWLHV WR FXUWDLO 39 SRZHU ZLWKRXW TXDQWLW\ RU SHULRG
OLPLWDWLRQ ZKHQHYHU WKH\ MXGJH LWV JHQHUDWLRQ ZLOO DIIHFW WKH VWDELOLW\ RI WKH SRZHU JULG +RZHYHU WR GR WKDW WKH
XWLOLWLHV PXVW LQIRUP 39 V\VWHPV RZQHUV RQH GD\ DKHDG RI WKH WLPH WKDW WKHLU 39 V\VWHP¶V SRZHU JHQHUDWLRQ VKRXOG
EH FXUWDLOHG 7KLV UXOH PDNHV WKH XVH RI GD\DKHDG IRUHFDVWV RI 39 SRZHU DQ HVVHQWLDO FRQGLWLRQ LQ WKH RSHUDWLRQ RI
39 V\VWHPV LQ -DSDQ 8QIRUWXQDWHO\ GD\DKHDG IRUHFDVWV RI 39 SRZHU DUH QRW DOZD\V DFFXUDWH 7KXV LW LV
QHFHVVDU\ WR HYDOXDWH WKH LPSDFW WKDW IRUHFDVW HUURUV ZLOO KDYH RQ WKH HIIHFWLYH FXUWDLOPHQW RI 39 SRZHU DQG RQ WKH
RYHUDOO RSHUDWLRQ RI SRZHU V\VWHPV ,Q WHFKQLFDO OLWHUDWXUH PDQ\ VWXGLHV IRFXV RQ WKH XQLW FRPPLWPHQW VLGH RI WKH
SUREOHP LQFOXGLQJ WKH GHYHORSPHQW RI VWRFKDVWLF RI SUREDELOLVWLF XQLW FRPPLWPHQW SODQQLQJ WKDW FDQ LQWHJUDWH
XQFHUWDLQW\ RI UHQHZDEOH HQHUJ\ V\VWHP¶V SRZHU IRUHFDVWV /RZHU\ DQG 2¶0DOOH\   :DQJ HW DO  
3HQJ DQG -LUXWLWLMDURHQ   ,NHGD HW DO   1HYHUWKHOHVV VWXGLHV WKDW HYDOXDWH GLUHFWO\ WKH LPSDFW RI
IRUHFDVW HUURUV RI 39 V\VWHP¶V SRZHU JHQHUDWLRQ RQ LWV FXUWDLOPHQW DQG RQ XQLW FRPPLWPHQW SODQQLQJ DUH VWLOO
VFDUFH
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2XU UHVHDUFK JURXS KDV EHHQ LQYHVWLJDWLQJ WKH JHQHUDO HIIHFWV RI GLIIHUHQW NLQG RI 39 DQG ZLQG SRZHU IRUHFDVWV DQG
WKH XVH XQFHUWDLQW\ LQIRUPDWLRQ UHJDUGLQJ VXFK IRUHFDVWV LQ PRGHOLQJ WKH RSHUDWLRQ RI SRZHU JULGV 8GDJDZD HW DO
 D E  ,Q WKLV VWXG\ RXU REMHFWLYH LV WR FODULI\ WKH GLUHFW UHODWLRQ EHWZHHQ GD\DKHDG IRUHFDVW
LQDFFXUDFLHV DQG HUURUV RQ FXUWDLOPHQW RI 39 SRZHU 6SHFLILFDOO\ ZH LQYHVWLJDWH VXFK UHODWLRQ LQ D VFHQDULR RI KLJK
SHQHWUDWLRQ RI 39 SRZHU DQG ZKHQ LWV FXUWDLOPHQW LV UHJDUGHG DV D URXWLQH WR GHDO ZLWK 39 SRZHU IOXFWXDWLRQV 7R
SURYLGH UHDOLVWLF UHVXOWV PLQXWH 8& VFKHGXOLQJ IRU WKH UHJLRQ RI .DQWR LQ -DSDQ FRQVLGHULQJ DOVR D VFHQDULR IRU
WKH GLVWULEXWLRQ RI SRZHU JHQHUDWRUV LQVWDOOHG LQ WKH DUHD E\  ZDV GRQH IRU D SHULRG RI RQH \HDU 7KH 8&
VFKHGXOLQJ XVHG GD\DKHDG IRUHFDVWV RI 39 SRZHU DQG WKH H[SHFWHG SRZHU GHPDQG IRU HDFK GD\ RI WKH SHULRG
VWXGLHG 7KH LPSDFW RI WKH IRUHFDVW HUURU RQ FXUWDLOPHQW RI 39 ZDV DOVR HYDOXDWHG XVLQJ DV UHIHUHQFH D VHFRQG 8&
VFKHGXOLQJ GRQH ZLWK 39 IRUHFDVWV ZLWKRXW HUURUV 6XFK VFKHGXOLQJ UHSUHVHQWV DQ LGHDO RU SHUIHFW RQH DV LW LV EDVHG
RQ ]HUR HUURUV IRUHFDVWV &RPSDULQJ ERWK 8& VFKHGXOLQJ ZH DQDO\]H KRZ IRUHFDVWV DIIHFW WKH DQQXDO DPRXQW RI
SRZHU FXUWDLOHG LI LW LV SURSHUO\ GHWHFWHG RQH GD\ DKHDG RI WLPH WKH DQQXDO UXQQLQJ FRVWV RI WKH SRZHU JHQHUDWRUV
DQG RWKHU FKDUDFWHULVWLFV RI WKH UHJLRQDO SRZHU V\VWHP LQ GLIIHUHQW WLPH VFDOHV

 39 3RZHU )RUHFDVWLQJ DQG 8QFHUWDLQW\ (VWLPDWLRQ
7R IRUHFDVW UHJLRQDO 39 SRZHU JHQHUDWLRQ D PHWKRG GHYHORSHG E\ )RQVHFD HW DO D ZDV XVHG :LWK WKLV
PHWKRG ILUVW LQVRODWLRQ LQ  SRLQWV ORFDWLRQV ZLWKLQ WKH .DQWR DUHD ZHUH IRUHFDVWHG KRXUO\ RQH GD\ DKHDG RI WLPH
3RLQW LQVRODWLRQ YDOXHV ZHUH XVHG WR REWDLQ WKH UHJLRQDO \LHOG ZKLFK WKHQ ZDV FRQYHUWHG WR UHJLRQDO 39 SRZHU
JHQHUDWLRQ 7KLV FDOFXODWLRQ SURFHGXUH ZDV UHSHDWHG IRU HDFK WDUJHWHG KRXU ZLWKLQ WKH SHULRG VWXGLHG $ EULHI
GHVFULSWLRQ RI WKH GDWD DQG PHWKRGV XVHG DUH GHVFULEHG LQ WKH IROORZLQJ SDUDJUDSKV
7KH IRUHFDVWV RI LQVRODWLRQ ZHUH GRQH IRU HDFK KRXU XVLQJ DV LQSXW GDWD QXPHULFDO ZHDWKHU SUHGLFWLRQ GDWD RI WKH
-DSDQ 0HWHRURORJLFDO $JHQF\ 1DPHO\ GDWD IURP WKH JULGSRLQW YDOXH PHVRVFDOH PRGHO *39060 GHYHORSHG
E\ 6DLWR HW DO  ZHUH XVHG )URP WKH GDWD VHW UHODWHG ZLWK WKLV PRGHO DLU WHPSHUDWXUH UHODWLYH KXPLGLW\ DQG
FORXGLQHVV LQ  OHYHOV ZHUH UHWULHYHG DQG XVHG DV LQSXW GDWD RI WKH IRUHFDVWV RI LQVRODWLRQ ,Q LWV PRVW UHFHQW YHUVLRQ
WKH *39060 SURYLGHV GDWD ZLWK D OHDG WLPH RI XS WR  KRXUV DKHDG RI WLPH ZLWK D VSDWLDO UHVROXWLRQ RI  NP E\
 NP LQ -DSDQ DQG VXUURXQGLQJV )RU WKH GD\DKHDG IRUHFDVWV GDWD UHOHDVHG DW  K -DSDQ 6WDQGDUG 7LPH RI WKH GD\
SUHFHGLQJ HDFK WDUJHWHG GD\ ZHUH XVHG DV LQSXW 7KH WDUJHWHG KRXUV WR EH IRUHFDVWHG ZHUH ZLWKLQ  K DQG  K RI
HDFK GD\ 7KXV WKH LQVRODWLRQ DQG 39 SRZHU IRUHFDVWV ZHUH GRQH RQH GD\ DKHDG RI WLPH ZLWK D OHDG WLPH YDU\LQJ
IURP  KRXUV WR  KRXUV %HVLGHV WKH *39060 YDULDEOHV WKH WKHRUHWLFDO KRUL]RQWDO SODQH H[WUDWHUUHVWULDO
LQVRODWLRQ RI HDFK KRXU WDUJHWHG ZDV DOVR XVHG DV LQSXW GDWD RI WKH IRUHFDVWV )LQDOO\ UHJDUGLQJ WKH GDWD XVHG LQ WKH
39 IRUHFDVWV WKH\ FRUUHVSRQG WR WKH ILVFDO \HDU RI  $SULO WR 0DUFK DQG WKH IRUHFDVWV ZHUH LQWHUSRODWHG WR 
PLQXWH YDOXHV WR SHUIRUP WKH 8& VFKHGXOLQJ FDOFXODWLRQV
7R PDNH WKH IRUHFDVWV D PDFKLQH OHDUQLQJ WHFKQLTXH NQRZQ DV VXSSRUW YHFWRU UHJUHVVLRQ ZDV XVHG 7KH VXSSRUW
YHFWRU UHJUHVVLRQ WHFKQLTXH FRQYHUWV WKH OHDUQLQJ SUREOHP DV DQ RSWLPL]DWLRQ SURFHGXUH DQG WKH UHODWLRQ EHWZHHQ
WKH LQSXW DQG RXWSXW YDULDEOHV LV PRGHOHG WKURXJK D OLQHDU ILW LQ D KLJKGLPHQVLRQDO VSDFH 7KH RULJLQDO SUREOHP LV
PDSSHG WR D KLJKGLPHQVLRQDO VSDFH ZLWK NHUQHOV 7KXV D NHUQHO IXQFWLRQ KDV WR EH FKRVHQ DQG VHW DV SDUW RI WKH
SUREOHP ,Q WKLV VWXG\ WKH *DXVVLDQ NHUQHO ZDV XVHG 7KH VSHFLILF VXSSRUW YHFWRU UHJUHVVLRQ WHFKQLTXH XVHG ZDV WKH
δVXSSRUW YHFWRU UHJUHVVLRQ ZKLFK ZDV GHYHORSHG E\ 6FK|ONRSI HW DO  LPSOHPHQWHG LQ SRUW RI WKH /LE690
OLEUDU\ &KDQJ HW DO  IRU WKH 5 ODQJXDJH
%HIRUH EHLQJ XVHG LQ WKH WUDLQLQJ VWDJH WKH VXSSRUW YHFWRU UHJUHVVLRQ DOJRULWKP KDV WR KDYH LWV FRQILJXUDWLRQ
SDUDPHWHUV VHW 7KH FRQILJXUDWLRQ SDUDPHWHUV LQ WKLV FDVH ZHUH VHW ZLWK DQ HQVHPEOH EDVHG DSSURDFK DOVR GHVFULEHG
LQ )RQVHFD HO DO D 5HJDUGLQJ WKH WUDLQLQJ GDWD HDFK VHW RI  KRXUV FKDUDFWHUL]LQJ RQH GD\DKHDG IRUHFDVWV
ZDV GRQH ZLWK D VXSSRUW YHFWRU UHJUHVVLRQ PRGHO WUDLQHG ZLWK GDWD RI WKH  GD\V SUHFHGLQJ WKH WDUJHWHG GD\ RI WKH
IRUHFDVWV 7KXV D XQLTXH IRUHFDVW PRGHO IRU HDFK GD\ IRUHFDVWHG ZDV GHYHORSHG
2QFH DQ LQVRODWLRQ IRUHFDVW IRU D JLYHQ KRXU DQG GD\ LV GRQH IRU HDFK RI WKH  SRLQW ORFDWLRQV ZLWKLQ .DQWR DUHD WKH
UHJLRQDO YDOXH ZDV REWDLQHG ZLWK DQ XSVFDOLQJ SURFHGXUH UHJDUGLQJ WKH UHJLRQDO \LHOG DV WKH DYHUDJH YDOXH RI WKH 
SRLQW IRUHFDVWV DV VKRZHG LQ (T  2QFH WKH UHJLRQDO LQVRODWLRQ IRUHFDVW LV REWDLQHG IRU D JLYHQ KRXU LWV YDOXH LV
FRQYHUWHG WR UHJLRQDO 39 SRZHU IROORZLQJ WKH IRUPXODWLRQ VXJJHVWHG E\ -,6& VWDQGDUG WR FDOFXODWH 39 SRZHU
IURP LQVRODWLRQ ,Q WKLV IRUPXODWLRQ DOO QRQOLQHDULWLHV DQG ORVVHV LQYROYHG LQ LQVRODWLRQ WR 39 SRZHU SRZHU DUH
UHSUHVHQWHG E\ D SHUIRUPDQFH UDWLR IDFWRU DV VKRZHG LQ (T 
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,Q (T  +UI LV WKH UHJLRQDO LQVRODWLRQ IRUHFDVWV LQ N:P FDOFXODWHG IRU D JLYHQ KRXU EDVHG RQ WKH LQVRODWLRQ
IRUHFDVW +S RI 1 SRLQWV ZLWKLQ WKH WDUJHW UHJLRQ 7KLV UHJLRQDO LQVRODWLRQ IRUHFDVW LV XVHG LQ (T  ZLWK WKH 39
LQVWDOOHG FDSDFLW\ 3LQV LQ N: WKH LQVRODWLRQ LQ VWDQGDUG FRQGLWLRQV *V UHJDUGHG DV  N:P DQG D SHUIRUPDQFH
UDWLR . VHW DV  WR FDOFXODWH WKH 39 SRZHU IRUHFDVW
7R PDNH WKH 8& VFKHGXOLQJ ZLWK WKH PRGHO GHVFULEHG LQ VHFWLRQ  EHVLGHV WKH GHWHUPLQLVWLF IRUHFDVW RI 39 SRZHU
JHQHUDWLRQ DW D JLYHQ WLPH LW LV DOVR QHFHVVDU\ WR KDYH LQIRUPDWLRQ DERXW WKH XQFHUWDLQW\ RI VXFK IRUHFDVW ,I VXFK
LQIRUPDWLRQ LV QRW DYDLODEOH XQFHUWDLQW\ FRXOG EH UHSUHVHQWHG E\ D PDUJLQ RI YDULDWLRQ IURP WKH IRUHFDVWHG YDOXH
VXFK DV  RU  RI LW ,Q WKLV VWXG\ IRU HDFK IRUHFDVW YDOXH RI GD\DKHDG UHJLRQDO 39 SRZHU JHQHUDWLRQ WKH
XQFHUWDLQW\ RI LW ZDV HVWLPDWHG YLD SUHGLFWLRQ LQWHUYDOV 7KH SUHGLFWLRQ LQWHUYDOV IRU WKH IRUHFDVWV RI 39 ZHUH
FDOFXODWHG XVLQJ D PHWKRG ZH SURSRVHG LQ )RQVHFD HW DO E ,Q WKLV PHWKRG SDVW IRUHFDVWV DUH XVHG WR HVWLPDWH
WKH SUHGLFWLRQ LQWHUYDOV RI D WDUJHW IRUHFDVW %DVLFDOO\ WKLV LV GRQH LQ  VWHSV )LUVW SDVW IRUHFDVWV DUH VHOHFWHG IURP
D GDWDEDVH RI IRUHFDVWV IRU WKH UHJLRQ EDVHG RQ KRZ VLPLODU WKHLU LQSXW GDWD DUH WR WKRVH RI WKH WDUJHW KRXU 2QFH D
VHW RI SDVW IRUHFDVW LV IRUPHG WKHLU HUURU LV FDOFXODWHG DQG LW LV DVVXPHG WKDW LWV GLVWULEXWLRQ IROORZV D /DSODFLDQ
GLVWULEXWLRQ )LQDOO\ WKURXJK WKH PD[LPXP OLNHOLKRRG PHWKRG WKH EHVW /DSODFLDQ GLVWULEXWLRQ WKDW ILWV WKH GDWD LV
VHOHFWHG 3UHGLFWLRQ LQWHUYDOV IRU DQ\ IRUHFDVW DUH WKHQ FDOFXODWHG XVLQJ WKH VHOHFWHG GLVWULEXWLRQ 'HWDLOV DERXW WKH
FDOFXODWLRQ RI SUHGLFWLRQ LQWHUYDOV IRU 39 IRUHFDVWV DUH LQ )RQVHFD HW DO E 3UHGLFWLRQ LQWHUYDOV IRU WKH 39
IRUHFDVWV ZLWK FRQILGHQFH OHYHO RI  ZHUH XVHG LQ WKH 8& VFKHGXOLQJ

 3RZHU 6\VWHP 6FKHGXOLQJ 0RGHO
7KH RSHUDWLRQ RI SRZHU V\VWHPV LQ -DSDQ LV H[HFXWHG E\ GLIIHUHQW V\VWHP RSHUDWRUV GHSHQGLQJ RQ WKH UHJLRQ RI WKH
FRXQWU\ (DFK V\VWHP RSHUDWRU PXVW VFKHGXOH WKH XVH RI WKHLU SRZHU JHQHUDWRUV LQ GLIIHUHQW WLPH IUDPHV VR WKDW
SRZHU GHPDQG LV DOZD\V SURSHUO\ DQG WLPHO\ VXSSOLHG $W WKH GD\DKHDG WLPH IUDPH WKH XVH RI SRZHU JHQHUDWRUV
DYDLODEOH WR WKH RSHUDWRU LV SODQQHG VR WKDW WRWDO RSHUDWLRQDO FRVWV UHTXLUHG WR VXSSO\ GHPDQG RI SRZHU DUH
PLQLPL]HG XQGHU FRQVWUDLQWV WKDW JXDUDQWHH DOO VHFXULW\ RI VXSSO\ UHTXLUHPHQWV DQG WKH EDODQFH EHWZHHQ VXSSO\ DQG
GHPDQG RI SRZHU DUH PHW $IWHU WKDW LQ LQWUDGD\ DQG UHDOWLPH RSHUDWLRQ WKH XVH RI WKH JHQHUDWRUV IROORZ GLVSDWFK
VWUDWHJLHV ZLWK WKH VLPLODU REMHFWLYHV
$W GD\DKHDG OHYHO RQH ZD\ RI VFKHGXOLQJ SRZHU JHQHUDWRUV RI D UHJLRQ LV NQRZQ DV XQLW FRPPLWPHQW 8&
VFKHGXOLQJ ,Q WKLV VWXG\ ZH XVHG DQ 8& VFKHGXOLQJ PRGHO GHYHORSHG E\ 8GDJDZD HW DO  7KLV PRGHO
PLQLPL]HV WKH IXHO &) DQG VWDUWXS &6 FRVWV RI D VHW RI Q WKHUPDO SRZHU JHQHUDWRUV LQ D JLYHQ DUHD QHFHVVDU\ WR
PHHW WKH H[SHFWHG SRZHU GHPDQG RI WKH  KRXUV RI WKH QH[W GD\ LQ HDFK W PLQXWH LQWHUYDOV (T   ,Q (T  S6W
LV D ELQDU\ YDULDEOH  RU  LQGLFDWLQJ LI JHQHUDWRU Q LV JRLQJ WR EH VWDUWHG RU QRW DW WLPH W 7KH IXHO FRVWV DUH
FDOFXODWHG EDVHG RQ WKH SRZHU RXWSXW RI HDFK SRZHU JHQHUDWRU FRQVLGHULQJ SDUWLDO ORDG HIILFLHQF\ DQG VHULHV RI
FRQVWUDLQWV WKDW HQVXUH WKDW SRZHU GHPDQG ZLOO EH PHW DQG WKDW VHFRQGDU\ UHJXODWLRQ FRQWURO UHVHUYHV RI SRZHU ZLOO
EH DYDLODEOH LQ UHDO WLPH RSHUDWLRQ RI WKH SRZHU V\VWHP
'HWDLOHG GHVFULSWLRQ RI WKH EDVLF PRGHO DQG LWV FRQVWUDLQWV DUH DYDLODEOH DW 8GDJDZD  7KH GHYHORSPHQW RI
VSHFLILF FRQVWUDLQW FRQGLWLRQV PRGHO 39 FXUWDLOPHQW ZDV SUHVHQWHG LQ 8GDJDZD E ,Q WKLV VHFWLRQ RQO\ WKH
PDLQ FRQVWUDLQWV DUH SUHVHQWHG 7KH FRQVWUDLQW LQ (T  HQVXUH WKDW SRZHU GHPDQG IRUHFDVW GW I  LQ 0: LV PHW E\
SRZHU SURYLGHG E\ Q WKHUPDO SRZHU JHQHUDWRUV SQW E\ P K\GURSXPSHG SRZHU JHQHUDWRUV JPW IRU JHQHUDWHG SRZHU
DQG KPW IRU FRQVXPHG SRZHU DQG E\ 39 SRZHU DIWHU FXUWDLOPHQW SY W 7KH FRQVWUDLQW LQ (T  JXDUDQWHHV WKDW 39
SRZHU DIWHU FXUWDLOPHQW LV DOZD\V HTXDO WR RU VPDOOHU WKDQ WKH DPRXQW IRUHFDVWHG SYW I  DV LW LV D GD\DKHDG
VFKHGXOLQJ  &RQVWUDLQWV LQ (T  WR (T  HQVXUH WKDW WKH WKHUPDO JHQHUDWRUV RSHUDWH ZLWKLQ WKHLU PD[LPXP DQG
PLQLPXP RSHUDWLRQ ORDGV DW DQ\ WLPH P[7Q PQ7Q DOORZLQJ IRU UHVHUYHV RI VHFRQGDU\ UHJXODWLRQ FRQWURO IRU HDFK
SRZHU JHQHUDWRU )RU H[DPSOH WKH FRQVWUDLQW LQ (T  FRQWUROV WKH XSZDUG VSLQQLQJ UHVHUYHV (T  WKH GRZQZDUG
VSLQQLQJ UHVHUYHV DQG (T  FRQWUROV WKH PD[LPXP DPRXQW DOORZHG IRU XSZDUG VHFRQGDU\ FRQWURO UHJXODWLRQ
UHVHUYH )LQDOO\ (T  JXDUDQWHHV WKDW WKH RSHUDWLRQ RI WKH SRZHU JHQHUDWRU GRHV QRW H[FHHG LWV PD[LPXP FDSDFLW\
DQG (T  DQG (T  FRQWURO GRZQZDUG VHFRQGDU\ FRQWURO UHJXODWLRQ UHVHUYHV 7KHVH FRQVWUDLQWV DOVR HQVXUH WKDW
DW DQ\ JLYHQ WLPH WKHUH ZLOO EH DOZD\V SRZHU UHVHUYH DYDLODEOH WR GHDO ZLWK WKH IRUHFDVW HUURU XS WR D PDUJLQ JLYHQ
E\ WKH VXSHULRU DQG LQIHULRU SUHGLFWLRQ LQWHUYDOV SY WIX DQG SY WIG SURYLGHG ZLWK WKH IRUHFDVWV
0LQLPL]H
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6XEMHFW WR








,Q (T  (T  (T  (T  (T  (T  DQG (T  ࢂQW W LV WKH PD[LPXP SRZHU RXWSXW RI D WKHUPDO JHQHUDWRU Q
DW WLPH W GLVFRXQWLQJ LWV VHFRQGDU\ UHJXODWLRQ FRQWURO UHVHUYH PDUJLQ 7KH V\PERO SQW LV WKH PLQLPDO SRZHU RXWSXW
RI D WKHUPDO JHQHUDWRU Q DW WLPH W GLVFRXQWLQJ LWV VHFRQGDU\ UHJXODWLRQ ,Q (T  S:NQW LV D ELQDU\ GHFLVLRQ YDULDEOH
LQGLFDWLQJ LI WKHUPDO JHQHUDWRU Q LV RQOLQH RU QRW DW WLPH W DQG EO7Q LV WKH PD[LPXP DPRXQW RI VHFRQGDU\ UHJXODWLRQ
UHVHUYH WKDW FDQ EH SURYLGHG E\ D WKHUPDO JHQHUDWRU DQG LW LV H[SUHVVHG DV D UDWLR RI WKH JHQHUDWRU¶V PD[LPXP
SRZHU RXWSXW &RQVWUDLQWV WKDW DOORZ IRU WKH GHWHUPLQDWLRQ RI WKH RSWLPXP QXPEHU RI SRZHU JHQHUDWRU QHHGHG WR
SURYLGH QHFHVVDU\ VHFRQGDU\ UHJXODWLRQ UHVHUYH DUH DOVR LQVHUWHG LQ WKH RSWLPL]DWLRQ PRGHO 7KH\ DUH GHVFULEHG LQ
LQ 8GDJDZD HW DO 
,W ZDV DVVXPHG LQ WKLV PRGHO WKDW XS WR  RI WKH PD[LPXP RSHUDWLRQ ORDGV RI RQOLQH WKHUPDO JHQHUDWRUV DUH
UHJDUGHG DV UHVHUYH IRU VHFRQGDU\ UHJXODWLRQ FRQWURO UHVHUYHV )RU SXPSHG K\GUR SRZHU WKH PD[LPXP YDOXHV ZHUH
 ZKHQ JHQHUDWLQJ SRZHU DQG  ZKHQ SXPSLQJ XS ZDWHU WR WKH UHVHUYRLU 0RUHRYHU RQO\  SXPSHG
K\GURSRZHU SODQWV ZHUH UHJDUGHG DV FDSDEOH WR SURYLGH /)& UHVHUYH LQ SXPSLQJ PRGH DV QRW DOO RI WKHP KDYH WKLV
FDSDELOLW\ 3XPSHG K\GUR SRZHU HIILFLHQF\ YDOXHV ZHUH VHW ZLWK YDOXHV IURP  WR  GHSHQGLQJ RI WKH SODQW
7KHVH YDOXHV DUH UHJDUGHG DV W\SLFDO YDOXHV IRU WKH DUHD VWXGLHG DQG DUH DOVR EDVHG RQ 8GDJDZD HW DO 
,Q WKH 8& VFKHGXOLQJ FDOFXODWLRQ 39 SRZHU JHQHUDWLRQ LV XVHG DOVR WR GHWHUPLQH WKH QHFHVVDU\ SRZHU UHVHUYH WR
GHDO IOXFWXDWLRQV RI SRZHU LQ UHDOWLPH RSHUDWLRQV &XUWDLOPHQW RI 39 ZLOO EH VFKHGXOHG WKHQ ZKHQHYHU LW LV QRW
SRVVLEOH WR DOORFDWH HQRXJK SRZHU UHVHUYH WR GHDO ZLWK 39 SRZHU IOXFWXDWLRQV DW D IHDVLEOH FRVW 7KH UHTXLUHG
UHVHUYH RI SRZHU DV KDYLQJ WKH PDJQLWXGH RI WKH SUHGLFWLRQ LQWHUYDOV RI WKH IRUHFDVWV RI 39 ZLWK D FRQILGHQFH OHYHO
RI  SOXV WKH SRZHU GHPDQG IOXFWXDWLRQ (YHU\ WLPH IRU DQ\ JLYHQ RSHUDWLRQ WLPH SRZHU UHVHUYH UHTXLUHG WR
FRYHU IRUHFDVWHG 39 DQG DVVRFLDWHG SUHGLFWLRQ LQWHUYDOV UHDFK SK\VLFDOO\ XQIHDVLEOH YDOXHV RU KDV FRVW EH\RQG
DFFHSWDEOH YDOXHV FXUWDLOPHQW RI 39 LV VFKHGXOHG
'HSHQGLQJ RQ KRZ FXUWDLOPHQW LV DSSOLHG LQ SUDFWLFH GLIIHUHQW LQWHUSUHWDWLRQV RI WKH HIIHFWV RI WKH IRUHFDVW HUURUV
FDQ EH GRQH :H DVVXPHG WKDW ZKHQ FXUWDLOPHQW UHTXHVW VLJQDO LV VHQW RQH GD\ DKHDG RI WKH WLPH WR D 39 V\VWHP
RZQHU LW VHWV LQ WKH SRZHU FRQGLWLRQLQJ V\VWHP 3&6 RI WKH 39 V\VWHP D PD[LPXP RXWSXW YDOXH DOORZHG DW D JLYHQ
KRXU 7KLV YDOXH LV IL[HG DQG EDVHG RQ WKH FDSDFLW\ RI WKH 3&6 7KXV LI D FXUWDLOPHQW UHTXHVW LV LVVXHG DW D JLYHQ
KRXU DQG OHVV LQVRODWLRQ WKDQ IRUHFDVWHG LV UHDOL]HG \LHOGLQJ OHVV 39 WKDQ WKH PD[LPXP DOORZHG  QR FXUWDLOPHQW
RI 39 LV GRQH

 7DUJHW 5HJLRQ DQG 6LPXODWHG 6FHQDULR 'HVFULSWLRQ
7KH .DQWR UHJLRQ LQ -DSDQ ZDV WKH WDUJHW DUHD RI WKH VWXG\ ,W LV ZKHUH 7RN\R LV ORFDWHG ,W LV WKH UHJLRQ ZLWK WKH
KLJKHVW UHJLRQDO SRZHU GHPDQG LQ -DSDQ 7KH UHJLRQDO SRZHU V\VWHP FRPSULVLQJ SRZHU JHQHUDWLRQ WUDQVPLVVLRQ
GLVWULEXWLRQ LV RSHUDWHG E\ 7(3&2 SRZHU XWLOLW\ DOWKRXJK WKH PDUNHW LV FXUUHQWO\ LQ WKH SURFHVV RI EHLQJ
OLEHUDOL]HG %HVLGHV .DQWR DUHD 7(3&2 RSHUDWHV DOVR LQ SDUWV RI WKH SUHIHFWXUH RI 6KL]XRND DQG <DPDQDVKL ,Q WKLV
VWXG\ ZH FRQVLGHUHG WKH ZKROH DUHD RSHUDWHG E\ 7(3&2 DV .DQWR DUHD VR WKDW WKH UHDO EDODQFLQJ DUHD FRXOG EH
EHWWHU VLPXODWHG 5HJDUGLQJ SRZHU JHQHUDWRUV LQVWDOOHG LQ .DQWR UHJLRQ D VFHQDULR IRU  UHJDUGLQJ WKHLU
FRQILJXUDWLRQ DQG LQVWDOOHG FDSDFLW\ EDVHG RQ WKH VWXG\ RI 2JLPRWR HW DO  ZDV XVHG 7KH DVVXPHG YDOXHV IRU
QXPEHU RI JHQHUDWRUV WKHLU W\SH DQG FDSDFLW\ DUH LQ 7DEOH 
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7DE  &KDUDFWHULVWLFV RI WKH SRZHU SODQWV VLPXODWHG IRU .DQWR UHJLRQ SRZHU V\VWHP

7\SH RI *HQHUDWRU
&RDO
/1*
2LO
+\GUR 3XPS 6WRUDJH
1XFOHDU DQG +\GUR

1XPEHU RI *HQHUDWRUV




$VVXPHG DV SURYLGHUV RI EDVH ORDG

,QVWDOOHG &DSDFLW\ *:






$ VFHQDULR RI KLJK SHQHWUDWLRQ RI 39 ZDV DOVR DVVXPHG 6XFK VFHQDULR LV EDVHG RQ D VWXG\ SXEOLVKHG E\ 1HZ
(QHUJ\ DQG ,QGXVWULDO 7HFKQRORJ\ 'HYHORSPHQW 2UJDQL]DWLRQ 1('2   LQYHVWLJDWLQJ WKH SRVVLELOLW\ RI 
*: RI 39 SRZHU SHQHWUDWLRQ LQ -DSDQ E\  1('2   %DVHG RQ WKLV YDOXH ZH FRQVLGHUHG 39 LQVWDOOHG
FDSDFLW\ DV IROORZLQJ WKH UDWLR EHWZHHQ HDFK UHJLRQ DQG WKH QDWLRQDO DQQXDO SRZHU GHPDQG 'RLQJ WKDW LQ D
VFHQDULR RI  *: IRU -DSDQ DQG LI 39 LV GHSOR\HG SURSRUWLRQDOO\ WR WKH DUHD SRZHU GHPDQG .DQWR DUHD VKRXOG
KDYH  *: RI 39 SRZHU LQVWDOOHG ZKLFK ZDV WKH VFHQDULR VLPXODWHG
7R VLPXODWH UHDO RSHUDWLRQ FRQGLWLRQV RI WKH SRZHU V\VWHP LQ .DQWR SRZHU GHPDQG DQG ZHDWKHU IRUHFDVW GDWD RI
WKH UHJLRQ ZHUH XVHG 3RZHU GHPDQG GDWD IRU  \HDU IURP $SULO  WR 0DUFK  IRU .DQWR UHJLRQ ZLWK D
WHPSRUDO UHVROXWLRQ RI  PLQXWHV ZHUH XVHG $FFRUGLQJO\ ZHDWKHU GDWD RI WKH VDPH SHULRG ZDV XVHG WR \LHOG WKH
LQVRODWLRQ DQG 39 SRZHU IRUHFDVWV )RUHFDVW RI LQVRODWLRQ IRU  SRLQWV ZLWKLQ .DQWR DUHD ZHUH GRQH RQHGD\ DKHDG
RI WLPH IURP K WR K RI HDFK WDUJHW GD\ 7KH LQVRODWLRQ IRUHFDVWV ZHUH GRQH KRXUO\ GXH WR WKH WHPSRUDO UHVROXWLRQ
RI WKH ZHDWKHU GDWD XVHG DV LQSXW RI WKH IRUHFDVWV 7KXV D VLPSOH LQWHUSRODWLRQ SURFHGXUH ZDV DSSOLHG XVLQJ YDOXHV
RI WZR FRQVHFXWLYH KRXUV WR REWDLQ  PLQXWH IRUHFDVWV 7KLV SURFHGXUH ZDV RQO\ DSSOLHG DIWHU WKH UHJLRQDO IRUHFDVW
RI 39 SRZHU ZDV FDOFXODWHG 7KH QDPHV DQG DSSUR[LPDWH ORFDWLRQ RI WKH  SODFHV ZLWKLQ .DQWR IRU ZKLFK
LQVRODWLRQ IRUHFDVWV ZHUH GRQH DQG IURP ZKLFK WKH UHJLRQDO \LHOG ZDV HVWLPDWHG DUH LQ 7DEOH  ,Q HDFK ORFDWLRQ
WKHUH LV D ZHDWKHU PHDVXUHPHQW VWDWLRQ RI WKH -DSDQ 0HWHRURORJLFDO $JHQF\
7DE  /RFDWLRQ RI WKH  SRLQWV ZLWKLQ .DQWR IRU ZKLFK IRUHFDVWV RI LQVRODWLRQ ZHUH GRQH

/RFDWLRQ
/DWLWXGH
/RQJLWXGH

8WVXQRPL\D
 1
 (

0DHEDVKL
 1
 (

.RIX
 1
 (

7VXNXED
 1
 (

&KRVKL
 1
 (

7RN\R
 1
 (

 5HVXOWV
,Q )LJ  IRXU DQQXDO YDOXHV RI WKH GD\DKHDG IRUHFDVW HUURUV DUH SUHVHQWHG 7KH URRW PHDQ VTXDUH HUURU 506(BQ
PHDQ DEVROXWH HUURU 0$(BQ DQG PHDQ ELDV 0ELDV BQ ZHUH FDOFXODWHG KRXUO\ DQG QRUPDOL]HG E\ WKH WRWDO UDWHG 39
SRZHU DVVXPHG WR EH LQVWDOOHG LQ WKH UHJLRQ 7R RIIHU D H[WUD PHDVXUHPHQW RI WKH DFFXUDF\ RI WKH IRUHFDVWV WKH PHDQ
DEVROXWH SHUFHQW HUURU 0$3(BQ LV DOVR SURYLGHG ,Q WKLV FDVH LW ZDV FDOFXODWHG LQ GDLO\ IDVKLRQ DQG QRUPDOL]HG E\
DYHUDJH 39 SRZHU JHQHUDWLRQ DOVR GDLO\  7KH
YDOXHV LQ )LJ  LQGLFDWH WKDW WKH DFFXUDF\ RI WKH
UHJLRQDO GD\DKHDG IRUHFDVWV IRU .DQWR KDG XVXDO
YDOXHV IRXQG IRU WKLV NLQG RI IRUHFDVW LQ -DSDQ
)RQVHFD HW DO  
2QH ZD\ WR DVVHVV WKH LPSDFW RI WKH GD\DKHDG
IRUHFDVW HUURUV VKRZHG LQ )LJ  RQ WKH 8&
VFKHGXOLQJ RI .DQWR¶V SRZHU V\VWHP LV WR FRPSDUH
WKH SHUIRUPDQFH RI D 8& VFKHGXOLQJ EDVHG RQ VXFK
IRUHFDVWV ZLWK WKH SHUIRUPDQFH RI RQH EDVHG RQ D
)LJXUH  5HJLRQDO 39 3RZHU )RUHFDVW (UURUV IRU .DQWR
IRUHFDVW ZLWKRXW HUURU D SHUIHFW IRUHFDVW  ,Q 7DEOH
 ZH SUHVHQW WKH DQQXDO DPRXQW RI 39 FXUWDLOHG IXHO FRVW DQG FXUWDLOPHQW SHULRG WKDW ERWK NLQGV RI 8& VFKHGXOLQJ
ZRXOG \LHOG 7KH UHVXOWV LQ 7DEOH  LQGLFDWH WKDW DQQXDOO\ WKH WRWDO DPRXQW RI 39 FXUWDLOHG ZKHQ HDFK NLQG RI
IRUHFDVWV ZDV XVHG ZDV QHDU WR  RI WRWDO 39 JHQHUDWHG
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7DE  6FKHGXOLQJ RI 39 FXUWDLOPHQW DQG 5XQQLQJ &RVW RI .DQWR 3RZHU 6\VWHP LQ  <HDU EDVHG RQ D 8& XVLQJ GD\DKHDG IRUHFDVWV
DQG D 8& XVLQJ D SHUIHFW IRUHFDVW ZLWKRXW IRUHFDVW HUURUV 

)RUHFDVW

39 FXUWDLOPHQW
VFKHGXOHG

*HQHUDWRUV¶ &XUWDLOPHQW 3HULRG
)XHO &RVW  RI WRWDO P LQWHUYDOV

39 &XUWDLOPHQW 0$(Q
VFKHGXOHG YV WRWDO 39 VXUSOXV

 RI WRWDO 39 SRZHU JHQHUDWHG

  -3<

'D\DKHDG
3HUIHFW













9DULDWLRQ









 RI DYHUDJH 39 3RZHU JHQHUDWHG

:LWKLQ WKH SHULRG RI 39 IRUHFDVWV  \HDU IURP K WR K 

5HJDUGLQJ WKH IRUHFDVW HUURU LWV LPSDFW LQ WKH DQQXDO 39 FXUWDLOHG ZDV UHODWLYHO\ VPDOO ZKHQ GD\DKHDG IRUHFDVWV
ZHUH XVHG LQ WKH 8& WKH DQQXDO 39 VFKHGXOHG WR EH FXUWDLOHG ZDV  ORZHU WKDQ WKH DPRXQW WKDW ZRXOG EH
FXUWDLOHG LI SHUIHFW IRUHFDVWV ZHUH XVHG 2Q WKH RWKHU KDQG ORRNLQJ DW WKH FXUWDLOPHQW SHULRG DW 7DEOH  ZKHQ GD\
DKHDG IRUHFDVWV ZHUH XVHG FXUWDLOPHQW ZDV VFKHGXOHG WR KDSSHQ IRU D ORQJHU SHULRG WKDQ LW VKRXOG UHDFKLQJ 
RI WKH WLPH LQ WKH \HDU VWXGLHG DJDLQVW  RI WKH FDVH ZKHQ SHUIHFW IRUHFDVWV ZHUH XVHG  7KXV WKH IRUHFDVW HUURU
FDXVHG VFKHGXOLQJ RI 39 FXUWDLOPHQW LQ KRXUV ZKHQ LW ZDV QRW QHFHVVDU\ DQG DOVR LQVXIILFLHQW VFKHGXOLQJ RI
FXUWDLOPHQW LQ WKH KRXUV ZKHQ LW ZDV QHFHVVDU\ 7KH LPSDFW RI WKH IRUHFDVW HUURU DOVR FDXVHG DQ LQFUHDVH RI  RI
WKH SRZHU V\VWHPV IXHO FRVW $OWKRXJK WKLV YDOXH VHHPV VPDOO DV LWV XQLW LV  -3< LW KDV FRQVLGHUDEOH LPSDFW LQ
WKH RSHUDWLRQ FRVW RI WKH V\VWHP 6XFK LQFUHDVH RI WKH RSHUDWLRQ FRVW LV UHODWHG ZLWK KRZ WKH WKHUPDO DQG K\GUR
SXPS SRZHU JHQHUDWRUV DUH XVHG WR VDWLVI\ WKH UHVLGXDO SRZHU GHPDQG LQ WKH GD\DKHDG IRUHFDVW EDVHG DQG SHUIHFW
IRUHFDVW EDVHG 8& ,W UHSUHVHQWV WKH LPSDFW RI KDYLQJ WR PDLQWDLQ UHVHUYH SRZHU WR GHDO ZLWK WKH IRUHFDVW HUURU
)LQDOO\ WKH FRVW RI WKH IRUHFDVW HUURU FDQ EH H[SUHVVHG DV WKH PHDQ DEVROXWH HUURU RI 39 SRZHU VFKHGXOHG WR EH
FXUWDLOHG ZKHQ FRPSDUHG ZLWK WKH WRWDO 39 SRZHU VXUSOXV DW HDFK KRXU 7DEOH  VKRZV WKDW LQ DYHUDJH  RI WKH
DYHUDJH DQQXDO 39 SRZHU JHQHUDWHG LQ *: ZDV ZURQJO\ FXUWDLOHG ,Q WKH FDVHV WKDW 39 FXUWDLOPHQW HUURUV ZHUH
QHJDWLYH PRUH 39 WKDQ VFKHGXOHG ZDV FXUWDLOHG \LHOGLQJ KLJKHU HFRQRPLF DQG HQHUJ\ ORVVHV WR RZQHUV RI 39
V\VWHPV WKDQ H[SHFWHG :KHQ WKH HUURU ZDV SRVLWLYH OHVV 39 WKDQ VFKHGXOHG ZDV FXUWDLOHG GXH WR OHVV 39
JHQHUDWLRQ WKDQ IRUHFDVWHG  $OWKRXJK LQ WKLV FDVH VRPH 39 V\VWHPV¶ RZQHUV ZLOO KDYH OHVV HFRQRPLF ORVVHV WKDQ
H[SHFWHG WKHUH ZLOO EH ORVVHV GXH WR LVVXLQJ XQQHFHVVDU\ 39 FXUWDLOPHQW UHTXHVWV
,Q )LJ  WKH DPRXQWV RI 39 VFKHGXOHG WR EH FXUWDLOHG PRQWKO\ ZLWK WKH WKH UHDO IRUHFDVW EDVHG 8& DQG ZLWK WKH RQH
EDVHG RQ D SHUIHFW IRUHFDVW DUH SUHVHQWHG %HFDXVH WKH GD\DKHDG IRUHFDVWV FRQWDLQ HUURUV ZKHQ XVLQJ WKHP WR
FXUWDLO 39 SRZHU WZR RWKHU TXDQWLWLHV ZLOO DSSHDU EHVLGHV WKH VFKHGXOHG 39 FXUWDLOPHQW 7KH ILUVW RQH LV WKH DFWXDO
FXUWDLOPHQW RI 39 SRZHU DQG LW LV D GLUHFW FRQVHTXHQFH RI WKH ZD\ FXUWDLOPHQW ZDV DSSOLHG VHFWLRQ   ,W
UHSUHVHQWV WKH GLIIHUHQFH EHWZHHQ DFWXDO 39 SRZHU VXUSOXV DQG 39 SRZHU VFKHGXOHG WR EH XVHG LQ WKH SRZHU JULG
ZKHQ FXUWDLOPHQW ZDV VFKHGXOHG WR KDSSHQ 7KH VHFRQG TXDQWLW\ LV WKH UHTXLUHG FXUWDLOPHQW RI 39 ,W UHSUHVHQWV WKH
DFWXDO 39 FXUWDLOPHQW EODFN GRWWHG OLQH LQ )LJ  SOXV WKH 39 VXUSOXV WKDW PXVW EH FXUWDLOHG EXW LW ZDV RXWVLGH WKH
KRXUV LQ ZKLFK 39 FXUWDLOPHQW ZDV VFKHGXOHG WR KDSSHQ ,Q WKH FDVH RI D SHUIHFW IRUHFDVW ERWK TXDQWLWLHV GLVDSSHDU

)LJXUH  0RQWKO\ 39 SRZHU FXUWDLOPHQW UDWLR LQ .DQWR XVLQJ UHDO GD\DKHDG IRUHFDVWV DQG SHUIHFW RQHV

7KH UHVXOWV LQ )LJ  VKRZ WKDW LI WKHUH ZHUH QR IRUHFDVW HUURUV WKH PRQWKV ZKHQ 39 ZRXOG EH VWURQJO\ FXUWDLOHG
ZRXOG EH $SULO DQG 0D\ DQG DW D ORZHU OHYHO 0DUFK DQG -XQH ,Q VSULQJ LQ .DQWR LQVRODWLRQ LV DOPRVW DV KLJK DV
VXPPHU EXW SRZHU GHPDQG LV ORZHU WKDQ LQ ZLQWHU DQG VXPPHU ,Q VXFK FRQGLWLRQV HYHQ XVLQJ WKH FRQYHQWLRQDO
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SRZHU JHQHUDWRUV DW WKHLU PLQLPXP ORDGV ZRXOG QRW EH HQRXJK WR SUHYHQW FRQVLGHUDEOH FXUWDLOPHQW RI 39 IRU WKH
VFHQDULR VWXGLHG 2Q VXPPHU KLJKHU SRZHU GHPDQG UHGXFHV FRQVLGHUDEO\ WKH QHHG IRU FXUWDLOPHQW RI 39 7KH
UHVXOW ZRXOG EH -XO\ DQG $XJXVW ZLWK ORZ 39 FXUWDLOPHQW DV VKRZHG E\ GD\DKHDG DQG SHUIHFW IRUHFDVW EDVHG 8&
VFKHGXOLQJ UHVXOWV LQ )LJ  1HYHUWKHOHVV ZKDW KDSSHQV LV GLIIHUHQW GXH WR WKH IRUHFDVW HUURU 7KH FXUWDLOPHQW
UHTXLUHG LWHP LQ )LJ  LQGLFDWHV WKDW IURP -XQH WR $XJXVW EHWZHHQ  WR  RI WKH DYHUDJH 39 JHQHUDWHG LQ
WKHVH PRQWKV VKRXOG EH FXUWDLOHG LI GD\DKHDG IRUHFDVWV ZLWK HUURUV ZHUH XVHG 0RUHRYHU LQ -XQH WKH UHTXLUHG
FXUWDLOPHQW ZDV PRUH WKDQ  WLPHV KLJKHU WKDQ WKH DFWXDO RQH 7KDW UHVXOW LQGLFDWHV WKDW LQ -XQH WKHUH ZHUH PDQ\
KRXUV LQ ZKLFK WKHUH ZDV VXUSOXV RI 39 SRZHU EXW WKHUH ZDV QR VFKHGXOLQJ IRU LWV FXUWDLOPHQW 7KHVH KRXUV LQ
ZKLFK FXUWDLOPHQW KDSSHQHG ZHUH QRW UHJDUGHG DV VXFK RQH GD\ DKHDG RI WKH WLPH
$ IRUHFDVW HUURU RI WKH 39 JHQHUDWLRQ H[SHFWHG DW D JLYHQ KRXU FDQ FDXVH D GLIIHUHQFH EHWZHHQ 39 VFKHGXOHG WR EH
FXUWDLOHG WKH DFWXDO DPRXQW FXUWDLOHG DQG WKH UHTXLUHG DPRXQW WR EH FXUWDLOHG ,I VXFK 39 JHQHUDWLRQ LV
XQGHUHVWLPDWHG IRU H[DPSOH WKH UHTXLUHG FXUWDLOPHQW RI 39 ZLOO EH KLJKHU WKDQ WKH VFKHGXOHG DQG WKH DFWXDOO\
FXUWDLOHG 39 SRZHU 7KH UHVXOW ZLOO EH DQ XQH[SHFWHG VXUSOXV RI 39 WKDW WKH SRZHU XWLOLW\ ZLOO KDYH WR GHDO ZLWK LQ D
VKRUW SHULRG RI WLPH GXULQJ WKH RSHUDWLRQ GD\ 7KH UHVXOWV LQ )LJ  VKRZ WKDW VXFK XQH[SHFWHG VXUSOXVHV RI 39 FDQ
RFFXU HYHQ LQ PRQWKV ZLWK KLJK GHPDQG RI SRZHU VXFK DV -XO\ DQG $XJXVW
7R EHWWHU XQGHUVWDQG WKH UHODWLRQ EHWZHHQ WKH GD\DKHDG 39 SRZHU IRUHFDVW HUURU DQG WKH GLIIHUHQFH EHWZHHQ DFWXDO
39 FXUWDLOHG DQG UHTXLUHG FXUWDLOPHQW LQ )LJ  LQ )LJ  ZH SORWWHG WKH PRQWKO\ 39 IRUHFDVW PHDQ DEVROXWH HUURUV
DQG WKHLU UHVSHFWLYH PHDQ ELDVHV

)LJXUH  0RQWKO\ GD\DKHDG 39 SRZHU IRUHFDVW PHDQ DEVROXWH HUURUV DQG PHDQ ELDVHV RI .DQWR UHJLRQ

7KH UHVXOWV LQ )LJ  VKRZ WKDW -XQH DQG -XO\ KDG WKH 39 SRZHU IRUHFDVWV ZLWK WKH KLJKHVW PHDQ DEVROXWH HUURUV RI
WKH SHULRG VWXGLHG )XUWKHUPRUH WKHVH WZR PRQWKV DOVR KDG QRW RQO\ QHJDWLYH ELDVHV EXW DOVR WKH ORZHVW RQHV RI WKH
SHULRG 7KHVH WZR FKDUDFWHULVWLFV LQGLFDWH WKDW LQ PDQ\ KRXUV LQ WKRVH PRQWKV WKH 39 IRUHFDVWV XQGHUHVWLPDWHG
VLJQLILFDQWO\ WKH 39 JHQHUDWHG $V D FRQVHTXHQFH WKH DVVRFLDWHG 8& VFKHGXOLQJ LQ WKLV SHULRG GLG QRW FXUWDLO
HQRXJK 39 \LHOGLQJ WKH EHKDYLRU SUHVHQWHG LQ )LJ 
&RQWLQXLQJ WKH FRPSDULVRQ EHWZHHQ WKH FXUWDLOPHQW
RI 39 VFKHGXOHG ZLWK GD\DKHDG IRUHFDVWV ZLWK WKH
RQH FXUWDLOHG ZLWK D SHUIHFW IRUHFDVW )LJ  VKRZV WKH
GLUHFW UHODWLRQ EHWZHHQ ERWK FXUWDLOPHQW YDOXHV
WKURXJKRXW WKH SHULRG VWXGLHG $ OLQHDU ILWWLQJ LV DOVR
SORWWHG ZLWK WKH UHVSHFWLYH FRHIILFLHQW RI
GHWHUPLQDWLRQ 7KH YDOXH RI FRHIILFLHQW RI
GHWHUPLQDWLRQ LQGLFDWHV WKDW LQ JHQHUDO WKHUH ZDV JRRG
DJUHHPHQW EHWZHHQ ERWK YDULDEOHV ,W VKRZV WKDW 
RI WKH YDULDQFH RI WKH FXUWDLOPHQW VFKHGXOHG ZLWK D
SHUIHFW IRUHFDVW ZDV H[SODLQHG E\ WKH FXUWDLOPHQW
VFKHGXOHG ZLWK WKH GD\DKHDG IRUHFDVW $ SDUWLFXODUO\
JRRG UHODWLRQ EHWZHHQ ERWK YDULDEOHV LV REVHUYHG
)LJXUH  &XUWDLOPHQW RI 39 EDVHG RQ D SHUIHFW IRUHFDVW YHUVXV
ZKHQ FXUWDLOPHQW RI 39 ZDV KLJKHU WKDQ  *: ,Q
FXUWDLOPHQW RI 39 EDVHG RQ GD\DKHDG IRUHFDVWV IRU .DQWR UHJLRQ
WKLV UDQJH VFKHGXOHG FXUWDLOPHQW EDVHG RQ GD\DKHDG
IRUHFDVWV RI 39 ZDV XVXDOO\ VLPLODU WR WKH RQH EDVHG RQ D SHUIHFW 39 IRUHFDVW 7KH ORZHU WKH FXUWDLOPHQW RI 39
EDVHG RQ GD\DKHDG IRUHFDVWV WKH KLJKHU ZDV WKH ODUJHVW GHYLDWLRQ IURP WKH FXUWDLOPHQW YDOXH EDVHG RQ SHUIHFW
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IRUHFDVWV )RU H[DPSOH ZKHQ  *: RI 39 ZHUH VFKHGXOHG WR EH FXUWDLOHG ZLWK GD\DKHDG IRUHFDVWV WKHLU HUURUV
FDXVHG D GHYLDWLRQ RI DOPRVW  *: IURP WKH YDOXH WKDW ZRXOG EH FXUWDLOHG LI SHUIHFW IRUHFDVWV ZHUH DYDLODEOH )RU
WKLV VSHFLILF KRXU WKH IRUHFDVW RI 39 SRZHU JHQHUDWLRQ JUHDWO\ XQGHUHVWLPDWHG WKH DPRXQW DFWXDOO\ RI 39 JHQHUDWHG
%HVLGHV WKH IXHO FRVW RI WKH SRZHU V\VWHP DQG WKH HUURU RI WKH DPRXQW RI 39 FXUWDLOHG DQRWKHU HIIHFW RI WKH GD\
DKHDG 39 SRZHU IRUHFDVW HUURU RQ 39 FXUWDLOPHQW UHJDUGV WKH LGHQWLILFDWLRQ RI WKH KRXUV LQ D GD\ ZKHQ FXUWDLOPHQW
RI 39 VKRXOG EH DSSOLHG ,I 39 FXUWDLOPHQW LV VFKHGXOHG WR KDSSHQ DW D JLYHQ KRXU DQG GXH WR WKH UHDO DPRXQW
JHQHUDWHG LW LV IRXQG WKDW VXFK FXUWDLOPHQW ZDV QRW QHFHVVDU\ WKLV LV DQ KRXU ZKHQ FXUWDLOPHQW ZDV ZURQJO\
VFKHGXOHG 7KH RSSRVLWH QR FXUWDLOPHQW VFKHGXOHG EXW DFWXDOO\ UHTXLUHG LV DOVR D VFKHGXOLQJ HUURU 7R YHULI\ WKH
HIIHFWV RI WKH IRUHFDVW HUURU IURP WKLV SRLQW RI YLHZ 7DEOH  FRQWDLQV D FRQWLQJHQF\ WDEOH RI WKH KRXUV FRXQWHG DV
WZR P WLPH LQWHUYDOV RI WKH SHULRG VWXGLHG ZLWK DQG ZLWKRXW FXUWDLOPHQW WKH SUHFLVLRQ DQG KLW UDWH DFKLHYHG LQ
WKH VDPH WDEOH
7DEOH  +RXUV ZLWK 39 FXUWDLOPHQW EDVHG RQ GD\DKHDG IRUHFDVWV RI 39 IRU .DQWR UHJLRQ LQ  \HDU
5HTXLUHG

1R %

3UHFLVLRQ
$& $&$%

<HV &







1R '





+LW UDWH
$& $&$'



%DVHG RQ
GD\DKHDG
)RUHFDVWV

<HV $

7KH SUHFLVLRQ LQGLFDWHV KRZ UHOLDEOH ZDV WKH 39 FXUWDLOPHQW VFKHGXOLQJ EDVHG RQ GD\DKHDG 39 IRUHFDVWV ZKHQ LW
LQGLFDWHV WKDW LQ JLYHQ KRXU FXUWDLOPHQW ZLOO KDSSHQ $FFRUGLQJ WR WKLV SDUDPHWHU FXUWDLOPHQW VFKHGXOLQJ EDVHG RQ
GD\DKHDG IRUHFDVWV KDG D JRRG OHYHO RI UHOLDELOLW\ LQ  RI WKH KRXUV WKDW FXUWDLOPHQW ZDV IRUHFDVWHG LW ZDV
DFWXDOO\ UHTXLUHG 7KH DFFXUDF\ DELOLW\ WR LGHQWLI\ FRUUHFWO\ WKH KRXU ZLWK DQG ZLWKRXW 39 FXUWDLOPHQW RI WKH
VFKHGXOLQJ EDVHG RQ GD\DKHDG IRUHFDVWV ZDV VOLJKWO\ ORZHU WKDQ LWV SUHFLVLRQ UHDFKLQJ  1RQHWKHOHVV WKH
FRUUHVSRQGLQJ KLW UDWH ZDV ORZ LQGLFDWLQJ WKDW PRVW RI WKH KRXUV RI WKH SHULRG VWXGLHG LQ ZKLFK FXUWDLOPHQW ZDV
UHTXLUHG LW ZDV QRW GHWHFWHG 7KH ORZ GHWHFWLRQ RI FXUWDLOPHQW KRXUV LV DVVRFLDWHG ZLWK IRUHFDVWLQJ OHVV 39 SRZHU
WKDQ WKH DFWXDO YDOXH $GGLWLRQDOO\ LQ PRQWKV ZLWK QHJDWLYH ELDV WKH GLIIHUHQFH EHWZHHQ VFKHGXOHG FXUWDLOPHQW DQG
UHTXLUHG RQH ZDV FRQVLGHUDEOH :H LQIHU IURP WKHVH UHVXOWV WKDW HYHQ WKRXJK WKH ELDV RI WKH GD\DKHDG IRUHFDVWV LQ
)LJ  DQG )LJ  ZHUH QRW SDUWLFXODUO\ KLJK UHGXFLQJ HYHQ IXUWKHU WKH IRUHFDVWV¶ ELDV PD\ LPSURYH 39 FXUWDLOPHQW
VFKHGXOLQJ
&RPSDULQJ ZLWK D SHUIHFW IRUHFDVW WKH FXUWDLOPHQW VFKHGXOLQJ EDVHG RQ GD\DKHDG IRUHFDVWV DFWXDOO\ \LHOGHG PRUH
KRXUV RI FXUWDLOPHQW 7DEOH  7KLV UHVXOW VHHP WR FRQWUDGLFW WKH UHVXOWV RI ORZ KLW UDWH LQ 7DEOH  +RZHYHU ZKHQ
VKRXOG NHHS PLQG WKDW WKH GD\DKHDG HUURU DIIHFWHG WKH RFFXUUHQFH RI FXUWDLOPHQW LWVHOI E\ VFKHGXOLQJ FXUWDLOPHQW
LQ WKH ZURQJ KRXUV DQG E\ QRW VFKHGXOLQJ LW LQ WKH ULJKW RQHV 7KLV ZURQJ VFKHGXOLQJ JHQHUDWHG D QHHG IRU
FXUWDLOPHQW WKDW ZRXOG QRW H[LVW LI D SHUIHFW IRUHFDVWV ZHUH XVHG 7KHUHIRUH UHGXFLQJ WKH GD\DKHDG HUURU RI WKH
IRUHFDVWV VKRXOG FDXVH D UHGXFWLRQ RI LWHP $' DQG %& LQ 7DEOH  DQG D SURSRUWLRQDO LQFUHDVH RQ LWHP %'
%HVLGHV WKH HUURU UHJDUGLQJ WKH DPRXQW DQG KRXUV RI 39 FXUWDLOHG WKH HUURU DQG XQFHUWDLQW\ RI WKH GD\DKHDG
IRUHFDVWV DOVR KDYH DQ LPSRUWDQW HIIHFW RQ WKH ZD\ GLIIHUHQW FRQYHQWLRQDO SRZHU JHQHUDWRUV DUH VFKHGXOHG WR EH
XVHG 7R VKRZ WKLV HIIHFW LQ )LJ  ZH SORWWHG WKH 8& VFKHGXOLQJ ZLWK GD\DKHDG IRUHFDVW DQG ZLWK D SHUIHFW
IRUHFDVW 7KH SORWV UHSUHVHQW WKH UHVSHFWLYH 8& VFKHGXOLQJ LQ D GD\ LQ ZKLFK WKH IRUHFDVW RI 39 SRZHU VWURQJO\
XQGHUHVWLPDWHG WKH WKH DFWXDO 39 JHQHUDWLRQ
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D
E
)LJXUH  8& VFKHGXOLQJ RI D GD\ -XQH QG EDVHG RQ GD\DKHDG D DQG RQ SHUIHFW E IRUHFDVWV RI 39 SRZHU JHQHUDWLRQ IRU .DQWR

7KH 8& VFKHGXOLQJ EDVHG RQ GD\DKHDG IRUHFDVWV LQ )LJ  D  VKRZV WKDW DOPRVW DOO RI WKH 39 JHQHUDWLRQ
IRUHFDVWHG ZDV VFKHGXOHG WR EH XVHG ZLWK VPDOO DPRXQWV SXPSHG K\GUR DQG /1* ZKLFK DUH XVHG WR SURYLGH
VHFRQGDU\ UHJXODWLRQ IUHTXHQF\ FRQWURO DQG WR FRPSHQVDWH IRU WKH XQFHUWDLQW\ DVVRFLDWHG ZLWK WKH IRUHFDVWV &RDO
SURYLGHV WKH UHPDLQLQJ DPRXQW RI SRZHU WR PHHW WKH GHPDQG 6WLOO ORRNLQJ DW WKH 39 SRZHU JHQHUDWHG LQ )LJ  D
RQH VHH WKDW 39 SRZHU JHQHUDWLRQ JUHDWO\ H[FHHGHG WKH IRUHFDVWHG DPRXQW HYHQ ZLWK WKH SDUW VFKHGXOHG WR EH
FXUWDLOHG )RU H[DPSOH ORRNLQJ DW WKH GRWWHG OLQH LQ )LJ  D DW K SRLQW  LQ WKH SORW   *: RI 39 ZHUH
VFKHGXOHG WR EH XVHG IURP D IRUHFDVW RI  *:7KH DPRXQW JHQHUDWHG DIWHU FXUWDLOPHQW ZDV  *: UHVXOWLQJ LQ
H[WUD  *: RI XQVFKHGXOHG 39 SRZHU WKDW ZLOO EH FXUWDLOHG 7KH HFRQRPLF ORVV IRU 39 V\VWHPV¶ RZQHUV ZLOO EH LQ
WKLV FDVH FRQVLGHUDEO\ KLJKHU WKDQ H[SHFWHG 2Q WKH RWKHU KDQG IURP SRLQW  WR  DQG IURP SRLQW  WR  QR 39
ZDV VFKHGXOHG WR EH FXUWDLOHG DQG WKXV WKH VXUSOXVHV JHQHUDWHG DW WKRVH KRXUV ZLOO KDYH WR EH GHDOW ZLWK LQ WKH LQWUD
GD\ RSHUDWLRQ WR DYRLG IUHTXHQF\ DQG LQVWDELOLW\ SUREOHPV RQ WKH SRZHU JULG ,Q WKHVH KRXUV XQVFKHGXOHG 39 SRZHU
FXUWDLOPHQW RFFXUV VRPHWKLQJ WKDW FRXOG EH DYRLGHG UHGXFLQJ WKH HUURU RI WKH IRUHFDVW XVHG
,Q WKH 8& VFKHGXOLQJ EDVHG RQ D SHUIHFW IRUHFDVW WKH SRZHU JHQHUDWRUV DUH XVHG GLIIHUHQWO\ )LUVW GXH WR WKH ODFN RI
XQFHUWDLQW\ RI WKH SHUIHFW IRUHFDVW DQG KLJK DPRXQWV RI 39 SRZHU /1* JHQHUDWRUV GR QRW QHHG WR EH XVHG DW DOO
DQG SXPSHG K\GUR LQFUHDVH LWV FRQWULEXWLRQ RQ WKH WRWDO SRZHU JHQHUDWHG 0RUHRYHU LQ WKLV FDVH IURP K WR K
WKH PD[LPXP DPRXQW RI 39 WKH JULG FDQ DEVRUE LV VFKHGXOHG QHDU WR  *: DQG WKH UHPDLQLQJ 39 JHQHUDWLRQ LV
FXUWDLOHG 7KH WRWDO DPRXQW VFKHGXOHG WR EH FXUWDLOHG LQ WKLV GD\ ZLWK WKH SHUIHFW IRUHFDVW XVH ZDV QHDU WR  *:K
DJDLQVW  *:K ZLWK WKH GD\DKHDG IRUHFDVW $OWKRXJK PRUH 39 LV VFKHGXOHG WR EH FXUWDLOHG ZLWK WKH SHUIHFW
IRUHFDVW FRQVLGHUDEO\ PRUH 39 LV DOVR XVHG FRPSDUHG ZLWK WKH FXUYH LQ )LJ  D DQG QR VXUSOXV RI 39 ZLOO KDYH WR
EH GHDOW ZLWK LQ LQWUDGD\ RSHUDWLRQV 0RUHRYHU DOWKRXJK RQO\  *:K RI 39 ZHUH VFKHGXOHG WR FXUWDLOHG ZLWK WKH
GD\DKHDG IRUHFDVW LQ UHDOLW\ WKH DFWXDO FXUWDLOPHQW UHDFKHG E\ XVLQJ WKH UHVSHFWLYH 8& VFKHGXOLQJ  *:K
FRQVLGHUDEO\ KLJKHU WKDQ ZKDW ZRXOG EH FXUWDLOHG ZLWK D SHUIHFW IRUHFDVW

 &RQFOXVLRQV
7KH REMHFWLYH RI WKLV VWXG\ ZDV WR LQYHVWLJDWH WKH XVH RI GD\DKHDG IRUHFDVWV RI 39 SRZHU LQ WKH XQLW FRPPLWPHQW
VFKHGXOLQJ RI D UHJLRQDO SRZHU V\VWHP DQG LWV HIIHFWV RI WKH VFKHGXOLQJ RI 39 SRZHU FXUWDLOPHQW $ FRPSDULVRQ
ZLWK D 8& VFKHGXOLQJ EDVHG RQ SHUIHFW IRUHFDVWV VKRZHG WKDW PRQWKO\ WKH XVH RI WKH GD\DKHDG DSSUR[LPDWHV ZHOO
WKH DPRXQW RI 39 SRZHU WKDW VKRXOG EH FXUWDLOHG ZLWK D SHUIHFW IRUHFDVW
1HYHUWKHOHVV WKH GD\DKHDG IRUHFDVW HUURUV KDG VRPH LPSRUWDQW HIIHFWV RQ 8& VFKHGXOLQJ DQG 39 SRZHU
FXUWDLOPHQW $QQXDOO\ LW FDXVHG D PRUH H[SHQVLYH VFKHGXOLQJ RI SRZHU JHQHUDWRUV DQG FXUWDLOPHQW IRU ORQJHU
SHULRGV WKDQ QHFHVVDU\ DQG LQ WKH ZURQJ KRXUV $GGLWLRQDOO\ DOWKRXJK WKH PRQWKO\ 39 VFKHGXOHG WR EH FXUWDLOHG
EDVHG RQ ERWK 8& VFKHGXOLQJ ZHUH VLPLODU WKH GD\DKHDG IRUHFDVW HUURU FDXVHG D VXUSOXV RI 39 SRZHU JHQHUDWLRQ
WKDW KDV WR EH FXUWDLOHG LQ VLWXDWLRQV ZKHQ LQVRODWLRQ DQG SRZHU GHPDQG FRQGLWLRQV ZRXOG QRW MXVWLI\ FXUWDLOPHQW
-XQH DQG -XO\ ZHUH H[DPSOHV RI ZKHQ VXFK FDVHV RFFXUUHG ,Q WKRVH PRQWKV WKHUH ZDV D QHJDWLYH ELDV RI WKH GD\
DKHDG IRUHFDVWV ZKLFK H[SODLQ LQ SDUW WKH SRRU GHWHFWLRQ RI WKH KRXUV ZKHQ 39 FXUWDLOPHQW VKRXOG KDSSHQ 7KXV
RQH SRWHQWLDO PHDVXUH WR UHGXFH VXFK SRRU GHWHFWLRQ RI FXUWDLOPHQW LV WR IXUWKHU UHGXFH WKH GD\DKHDG IRUHFDVW ELDV
SDUWLFXODUO\ LQ VSULQJ DQG VXPPHU DQG LQ WKH KRXUV ZKHQ 39 VKRXOG EH FXUWDLOHG
)URP WKH UHVXOWV ZH FRQFOXGH WKDW ZKHQ XVLQJ GD\DKHDG IRUHFDVWV RI 39 LQ WKH 8& VFKHGXOLQJ SUREOHP WKH
IRUHFDVW HUURU ZLOO FDXVH QRW RQO\ DIIHFW WKH IXHO FRVW RI WKH SRZHU JHQHUDWRUV EXW LW ZLOO DOVR \LHOG D FRQVLGHUDEOH
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DPRXQW WKH 39 VXUSOXV WKDW ZLOO KDYH WR EH GLVSDWFKHG RU FXUWDLOHG LQ LQWUDGD\ RSHUDWLRQV 7KXV IXUWKHU PHDVXUHV
WR LPSURYH GD\DKHDG IRUHFDVW DFFXUDF\ DQG WR LQWHJUDWH 39 IRUHFDVW HUURU LQ WKH 8& PRGHOLQJ VKRXOG EH
LQYHVWLJDWHG WR UHGXFH 39 FXUWDLOPHQW DQG WR VXSSRUW KLJKHU SHQHWUDWLRQ RI 39 SRZHU LQ WKH SRZHU JULG LQ -DSDQ
)LQDOO\ ,W VKRXOG EH PHQWLRQHG WKDW LPSURYHPHQWV RQ IRUHFDVWLQJ WHFKQLTXHV DUH QRW WKH RQO\ ZD\ WR GHDO ZLWK WKH
SUREOHP RI FXUWDLOPHQW 8QRSWLPL]LQJ WKH WLOW RI 39 SDQHOV LPSURYHG LQWHUFRQQHFWLRQV GHPDQG UHVSRQVH DQG
RWKHU PHDVXUHV FDQ EH DSSOLHG WRJHWKHU WR UHGXFH WKH QHHG IRU FXUWDLOPHQW RI 39 LQ D VFHQDULR RI KLJK SHQHWUDWLRQ
7KH FRPSRXQG HIIHFW RI DOO WKHVH PHDVXUHV WRJHWKHU LV DQ LQWHUHVWLQJ WRSLF WKDW DOVR VKRXOG EH LQYHVWLJDWHG LQ
IXUWKHU VWXGLHV

$FNQRZOHGJPHQW
7KLV VWXG\ ZDV IXQGHG E\ WKH 1HZ (QHUJ\ DQG ,QGXVWULDO 7HFKQRORJ\ 'HYHORSPHQW 2UJDQL]DWLRQ LQ WKH 3URMHFW
0LWLJDWLRQ 7HFKQRORJLHV RQ 2XWSXW )OXFWXDWLRQV RI 5HQHZDEOH (QHUJ\ *HQHUDWLRQV LQ 3RZHU *ULG

5HIHUHQFHV
&KDQJ && DQG /LQ &-  /,%690ͦ D OLEUDU\ IRU VXSSRUW YHFWRU PDFKLQHV
)RQVHFD -U -*6 2R]HNL 7 2KWDNH + 6KLPRVH . 7DNDVKLPD 7 2JLPRWR .  &KDUDFWHUL]LQJ WKH
5HJLRQDO 3KRWRYROWDLF 3RZHU )RUHFDVW (UURU LQ -DSDQ $ 6WXG\ RI  5HJLRQV ,((- 7UDQVDFWLRQV RQ 3RZHU DQG
(QHUJ\ 
)RQVHFD -XQLRU -*6 2R]HNL 7 2KWDNH + 7DNDVKLPD 7 2JLPRWR . D 5HJLRQDO IRUHFDVWV RI
SKRWRYROWDLF SRZHU JHQHUDWLRQ DFFRUGLQJ WR GLIIHUHQW GDWD DYDLODELOLW\ VFHQDULRV D VWXG\ RI IRXU PHWKRGV 3URJ
3KRWRYROW 5HV $SSO  ± GRLSLS
)RQVHFD -U -*6 2R]HNL 7 2KWDNH + 7DNDVKLPD 7 .D]XKLNR 2 E 2Q WKH 8VH RI 0D[LPXP
/LNHOLKRRG DQG ,QSXW 'DWD 6LPLODULW\ WR 2EWDLQ 3UHGLFWLRQ ,QWHUYDOV IRU )RUHFDVWV RI 3KRWRYROWDLF 3RZHU *HQHUDWLRQ
-RXUQDO RI (OHFWULFDO (QJLQHHULQJ 7HFKQRORJ\  ±
,NHGD < ,NHJDPL 7 .DWDRND . 2JLPRWR .  $ XQLW FRPPLWPHQW PRGHO ZLWK GHPDQG UHVSRQVH IRU WKH
LQWHJUDWLRQ RI UHQHZDEOH HQHUJLHV LQ  ,((( 3RZHU DQG (QHUJ\ 6RFLHW\ *HQHUDO 0HHWLQJ 3UHVHQWHG DW WKH
 ,((( 3RZHU DQG (QHUJ\ 6RFLHW\ *HQHUDO 0HHWLQJ SS ± GRL3(6*0
/RZHU\ & 2¶0DOOH\ 0  ,PSDFW RI :LQG )RUHFDVW (UURU 6WDWLVWLFV 8SRQ 8QLW &RPPLWPHQW ,(((
7UDQVDFWLRQV RQ 6XVWDLQDEOH (QHUJ\  ± GRL767(
1('2  :KLWH 3DSHU RQ 5HQHZDEOH (QHUJ\ 7HFKQRORJLHV  QG (GLWLRQ µLQ -DSDQHVH¶
2JLPRWR . ,NHGD < .DWDRND . ,NHJDPL 7 2R]HNL 7  )OH[LELOLW\ RI -DSDQ¶V 3RZHU 6\VWHP WR
$FFRPPRGDWH 39 3HQHWUDWLRQ LQ  WK (XURSHDQ 3KRWRYROWDLF 6RODU (QHUJ\ &RQIHUHQFH DQG ([KLELWLRQ
3HQJ ; -LUXWLWLMDURHQ 3  $ SUREDELOLVWLF XQLW FRPPLWPHQW SUREOHP ZLWK SKRWRYROWDLF JHQHUDWLRQ V\VWHP LQ
7(1&21    ,((( 5HJLRQ  &RQIHUHQFH 3UHVHQWHG DW WKH 7(1&21    ,((( 5HJLRQ 
&RQIHUHQFH SS ± GRL7(1&21
6DLWR . )XMLWD 7 <DPDGD < ,VKLGD - .XPDJDL < $UDQDPL . 2KPRUL 6 1DJDVDZD 5 .XPDJDL 6
0XURL & .DWR 7 (LWR + <DPD]DNL <  7KH 2SHUDWLRQDO -0$ 1RQK\GURVWDWLF 0HVRVFDOH 0RGHO
0RQWKO\ :HDWKHU 5HYLHZ  ± GRL0:5
6FK|ONRSI % %DUWOHWW 3 6PROD $ DQG :LOOLDPVRQ 5  6XSSRUW 9HFWRU 5HJUHVVLRQ ZLWK $XWRPDWLF
$FFXUDF\ &RQWURO 3URF ,&$11 3HUVSHFW 1HXUDO &RPSXW SS ±
8GDJDZD < 2JLPRWR . 2R]HNL 7 2KWDNH + ,NHJDPL 7 )XNXWRPH 6  'HYHORSPHQW RI 8QLW
&RPPLWPHQW 0RGHO &RQVLGHULQJ &RQILGHQFH ,QWHUYDOV RI 3KRWRYROWDLFV )RUHFDVW DQG $QDO\VLV RI D /DUJH 6FDOH
3RZHU 6\VWHP ,((- 7UDQVDFWLRQV RQ 3RZHU DQG (QHUJ\  ± GRLLHHMSHV
8GDJDZD < 2JLPRWR . )RQVHFD -XQLRU - * 6 2KWDNH + )XNXWRPH 6  (FRQRPLF ,PSDFW RI
3KRWRYROWDLF 3RZHU )RUHFDVW (UURU RQ 3RZHU 6\VWHP 2SHUDWLRQ LQ -DSDQ LQ WK ,((( 3RZHU7HFK &RQIHUHQFH
3UHVHQWHG DW WK ,((( 3RZHU7HFK &RQIHUHQFH 0DQFKHVWHU 8.
8GDJDZD < 2JLPRWR . )RQVHFD -XQLRU - * 6 2KWDNH + )XNXWRPH 6  $QDO\VLV RI 3KRWRYROWDLF
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3RZHU <LHOG &XUWDLOPHQW LQ 'D\DKHDG 8QLW &RPPLWPHQW LQ ,((- 7UDQVDFWLRQV RQ 3RZHU DQG (QHUJ\   SS
 GRLLHHMSHV
:DQJ - %RWWHUXG $ %HVVD 5 .HNR + &DUYDOKR / ,VVLFDED ' 6XPDLOL - 0LUDQGD 9  :LQG SRZHU
IRUHFDVWLQJ XQFHUWDLQW\ DQG XQLW FRPPLWPHQW $SSOLHG (QHUJ\  ± GRLMDSHQHUJ\
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Abstract
This paper presents the results of a study aimed at developing an Italian database of Typical Meteorological
Year (TMY) for the global and diffuse outdoor illuminance, starting from solar irradiation measurements and
luminous efficacy models. The main objective is to provide reliable climatic data to be used for the estimation of
the daylight availability in buildings and predict the energy requirements for electric lighting with higher
accuracy than the actual relevant standard. ENEA developed the national solar radiation atlas during the past
years, implementing validated models to predict the global, direct and diffuse irradiation, starting from satellite
remote sensing. For this study, the most relevant luminous efficacy models were applied to develop illuminance
TMY starting from solar irradiation data. Illuminance availability curves were developed for three reference
localities of the Italian territory (Milan, Rome, Palermo), highlighting how results can be used to derive the
potential contribution of daylight for buildings energy applications. In order to verify the results obtained, a
ground measurements compaign of the outdoor illuminance, was started to test the effectiveness of model. The
first data processed, show low differences between estimated values and measured data, confirming the validity
of selected model.
Keywords: Daylight availability; luminous efficacy; outdoor illuminance, TMY,

1. Introduction
The building sector is responsible for more than 40% of the energy end uses in Europe and plays a relevant role
to reach the environmental and energy targets, in national and European policies [1,2,3]. It is also recognized
that the energy performances of building should be addressed to the whole energy services, and not only the
space heating as happened in the past decades [4]. Relevant studies carried out during the past years
demonstrated the impact of the electric lighting on the energy uses in buildings. The figures are particularly
relevant for the not residential buildings: 14% of the total consumption in EU, 26% in USA [5,6]. A study
carried out recently in Spain set in 31% the share of the electricity uses on the total final demand in commercial
buildings [7]. As a consequence, the energy savings in this energy service are found to be highly competitive in
technical and economical perspective [8]. A relevant potential hence exist to improve the performance of
existing and new building in terms of lighting energy uses.
It has to be noted that potential energy savings are often estimated in terms of higher efficiency of the electrical
devices (lamps, luminaries, control sensors and systems) more than exploiting the daylighting potentialities by
the implementation of advanced strategy and solutions. The reference document in EU for the assessment of
lighting requirements in building is the EN standard Energy performance of Buildings. Energy requirements for
lighting, which provides an operational method and two calculation methods, different in accuracy and
complexity [9]. However, the reliability of the prediction methods needs to be carefully addressed, since the
over/underestimation of the consumption respect to the practice is an obstacle to the technology spread,
especially in the nearly zero energy building (nZEB) vision.
A critical issue is the assessment of the daylight contribution, which does not take into account the climatic
conditions of the investigated locality. The Daylight Autonomy concept emerged in the past years as relevant
metric to assess the daylighting contribution and, as a consequence, potential energy savings that can be
achieved in buildings for the electric lighting service [10, 11]. Climate based approaches are getting interest for
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daylighting design methods, as described in [12]. The approach is also adopted in the implementation of an
Italian alternative method is currently on going [13], whose main objective is merging the climate based
daylighting with the calculation flux defined in [9].
The alternative method evidences the importance of robust and reliable climatic data, in this case global, direct
and diffuse illuminance. This paper presents the first results of a review work aimed at developing an national
atlas for outdoor illuminance data for building applications.

2. Objective and method
ENEA has defined an extensive database of hourly values of radiometric quantities: global horizontal irradiance
(Igh), diffuse horizontal irradiance (Idh) and Direct Normal Irradiance (Idn) for any Italian site, have been
derived by processing satellite data [14,15,16,17] provided by the EUMETSAT [18]. Advantages of satellite
based data respect to ground measurements mainly depend of the fact that the latter are taken on a limited
number of stations, while the former can be derived, if accurately geo-referenced, for any locality on the earth
surface. Satellite images provide a measure of the reflection coefficient (albedo) of the planet surface at the
switch instant. The algorithms developed by ENEA, based on the original idea of D. Cano et al. [19], compare
the actual albedo with a reference one and convert the difference into a clearness index, used to derive the Igh.
The application of additional empirical models of the atmosphere [20,21] allows to split Igh in its components:
direct and diffuse. The results of the zoning of the solar radiation in Italy are published in the solar radiation
atlas published by ENEA [14], which is going to be updated so to cover a 10 years observation period ( 20062015).
Core of this study is the use of radiometric quantities to derive correspondent photometric quantities, in order to
build illuminance typical reference years to be used to assess the lighting performance of buildings. It has to be
noted that radiometric and the photometric quantities are closely related, as the former measure the energy and
the power of electromagnetic radiations, while latter translate the same energy or power in terms of visible light,
linked to the physiological ability of the human eye. Since very few data, based either on ground or satellite
measurements, are available to build illuminance reference years, empirical models were implemented. These
models express the luminous efficacy of the solar radiation (ratio of the illuminance on the irradiance) as a
function of variables that describe the sky conditions and the and the solar zenithal angle ɽz, clearness index
KT, diffuse to global radiation ratio k, "clearness" and/or "brightness" indexes. Non general models, as those not
implementing all the radiation components or those implemented for specific orientations, were not taken into
account. In the this study some of most relevant models were taken into account and from in
[22,23,24,25,26,27]. From now on selected models will be identified by the main author of the above listed
references.
•

Cucumo model, calibrated by irradiance and illuminance measurements at Arcavacata di Rende (CS),
Italy [22].It is the simplest model of correlation, based on the direct proportionality between outdoor
illuminance and irradiances.

•

Muneer model, based in measurements taken in five UK localities, taken in the last decade of the
previous century [23]. It is a

•

relatively simple model that doesn’t consider the current position of the sun and assumes the luminous
efficacy expressed by polynomial equation linked to the only global transmission and the poliynomial
coefficients derived by statistical regression.

•

Perez model. Based on measurements taken in 10 USA and 3 European localities for periods ranging
from few months up to 3 years. The model takes into account also the atmospheric precipitable water
or, alternatively, the dew point temperature [24]. The irradiance not directly appear in the model
expressions, but are combined with extra atmospheric irradiance, in specific indices: Perez's sky
clearness index and Perez sky's brightness index. The model also takes into account the position of the
sun through the zenithal angle. In the Perez simplified model, the hourly data of dew points are
replaced with a daily mean value, constant for all the year. This simplification was introduced to test
the impact of the parameter on the model accuracy, being often the dew point data of difficult
availability
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•

Robledo models, based on historical series of data measured in 1994/95 in Madrid, Spain [25,26,27].

The Robledo and Soler models are as accurate as the Perez one, since they take into account the sun position and
the sky’s brightness and, at the same time, they only need few coefficients. Several models were developed as a
function of different sky conditions: clear sky, partly cloudy and overcast sky. Furthermore simplified models
are available to consider any weather conditions.
Outdoor illuminance time series database were thus built starting from an extensive solar irradiation time series
database and luminous efficacy models. The time series were, next, used to develop a hourly based TMY
(Typical Meteorological Year). The adopted criteria was to select, for each month of the year, a real complete
month, among those available in the multi-year series, which best fitted the average of the multi-year datasets
related to the specific month. This approach allows keeping the average values on the long term and catching the
short term variability of the analyzed quantity, as it takes place in the reality. Reference months were selected
using GHI as driving parameter, being the quantity directly derived from the satellite image.
TMYs were implemented for the following quantities: global horizontal (Egh), diffuse horizontal (Edh) and
direct-normal illuminance (Edn), as done in the past for the solar irradiation. The TMY were developed for three
reference localities:

•

Milan, latitude 45°N, climatic conditions characteristics of the northern Italian regions.

•

Rome, Latitude 41°N, climatic conditions characteristics of the central Italian regions.

•

Palermo, 38°N, climatic conditions characteristics of the southern Italian regions.

This preliminary exercise has also the objective of model calibration and/or adjustment by comparison with
ground measured data as next step. A total of 15 TMYs was developed, including 3 localities and 5 different
luminous efficacy models, having introduced a sensitivity test on water content in model [22]. The TMYs,
implemented with the different models, were compared to assess coherence among them and their suitability in
providing reliable data to predict energy requirement for lighting in buildings.
The comparisons were made for all models, with reference to the three locations and two lighting quantities
(global and diffuse illuminance). The diagrams analyses and the approach indices show minimal differences of
each model compared to any other. It is worth noting that for each model a very good agreement was found for
the global luminous efficacy, while higher discrepancies were found for the diffuse luminous efficacy. This
topic, which needs deeper analyses, might be related to selective phenomena related to the spectral distribution
of the solar radiation under variable sky conditions

3. Calculation
Once the TMYs were developed, calculations were carried out to check and compare the different luminous
efficacy models. A preliminary check was carried out for the Perez model, with the objective of quantify the
impact of the simplification introduced in the previous section. The TMYs of the three localities for the
simplified Perez model were implemented taking into account a constant dew point temperature Td (10.3 °C for
Rome, 9.4 °C for Milan, 11.4 °C for Palermo). Relevant statistical parameters were calculated to quantify this
assumption, namely: the Bias (or Mean Bias Error, MBE), the Mean Bias Error Percent (MBE%) and Root
Mean Squared Error Percent (RMSE%), defined as follow:

MBE % =

MBE
x100
Mean of observations

RMSE % =

RMSE
x100
Mean of observations

in this case the "observations" are the Perez standard model values, considered as benchmark.
Calculation were carried out for the three localities, as an example for Rome (Tab. 1). It resulted: MBE = -155
lx; MBE% = –0.4 % e RMSE% = 1.3 %. The test was carried out for Rome also using extreme dew point values
(Tab. 2), -13 °C and +22 °C. Negligible differences were found, in relation to the accuracy required for the
purpose of the study.
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Tab. 1: Comparisons simplified (max, min and average dew point) and standard Perez model. City: Rome

Model

Perez with Dew point
average = 10.3 °C

Perez with Dew point
min = –13.3 °C

Perez with Dew point
max = 22 °C

Illum.

MBE [lx]

MBE %

RMSE [lx]

RMSE %

Mean [lx]

Global

-155

-0.4

531

1.3

42410

Diffuse

-52

-0.3

297

1.8

16645

Direct

-33

-0.1

627

1.5

40889

Global

-928

-2.2

1444

3.4

42410

Diffuse

-519

-3.1

770

4.6

16645

Direct

938

1.0

1608

3.9

40889

Global

1062

2.5

1529

3.6

42410

Diffuse

683

4.1

970

5.8

16645

Direct

-724

-1.8

2051

5.0

40889

Tab. 2 : Comparisons of simplified (average Dew Point) Perez model for different cities

Model
Milan
Perez with Dew point
average = 9.4 °C

Rome
Perez with Dew point
average = 10.3 °C

Palermo
Perez with Dew point
average = 11.4 °C

Illum.

MBE [lx]

MBE %

RMSE [lx]

RMSE %

Mean [lx]

Global

-223

-0.6

601

1.6

37657

Diffuse

-136

-0.8

397

2.5

16151

Direct

87

0.3

762

2.2

34525

Global

-155

-0.4

531

1.3

42410

Diffuse

-52

-0.3

297

1.8

16645

Direct

-33

-0.1

627

1.5

40889

Global

-175

-0.4

618

1.4

45653

Diffuse

-77

-0.4

373

2.1

17963

Direct

19

0.0

745

1.8

41779

According to the above tables it can be inferred the slight impact of the hourly dew point data on the final form
of the luminous efficacy model, thus the simplified model was selected for the final comparison. Each model was
compared versus the other three ones in the next step. An example is provided in figure 1, where a graphical
comparison between two models is promptly achieved by scatter plots.
According to the approach index calculated for all the comparisons, it was found that differences among models
are small. The calculation exercise led to the final decision of applying the Robledo model to build the Italian TMY
illuminance database. In table 3 the comparison of the TMYs built using Robledo versus the TMYs based on the
other model is presents by means of relevant statistic indicators

1331

D. Iatauro / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 1 Global illuminance values (Egh, in lx) of a typical year -town of Rome -comparison between two models
Tab.3 Comparisons with the Robledo model. City Rome

Model

Perez standard

Perez with Dew point
average = 10.3 °C

Cucumo

Muneer

Illum.

MBE [lx]

MBE %

RMSE [lx]

RMSE %

Mean [lx]

Global

-345

-0.8

1183

2.8

42770

Diffuse

-1052

-5.9

1811

10.2

17700

Direct

788

2.0

2192

5.5

40115

Global

-500

-1.2

1095

2.6

42770

Diffuse

-1104

-6.2

1830

10.3

17700

Direct

755

1.9

1965

4.9

40115

Global

-492

-1.2

1348

3.2

42770

Diffuse

-3117

-17.6

3540

20.0

17700

Direct

5007

12.5

5878

14.4

40115

Global

1295

3.0

2160

5.0

42770

Diffuse

-1606

-9.1

2143

12.1

17700

Direct

4989

12.4

6380

15.9

40115

The Robledo model takes into account the sun position and the sky brightness, factors influencing the luminous
efficacy, however the model is expressed in a compact form and do not takes into account the dew point
temperature, figure of difficult availability. The Robledo model, here reported for clarity, is based upon the
following equation set [25,26,27] :
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(

)

ηdh = 91.07 ⋅Δ−0.254 lm W −1
°
0.269
°
−1
®ηbn = 134.27 ⋅ ( cosϑz ) ⋅ exp( −0.0045⋅ ( 90°−ϑz ) ) ⋅ (1.045 − 0.427 ⋅Δ) lm W
°
°ηgh =ηbn (1− k ) +ηdhk
¯

(

)

(eq. 1)

Where:
е
ɽz
ȴ
dh
bn
gh

luminous efficacy;
zenith angle
sky brightness index:
diffuse horizontal
direct normal
global horizontal

4. Results and Applications
The results following presented refer to the TMYs implementing the Robledo model. Figure 2 and 3 present the
results of irradiance and illuminance availability for the global and diffuse quantities. The curves refer to the
city of Rome, selected as exemplary locality for brevity, nevertheless similar results were found for Palermo and
Milano. The radiometric and photometric quantities are expressed in relative figure (%) respect to the peak
value to get rid of the different units and compare the profiles on the same graph.
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ĐŽŵƉĂƌŝƐŽŶŽĨŐůŽďĂůĐŽŵƉŽŶĞŶƚƐ/ŐŚ Ͳ ŐŚ
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ϴϬй
ϳϬй

ŐŚ
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/ŐŚ

ϱϬй
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Fig. 2. Comparison of global irradiance Igh and global illuminance Egh
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Fig. 3. Comparison of diffuse irradiance Idh and diffuse illuminance Edh

It is interesting to note that global quantities show similar trends, conversely corresponding diffuse components
present a different behavior: trends are similar at high and very low relative values, but they show a significant
deviation between 20% and 40% of such values.
This behavior evidences luminous efficacy variations, which needs further investigation. At the present stage, it
can be noted that the luminous efficacy models takes into account the total solar irradiation, without considering
changes in the spectral distribution arising from different sky conditions. Since daylighting metrics use the
diffuse illuminance as driving climatic parameter, the latter is following used to present some results potentially
relevant for building applications. Figure 3 presents an application of the implemented TMYs: the diffuse
illuminance availability in the three reference localities considering the hours from dawn to dusk.
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ϱϬй
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WĂůĞƌŵŽ
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ϮϬй
ϭϬй
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ϱϮϬϬϬ

ϰϴϬϬϬ

ϰϰϬϬϬ

ϰϬϬϬϬ

ϯϲϬϬϬ

ϯϮϬϬϬ

ϮϴϬϬϬ

ϮϰϬϬϬ

ϮϬϬϬϬ

ϭϲϬϬϬ

ϭϮϬϬϬ

ϴϬϬϬ

ϰϬϬϬ

Ϭ

ůƵǆ

Fig. 4. Diffuse Illuminance availability MI-RM-PA -dawn to dusk-

As expected due its lower latitude, Palermo, have the greater outdoor illuminance availability. The latitude, on
the other side, does not explain the result achieved for Rome and Milan. The two curves are very close, despite a
latitude difference of about 4°, intersections at about 18000 and 21000 lux. This behaviour, which has a typical
summer occurrence, is mainly due to the other higher water and aerosol content in the Milan region, which
increases the diffuse components of the solar irradiation respect to the direct one.
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Other operative results, derived by the illuminance TMYs, are presented in figures 4 and 5. The former presents
the monthly mean diffuse illuminance for the three selected zones, these results are useful to analyze the
seasonal variations of the daylight availability and address lighting solution for new and existing buildings, once
operation times (8-18 in the example in figure) and indoor visual tasks are defined. Figure 5 presents possible
manipulations of the TMYs to provide data tailored to the building needs. The two plots report the diffuse
illuminance availability for the case of Rome for two different time usage: from dawn to dusk and for the 08:0016:00 schedule, which is typical as an example for Italian schools. Holidays and festivities are excluded in the
working hours count.
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Fig. 5. Edh monthly average values MI-RM-PA operating time 8-18
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Fig. 5. Edh availability in Rome. Comparison: dawn to dusk and school building with operating time 8-16

1335

D. Iatauro / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

5. Validation of model
In order to verify the results obtained, a ground measurements campaign was started in three different Italian
sites, Milan, Rome and Lampedusa, to test the effectiveness of model, taking into account different latitudes of
Italian territory (Tab 4). The scatter plots are reported figs. 6-7
Tab. 4: Measurements station sites

Site

Coordinates

Measurement
[lx]

Sampling time
[s]

Lampedusa island

35° 30.0’ N 12° 36.5’ E

Egh

10

Rome

42° 02.5’ N 12° 18.4’ E

Egh, Edh

10

Milan

45° 27.9’ N

Egh, Edh

10

9° 11.3’ E

Fig. 6. Comparison: estimated (Robledo model) and measured data for Egh , Rome

Fig. 7. Comparison: estimated (Robledo model) and measured data for Edh , Rome
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The first data processed, for Rome (figs. 6-7), showed low differences between estimated values (R&S model)
for Global (Egh) and Diffuse (Edh) illuminance and measured data. The findings have been confirmed by values
of statistical indicators, MBE and RMSE, evaluated for both components. The measurements campaign is still
ongoing and the further data, related to the other sites selected (Milan and Lampedusa) will allow to get an
overall validation of model for Italian territory.

6. Conclusions
This paper presented preliminary studies for the preparation of a national atlas of illuminance data for building
applications. Relevant models of luminous efficacy starting from solar radiation data were screened, in order to
find the most suitable solution, in terms of accuracy and availability of the relevant input parameters.
Different illuminance hourly TMYs where hence built and comparisons were carried out in terms of daylight
availability and autonomy. Discrepancies of the models in reproducing the diffuse component of the
photometric quantities were highlighted. A reference model for the future national database was selected and
compared with first land measurements data.
Preliminary results were presented to show how the data could be used for building applications. Further tests
are ongoing to check, with ground measurements, the accuracy of the luminous efficacy models and eventually
introduce refinements and adjustments. Final steps are: establish outdoor illuminance availability diagrams for
main Italian towns for different operating times and plot Italian Daylight maps.

References
[1]
[2]

[3]
[4]
[5]
[6]
[7]
[8]

[9]

[10]
[11]
[12]
[13]

[14]
[15]
[16]
[17]

Communication from the Commission of 3 March 2010 - Europe 2020. A strategy for smart, sustainable
and inclusive growth [COM(2010) 2020 final – Not published in the Official Journal].
Communication from the Commission to the European Parliament, the Council, the Economic and Social
Committee and the Committee of the Regions of 8 March 2011 – Energy Efficiency Plan 2011
[COM(2011) 109 final – Not published in the Official Journal].
Piano d’Azione Italiano per l’Efficienza Energetica (2013).
Energy performance of buildings EU Directive (EPBD2) 2010/21/EU.
EC (European Commission), www.ec.europa.eu/comm/energy_transport/atlas/html/buildings.html, 2007.
DOE (U.S. Department of Energy). Building Energy Data Book available from:
http://buildingsdatabook.eren.doe.gov/, 2009.
IDEA (Instituto para la Diversificación y Ahorro de la Energia). Plan de Ación de Ahorro y Eficiencia
Energética 2011–2020 – Annexo. Action Plan From the Spanish Government, Madrid, Spain, 2011.
P.A. Enkvist, T. Nauclér and J. Rosander. A cost curve for greenhouse gas reduction: a global study of
size and cost of measures to reduce greenhouse gas emissions yields important insights for businesses
and policy makers, McKinsey Quarterly: the online journal of McKinsey & Co 1, 2007.
EN 15193:2007. Energy performance of Buildings. Energy requirements for lighting. Eason, B. Noble,
and I.N. Sneddon, “On certain integrals of Lipschitz-Hankel type involving products of Bessel
functions,” Phil. Trans. Roy. Soc. London, vol. A247, pp. 529-551, April 1955.
C.F. Reinhart and O. Walkenhorst. Validation of dynamic RADIANCE-based daylight simulations for a
test offi ce with external blinds. Energy and Buildings Vol. 33 (2001), 683–697
C.F. Reinhart and D.A. Weissman. The daylight area – correlating architectural student assessments with
current and emerging daylight availability metrics. Building and Environment, Vol. 50 (2012), 155–164.
S. Wittkopf and L.O. Grobe, (2013). Climate-based daylight simulation as a planning aid for the design
of solar façades. Proceedings of Energy Forum Building Skins (153-157). Brixen, Italy: Energy Forum.
M. Zinzi and A. Mangione, The Daylighting Contribution in the Electric Lighting Energy Uses: EN
Standard and Alternative Method Comparison, Energy Procedia, Volume 78, November 2015, Pages
2663-2668
SolarItaly – Atlante italiano della radiazione solare, http://www.solaritaly.enea.it.
Clisun - Archivio Climatico ENEA-DBT, http://clisun.casaccia.enea.it.
S. Petrarca, E. Cogliani and F. Spinelli (2000), La radiazione solare globale al suolo in Italia. Anni 1998
e 1999 e media 1994-1999, ENEA, Roma.
F. Spinelli, E. Cogliani, A. Maccari and M. Milone (2007), La misura e la stima della radiazione solare:

1337

D. Iatauro / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

[18]
[19]

[20]
[21]
[22]

[23]
[24]
[25]
[26]
[27]

1338

l’archivio dell’ENEA e il sito Internet dell’Atlante italiano della radiazione solare per la pubblicazione
dei dati, Rapporto tecnico ENEA SOL/RS/2007/21, Roma.
http://www.solaritaly.enea.it/Documentazione/ArchivioRadiazioneSolaritaly.pdf
European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT),
http://www.eumetsat.int.
D. Cano, J.M. Monget, M. Albuisson, H. Guillard, N. Regas and L. Wald (1986), “A method for the
determination of the global solar radiation from meteorological satellite data”, Solar Energy, 37, 31–39,
Elsevier.
J. Boland and B. Ridley (2008), Models of Diffuse Solar Fraction, in Modeling Solar Radiation at the
Earth’s Surface, Springer-Verlag Berlin Heidelberg, cap. 8, p. 193-219.
D.G. Erbs, S.A. Klein and J.A. Duffie (1982), Estimation of the Diffuse Radiation Fraction for Hourly,
Daily, and Monthly-Average Global Radiation, Solar Energy, vol. 28, 1982, p.13
M. Cucumo, A. De Rosa, V. Ferrero, D. Kaliakatsos and V. Marinelli (2004), Correlazioni sperimentali
dell’efficacia luminosa della radiazione globale, diretta e diffusa, 59° Congresso ATI, Genova, Settembre
2004.
T. Muneer and D. Kinghorn (1998), Luminous efficacy models: evaluation against UK data, Journal of
the IES 1998; 27(1):163-70.
R.R. Perez, P. Ineichen, R. Seals, J. Michalsky and R. Stewart (1990), Modeling daylight availability and
irradiance components from direct and global irradiance, Solar Energy 44, 5 (1990), pp. 271-289.
L. Robledo and A. Soler (2000), Luminous efficacy of global solar radiation for clear skies, Energy
Conversion & Management, 41 (2000):1769-1779.
L. Robledo and A. Soler (2001), Luminous efficacy of direct solar radiation for all sky types, Energy, 26
(2001):669-677.
L. Robledo and A. Soler (2001), On the luminous efficacy of diffuse solar radiation, Energy Conversion
& Management, 42 (2001):1181-11

ISES Solar World Congress 2017

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry
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)HQQHU 6FKRRO RI (QYLURQPHQW DQG 6RFLHW\ 7KH $XVWUDOLDQ 1DWLRQDO 8QLYHUVLW\ &DQEHUUD $XVWUDOLD
'HSDUWPHQW RI (QJLQHHULQJ 6FLHQFHV 8SSVDOD 8QLYHUVLW\ /lJHUK\GGVYlJHQ    8SSVDOD 6ZHGHQ

&RUUHVSRQGLQJ DXWKRU QLFKRODVHQJHUHU#DQXHGXDX KWWSQLFNHQJHUHURUJ

$EVWUDFW
:LWK UDSLG GHSOR\PHQW DQG SHQHWUDWLRQ UDWHV RI UHVLGHQWLDO SKRWRYROWDLF 39 V\VWHPV LQ WKH GLVWULEXWLRQ JULG
WKHUH LV JURZLQJ QHHG IRU DFFXUDWH DVVHVVPHQW RI WKH UHDOWLPH SRZHU JHQHUDWLRQ IRU JULG PDQDJHPHQW DQG
HQHUJ\ PDUNHW RSHUDWLRQV 0DQ\ RI WKHVH LQVWDOOHG 39 V\VWHPV UHSRUW WKHLU OLYH SRZHU JHQHUDWLRQ WR RQOLQH
GDWDEDVHV DQG FDQ EH XVHG DV UHIHUHQFHV WR HVWLPDWH WKH SRZHU JHQHUDWLRQ RI QHLJKERXULQJ V\VWHPV 8SVFDOLQJ
DSSURDFKHV KDYH GHPRQVWUDWHG WKHLU FDSDELOLW\ RI XVLQJ WKH GDWD IURP WKHVH UHIHUHQFH 39 V\VWHPV WR HVWLPDWH
WKH SRZHU RXWSXW RI WDUJHW 39 V\VWHPV WKDW GR QRW UHSRUW WKHLU SRZHU JHQHUDWLRQ GDWD +RZHYHU WKHUH LV DQ
LQKHUHQW LVVXH ZLWK WKH UHSUHVHQWDWLYHQHVV RI WKHVH UHIHUHQFH 39 V\VWHPV SRZHU GDWD HJ GXH WR TXDOLW\ LVVXHV
RU V\VWHP VSHFLILF LQIOXHQFHV VXFK DV VKDGLQJ 7KUHH PHWKRGV ZHUH GHYHORSHG E\ WKH DXWKRUV LQ HDUOLHU ZRUN
 D SDUDPHWULVDWLRQ RI 39 V\VWHP PHWDGDWD DQG TXDOLW\ FRQWURO RI WKH PHDVXUHG SRZHU  D WXQLQJ URXWLQH
WKDW GHWHFWV GLXUQDO LQIOXHQFHV IURP VKDGLQJ DQG WXQHV WKH 39 SRZHU LQ RUGHU WR UHDFK WKH H[SHFWHG JHQHUDWLRQ
ZLWKRXW DQ\ VKDGLQJ $QG  D PHWKRG ZKLFK HOLPLQDWHV KLJK YDULDQFHV LQ kpv EDVHG XSVFDOLQJ $Q H[WHQVLYH
FURVVYDOLGDWLRQ ZLWK  V\VWHPV LQ &DQEHUUD $XVWUDOLD LQ WKLV SDSHU VKRZV VLJQLILFDQW LPSURYHPHQWV DV D
GLUHFW UHVXOW RI WKH DSSOLFDWLRQ RI WKHVH WKUHH PHWKRGV )XUWKHUPRUH ZH SUHVHQW WKH SUHOLPLQDU\ ILQGLQJV IRU
GHYHORSPHQWV LQ WKH SDUDPHWULVDWLRQ RI VKDGHGPXOWLD]LPXWK UHIHUHQFH 39 V\VWHPV DV ZHOO DV D PHWKRG WR
UHGXFH LQHUWLD LQ WKH VKDGH GHWHFWLRQ DQG WXQLQJ 2YHUDOO ZH VXFFHVVIXOO\ LPSURYH WKH PDQDJHPHQW RI UHIHUHQFH
39 V\VWHP SRZHU GDWD IRU XVH LQ XSVFDOLQJ
.H\ZRUGV ± 8SVFDOLQJ 3DUDPHWULVDWLRQ 4XDOLW\ &RQWURO 7XQLQJ 39 SRZHU



,QWURGXFWLRQ

,Q UHFHQW \HDUV WKHUH KDV EHHQ ZRUOGZLGH JURZWK LQ WKH WRWDO LQVWDOOHG FDSDFLW\ RI SKRWRYROWDLF 39 V\VWHPV
IURP 5.1 GWp WR 300 GWp EHWZHHQ  DQG  5(1  :HGHSRKO   )RU RSHUDWLRQDO FRQWURO
RI WKH HOHFWULFLW\ JULG DQG IRU HFRQRPLF WUDGLQJ LQ WKH HOHFWULFLW\ JHQHUDWLRQ PDUNHW WKH SUHFLVH NQRZOHGJH RI
WKH FXUUHQW 39 SRZHU JHQHUDWLRQ LV RI LQFUHDVLQJO\ KLJK YDOXH (1$  
$ JURZLQJ QXPEHU RI 39 V\VWHPV FRQWLQXRXVO\ UHSRUW WKHLU SRZHU JHQHUDWLRQ HQDEOLQJ WKHLU GDWD WR EH WDNHQ
DV D UHIHUHQFH 7KHVH VR FDOOHG ³UHIHUHQFH 39 V\VWHPV´ FDQ EH XVHG WR HVWLPDWH WKH SRZHU RI WKH UHPDLQLQJ WDU
JHW 39 V\VWHPV WKURXJK ³XSVFDOLQJ´ DSSURDFKHV $Q H[WHQVLYH OLWHUDWXUH UHYLHZ FRYHULQJ XSVFDOLQJ DSSURDFKHV
LV SURYLGHG E\ %ULJKW HW DO   8SVFDOLQJ DSSURDFKHV DUH LPSDFWHG LQIOXHQFHV VXFK DV LQGLYLGXDO FKDUDF
WHULVWLFV RI WKH 39 V\VWHPV WKHLU VSDWLDO GLVWULEXWLRQ WKH WHPSRUDO DQG VSDWLDO DJJUHJDWLRQ OHYHO LQWHUDFWLRQ RI
LQGLYLGXDO DQG FROOHFWLYH V\VWHP EHKDYLRXU DQG PRGXOH RULHQWDWLRQ DV ZHOO DV KRZ YDULDEOH VPDOOVFDOH ZHDWKHU
FRQGLWLRQV RYHUOD\ HDFK RWKHU LQ FRPSOH[ ZD\V
,W LV D GLUHFW FRQVHTXHQFH RI WKHVH LQIOXHQFHV WKDW QRW DOO UHIHUHQFH 39 V\VWHPV UHIOHFW WKH SRZHU JHQHUDWLRQ
RI QHLJKERXUHG V\VWHPV (DUOLHU UHVHDUFK SUHVHQW PHWKRGV WKDW LPSURYH XSVFDOLQJ DSSURDFKHV E\ LQFUHDVLQJ WKH
UHSUHVHQWDWLYHQHVV RI UHIHUHQFH 39 V\VWHPV
,Q .LOOLQJHU HW DO E  D WZRIROG URXWLQH LV SUHVHQWHG WKDW SDUDPHWULVHV PHWDGDWD RI UHIHUHQFH 39 V\VWHPV
WLOW β D]LPXWK γ DQG ORVV IDFWRU LF DQG WKHQ TXDOLW\ FRQWUROV WKHLU 39 SRZHU RXWSXW PHDVXUHPHQWV %\ HOLPL
QDWLQJ PHDVXUHPHQW HUURUV DQG RWKHU DW\SLFDO GDWD IURP WKH SRRO RI UHIHUHQFH 39 V\VWHPV WKH UHSUHVHQWDWLYHQHVV
FDQ EH LQFUHDVHG .LOOLQJHU HW DO D H[WHQGV WKH FRQFHSW RI PDNLQJ UHIUHUQFH 39 V\VWHPV DSSURSULDWH IRU
XSVFDOLQJ WKURXJK WKH GHYHORSPHQW RI D WXQLQJ URXWLQH WKDW FDQ GHWHFW DQG EDODQFH GLXUQDO SDWWHUQV LQ 39 SRZHU
JHQHUDWLRQ GXH WR VKDGLQJ 7KH RXWFRPH RI WKH WXQLQJ URXWLQH LV DQ LQFUHDVH LQ UHSUHVHQWDWLYHQHVV RI UHIHUHQFH
39 V\VWHPV 7KLV LV EHFDXVH WXQHG UHIHUHQFH 39 V\VWHPV EHWWHU GHVFULEH WKH FXUUHQW PHWHRURORJLFDO FRQGLWLRQV
DQG DUH D EHWWHU VRXUFH WR HVWLPDWH WKH SRZHU JHQHUDWLRQ RI RWKHU QHLJKERXUHG V\VWHPV 6XFK LV WKH VXFFHVV
RI UHIHUHQFH 39 V\VWHP WXQLQJ FRPPHUFLDO VRODU IRUHFDVWLQJ FRPSDQ\ 6ROFDVW   (QJHUHU HW DO 
DUH DGRSWLQJ WKH DSSURDFK WR GUDVWLFDOO\ LPSURYH WKHLU IRUHFDVWV 7KH SUHOLPLQDU\ XVH FDVH IRU WKH WXQLQJ LV
GHPRQVWUDWHG LQ %ULJKW HW DO  

 
       
  !"  # $  "%  % &''
( ))*!$   +#  "(!!"    
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/LQJIRUV HW DO E HYDOXDWHG WKH WXQLQJ DSSURDFK¶V FDSDELOLW\ DW FRUUHFWO\ GHWHFWLQJ VKDGLQJ HYHQWV DQG
FRPSDUHG LW ZLWK D /L'$5 EDVHG DSSURDFK /LQJIRUV HW DO D  7KH FRPSDULVRQ KLJKOLJKWHG LPSRUWDQW
IHDWXUHV LQ WKH WXQLQJ WKDW KDG URRP IRU LPSURYHPHQW WKXV WKHVH LPSURYHPHQWV DUH WKH IHDWXUH RI WKLV SDSHU
7KLV SDSHU KDV WZR PDLQ REMHFWLYHV )LUVWO\ WKH ODWHVW DGYDQFHPHQWV LQ XSVFDOLQJ VKDOO EH HYDOXDWHG LQ DQ
H[WHQVLYH FURVVYDOLGDWLRQ ZLWK  V\VWHPV LQ &DQEHUUD $XVWUDOLD 7KHVH PHWKRGV DUH EULHIO\ SUHVHQWHG LQ
VHFWLRQ  ,Q VHFWLRQ  LPSRUWDQW GDWD VRXUFHV DQG PRGHOV DUH DQQRXQFHG 7KH HYDOXDWLRQ LV ILQDOO\ UHDOLVHG
DQG GLVFXVVHG LQ VHFWLRQ  6HFRQGO\ SUHOLPLQDU\ PHWKRGV WR IXUWKHU LPSURYH XSVFDOLQJ DUH GHYHORSHG DQG
WHVWHG LQ VHFWLRQ  7KH SDSHU HQGV ZLWK D VKRUW FRQFOXVLRQ LQ VHFWLRQ 



0HWKRGRORJ\

7KH PHWKRGRORJLFDO VWHSV DUH SUHVHQWHG LQ WKLV VHFWLRQ $Q RYHUYLHZ LV LOOXVWUDWHG LQ WKH IORZ FKDUW RI )LJ 
Gh,sat
(BoM)

Pmeas
(PVoutput.org)

Assumed
* * LF*

Tamb
(BoM)

Atmospheric Data
(SoDa)

Decompose

Parametrisation

Quadratic PV

REST2 Clear-sky
Model

Dh,sat Bh,sat

Q Q LF

P*sim,cs

Bh,cs Dh,cs

QCPV

Quadratic PV

QCPV*

Pqc

Psim,cs

P*qc

Reducing Variance

Pred

Tuning

Ptuned

kpv90

)LJ  )ORZ FKDUW RI WKH SURSRVHG PHWKRGRORJ\ ,QSXW GDWD DUH LQ JUH\ VNHZHG ER[HV ZLWK GDWD VRXUFH SURYLGHU LQ EUDFNHWV 0RGHO
SURFHVV VWHSV DUH LQ UHFWDQJOHV DQG LQWHUPHGLDWHILQDO RXWSXWV DUH LQ ZKLWH SDUDOOHORJUDPV



3DUDPHWULVDWLRQ DQG 4&39 URXWLQH

$Q DSSURDFK WR SDUDPHWULVH WKH UHIHUHQFH 39 V\VWHP PHWDGDWD WLOW β D]LPXWK γ DQG ORVV IDFWRU LF DQG WR
TXDOLW\ FRQWURO WKH 39 SRZHU PHDVXUHPHQWV 4&39 URXWLQH LV SUHVHQWHG E\ .LOOLQJHU HW DO E  %RWK WKH
SDUDPHWULVDWLRQ DQG 4&39 URXWLQH ZHUH LPSURYHG LQ .LOOLQJHU HW DO D DQG EULHIO\ VXPPDULVHG E\ %ULJKW
HW DO  DQG /LQJIRUV HW DO E +HQFH RQO\ WKH EDVLF SULQFLSOHV RI WKH PHWKRGRORJ\ DUH GHWDLOHG ZLWKLQ
WKLV VHFWLRQ
 7R HOLPLQDWH FULWLFDO PHDVXUHPHQW HUURUV IURP WKH SDUDPHWULVDWLRQ RI WKH PHWDGDWD D PRGLILHG YHUVLRQ
∗
RI WKH 4&39 URXWLQH LV DSSOLHG WR WKH PHDVXUHG SRZHU Pmeas  WR ILQG Pqc
.LOOLQJHU HW DO D  $OO
LQWHUPHGLDWH VWHSV RI WKH PRGLILHG 4&39 URXWLQH DUH PDUNHG ZLWK D LQ )LJ  $ FHQWUDO HOHPHQW LQ WKH
∗
URXWLQH WR GHWHFW DW\SLFDO EHKDYLRXU LV WKH VLPXODWLRQ RI WKH FOHDUVN\ SRZHU Psim,cs
 )RU WKH PRGLILHG
YHUVLRQ RI WKH TXDOLW\ FRQWURO RI 39 SRZHU PHDVXUHPHQWV 4&39  ZH DVVXPH WKH VDPH PHWDGDWD IRU
DOO V\VWHPV QRUWKIDFLQJ D]LPXWK &DQEHUUD OLHV RQ WKH VRXWKHUQ KHPLVSKHUH  D WLOW RI 30◦  DQG LF RI 
7ZR WHVWV WKH ³PD[LPXP kpv ´ DQG ³FORXG HQKDQFHPHQWV´ FULWHULD VHFWLRQ  DQG  LQ .LOOLQJHU
HW DO E  UHVSHFWLYHO\ DUH H[FOXGHG IURP WKH PRGLILHG YHUVLRQ 4&39  DV PRUH GHWDLOHG PHWDGDWD
ZRXOG EH UHTXLUHG
 ,Q WKH VHFRQG VWHS WKH SDUDPHWULVDWLRQ RI PHWDGDWD LV UHDOLVHG 7KH 1RQOLQHDU /HDVW6TXDUH 1/6 VROYHU
WDNHV VDWHOOLWHGHULYHG EHDP Bh,sat DQG GLIIXVH Dh,sat LUUDGLDQFH VXEFRPSRQHQWV GHFRPSRVHG ZLWK
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WKH 5HLQGO GHFRPSRVLWLRQ PRGHO DV LQSXWV 5HLQGO HW DO D  DORQJ ZLWK WKH DPELHQW WHPSHUDWXUH
Tamb  7KHVH LQSXWV DUH XVHG WR VLPXODWH 39 SRZHU GHSHQGLQJ RQ WKH WLOW D]LPXWK DQG LF  7KH WKUHH
ODWWHU SDUDPHWHUV DUH YDULHG ZLWKLQ WKH 1/6 VROYHU XQWLO WKH VTXDUHG HUURU EHWZHHQ WKH VLPXODWHG SRZHU
DQG WKH TXDOLW\ FRQWUROOHG PHDVXUHG SRZHU LV PLQLPDO :LWKLQ WKH VLPXODWLRQ FKDLQ D TXDGUDWLF 39 SRZHU
PRGHO .LOOLQJHU HW DO E DQG WUDQVSRVLWLRQ PRGHO 5HLQGO HW DO E DUH DSSOLHG ,Q D VHFRQG
VWHS RI WKH SDUDPHWULVDWLRQ WKH GHULYHG LF LV SUHFLVHO\ DGMXVWHG EDVHG RQ GHWHFWHG FOHDUVN\ SHULRGV VHH
.LOOLQJHU HW DO E DQG .LOOLQJHU HW DO D 
 %DVHG RQ WKH SDUDPHWULVHG PHWDGDWD WLOW βQ  D]LPXWK γQ DQG ORVV IDFWRU LF  WKH 39 SRZHU PHDVXUH
PHQWV DUH ILQDOO\ TXDOLW\ FRQWUROOHG $OO WHVWV DUH DSSOLHG LQ WKLV VHFRQG UXQ RI WKH 4&39 URXWLQH DQG
DW\SLFDO SRZHU YDOXHV DUH VHW WR 1D1 QRW D QXPEHU 



7XQLQJ

7KH PHWKRG IRU LGHQWLILFDWLRQ DQG FRUUHFWLRQ RI V\VWHPDWLF LQIOXHQFHV WKDW DIIHFW 39 SRZHU RXWSXW SDUWLFXODUO\
VKDGLQJ DW YDULRXV WLPHVWHSV WKURXJKRXW WKH GD\ LV NQRZQ DV WKH WXQLQJ URXWLQH DQG LV SUHVHQWHG LQ GHWDLO
E\ .LOOLQJHU HW DO D  :LWK WKH FRPSOHWLRQ RI SDUDPHWULVDWLRQ DQG 4&39 URXWLQH WKH TXDOLW\ FRQWUROOHG
SRZHU RXWSXW Pqc DQG WKH FOHDUVN\ SRZHU RXWSXW DW D UHIHUHQFH 39 V\VWHP Psim,cs DUH XVHG WR FDOFXODWH WKH
FOHDUVN\ LQGH[ IRU SKRWRYROWDLFV kpv (QJHUHU DQG 0LOOV  
kpv =

Pqc
.
Psim,cs

(T 

,Q WKHRU\ kpv DFKLHYHV D YDOXH RI  ZKHQ VXEMHFWHG WR FOHDUVN\ FRQGLWLRQV DQG KLJKHU YDOXHV RQO\ ZKHQ
VXEMHFWHG WR FORXG HQKDQFHPHQW HYHQWV (QJHUHU  .LOOLQJHU HW DO E  /RZ YDOXHV RI kpv RFFXU GXH
WR HLWKHU LQFUHDVHG WKLFNQHVV RI FORXG FRYHU RU UHGXFHG V\VWHP SHUIRUPDQFH &RQYHUVHO\ LQ D FDVH ZKHUH D
39 V\VWHP QHYHU DFKLHYHV FOHDUVN\ FRQGLWLRQV LQ WKH IRUP RI kpv = 1 IRU UHSHDWHG SDUWLFXODU WLPHVWHSV LQ
WKH FRXUVH RI WKH GD\ WKHVH SHULRGV FDQ EH FRQVLGHUHG WR EH LQIOXHQFHG E\ V\VWHPDWLF UHGXFWLRQ ZKLFK LV PRVW
SUHGRPLQDQWO\ FDXVHG E\ VKDGLQJ )RU WKH UHOLDEOH GHWHFWLRQ RI VKDGLQJ WKH kpv YDOXHV DUH DQDO\VHG IRU D
UXQQLQJ ZLQGRZ RI WLPH RYHU  GD\V 7KH th SHUFHQWLOH kpv90 LV GHULYHG IRU HDFK PLQ WLPHVWHS RI WKH
GD\ WKURXJK DQ DSSURDFK GHVFULEHG E\ /RQLM HW DO   7KH VHOHFWLRQ RI WKH th SHUFHQWLOH LQVWHDG RI RWKHU
SHUFHQWLOHV ZDV D UHVXOW RI RXU DQDO\VLV LQGLFDWLQJ LW GHOLYHUHG D UREXVW OLPLW IRU UHSUHVHQWLQJ FOHDUVN\ RSHUDWLRQV
LQ WKHRU\ kpv YDOXHV ZLWKLQ WKH th DUH PRVW OLNHO\ WR EH FOHDUVN\ WLPH SHULRGV :LWK WKH GHULYDWLRQ RI kpv90
DQG DIWHU WKH DSSOLFDWLRQ RI ORJLFDO FRQVWUDLQWV WKH WXQLQJ IDFWRU X FDQ EH FDOFXODWHG DQG DOORZV IRU WKH WXQLQJ
UHTXLUHPHQW RI D V\VWHP WR EH FDOFXODWHG IRU HDFK WLPHVWHS DFFRUGLQJ WR
Pqc
,
(T 
X
ZKHUH Ptuned LV WKH WXQHG SRZHU LQ W/Wp IRU D JLYHQ V\VWHP
,Q HVVHQFH Ptuned UHSUHVHQWV WKH SRZHU SURILOH RI D UHIHUHQFH 39 V\VWHP ZLWK DOO WKH V\VWHPDWLF LQIOXHQFHV
UHPRYHG %\ XVLQJ Ptuned DV RSSRVHG WR Pmeas RU Pqc LQ WKH XSVFDOLQJ DSSURDFK SRZHU PHDVXUHPHQWV UHFRUGHG
XQGHU VKDGLQJ RI WKH UHIHUHQFH 39 V\VWHP DUH FRUUHFWHG E\ EDODQFLQJ V\VWHPDWLF LQIOXHQFHV RU WXQHG EHIRUH
EHLQJ XVHG WR HVWLPDWH DQ XQVKDGHG QHLJKERXU
Ptuned =



5HGXFLQJ kpv UHODWHG YDULDQFH

9DULDQFHV LQ kpv DUH PDLQO\ GXH WR FORXG FRYHU FKDQJHV V\VWHPDWLF LQIOXHQFHV HJ VKDGLQJ  RU LQDFFXUDWH VLP
XODWLRQ RI Psim,cs  7KH ODWWHU WZR UHDVRQV DUH UHIHUHQFH 39 V\VWHP VSHFLILF DQG WKH LQIOXHQFH RI WKHLU SUREDELOLW\
DQG PDJQLWXGH JURZV ZLWK LQFUHDVLQJ ]HQLWK DQJOHV θz  7KHVH UHDVRQV DUH LQFUHDVLQJO\ LPSRUWDQW WR FRQVLGHU
ZKHQ SHUIRUPLQJ XSVFDOLQJ DSSURDFKHV DV ILOWHULQJ V\VWHP VSHFLILF V\VWHPDWLF LQIOXHQFHV LQ RUGHU WR LPSURYH
WKH UHSUHVHQWDWLYHQHVV RI WKH UHIHUHQFH 39 V\VWHPV 6\VWHPDWLF LQIOXHQFHV VXFK DV VKDGLQJ DUH DOUHDG\ EDO
DQFHG ZLWK WKH WXQLQJ DSSURDFK DQG VPDOO LQDFFXUDFLHV LQ WKH VLPXODWLRQ RI Psim,cs FDQ KDUGO\ EH DYRLGHG
)RU H[DPSOH LI Psim,cs LV VOLJKWO\ XQGHUHVWLPDWHG IRU VPDOO SRZHU PHDVXUHPHQWV RFFXUULQJ GXULQJ KLJK ]HQLWK
DQJOHV θz  W/Wp LQVWHDG RI  W/Wp  WKH UHVXOWDQW kpv IDFWRU ZRXOG EH WZLFH DV KLJK WKH VDPH LV
DSSOLFDEOH WR RYHUHVWLPDWLRQV LQ Psim,cs  6KRXOG WKH VDPH LQDFFXUDF\ RFFXU DW PLGGD\  W/Wp LQVWHDG RI
 W/Wp  WKH HIIHFW RQ WKH kpv YDOXH ZRXOG EH UHODWLYHO\ LQVLJQLILFDQW &RQVHTXHQWO\ WKH LPSDFW RI VXFK
LQDFFXUDFLHV LV OLPLWHG E\ UHPRYLQJ SRZHU PHDVXUHPHQWV Ptuned IURP UHIHUHQFH 39 V\VWHPV ZKHUH WLPHVWHSV
H[KLELW KLJK kpv UHODWHG YDULDQFHV 7KLV ILOWHU LV UHDOLVHG E\ DQDO\VLQJ WKH VWDQGDUG GHYLDWLRQ RI kpv90 LQ SDUDOOHO
WR kpv  GHWDLOHG E\ .LOOLQJHU HW DO D  :LWK WKH UHPRYDO RI SDUWLFXODUO\ ODUJH YDULDQFHV LQ WKH PRUQLQJ RU
HYHQLQJ E\ VHWWLQJ DW\SLFDO YDOXHV 1D1 39 SRZHU ZLWK UHGXFHG YDULDQFHV Pred LV GHULYHG IURP Ptuned 
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'DWD

7KH GDWD VRXUFHV DQG PRGHOV XVHG ZLWKLQ WKLV SDSHU DUH PRVWO\ LGHQWLFDO ZLWK WKH RQHV GHVFULEHG LQ .LOOLQJHU
HW DO D DQG DUH PHQWLRQHG LQ )LJ  3RZHU RXWSXW GDWD LV VLJQLILFDQWO\ H[WHQGHG LQ WKLV SDSHU FRYHULQJ 
39 LQVWDOODWLRQV LQ &DQEHUUD $XVWUDOLD ZKHUH SUHYLRXVO\ RQO\  ZHUH FRQVLGHUHG 7KH SRZHU PHDVXUHPHQWV
Pmeas DUH H[WUDFWHG IURP KWWSSYRXWSXWRUJ DQG VXEVHTXHQWO\ QRUPDOLVHG E\ WKHLU UHSRUWHG LQVWDOOHG FDSDFLW\
7KH FROOHFWHG SRZHU RXWSXW GDWD FRPSULVHV D WRWDO SHULRG VSDQQLQJ IURP WK 6HSWHPEHU  WLOO VW -XO\ 
ZLWK PLVVLQJ GDWD IURP WK 0DUFK  WLOO QG $SULO  ,Q FRQWUDU\ WR .LOOLQJHU HW DO D  PXOWL
D]LPXWK V\VWHPV DUH FRQVLGHUHG ZLWKLQ WKLV ZRUN $PELHQW WHPSHUDWXUH Tamb YDOXHV DUH REWDLQHG IURP WKH
&DQEHUUD DLUSRUW $XVWUDOLDQ %XUHDX RI 0HWHRURORJ\ VWDWLRQ  DQG PLVVLQJ GDWD UHSODFHG E\ YDOXHV IURP
WKH QXPHULF ZHDWKHU PRGHO 0(55$ GHULYHG IURP KWWSZZZVRGDSURFRP
&OLPDWRORJLFDO DWPRVSKHULF SDUDPHWHUV RI R]RQH ZDWHU YDSRXU DHURVRO RSWLFDO GHSWK DQG /LQNH WXUELGLW\
IRU WKH FOHDUVN\ LUUDGLDQFH PRGHOOLQJ DUH UHWULHYHG IURP WKH 6R'D GDWDEDVH DV GHVFULEHG LQ (QJHUHU DQG 0LOOV
  .LOOLQJHU HW DO E  7KHVH SDUDPHWHUV DUH XVHG WR GHULYH WKH EHDP Bh,cs DQG GLIIXVH Dh,cs
KRUL]RQWDO FOHDUVN\ LUUDGLDQFH YLD WKH 5(67 PRGHO E\ *XH\PDUG   7KH GHULYDWLRQ RI WKH VDWHOOLWH
EDVHG LUUDGLDQFH LV GHVFULEHG LQ GHWDLO LQ (QJHUHU HW DO  
$V WKH VDWHOOLWH EDVHG LUUDGLDQFH KDV D WHPSRUDO UHVROXWLRQ RI PLQV DOO GDWDVHWV XVHG ZLWKLQ WKLV SDSHU
HJ WKH 39 SRZHU PHDVXUHPHQWV DPELHQW WHPSHUDWXUH HWF DUH DJJUHJDWHG WR D UHVROXWLRQ RI  PLQXWHV LQ
RUGHU WR FRUUHVSRQG

 5HVXOWV DQG GLVFXVVLRQ
7KLV VHFWLRQ ZLOO ILUVWO\ GHILQH WKH SURFHGXUH RI WKH FURVVYDOLGDWLRQV DQG VXEVHTXHQWO\ SUHVHQW DQG GLVFXVV WKH
UHVXOWV



'HILQLWLRQ RI WKH FURVVYDOLGDWLRQV

,Q WKLV VHFWLRQ IRXU GLIIHUHQW FURVVYDOLGDWLRQV &9 ODEHOOHG k = 1, 2, 3, 4 DUH UHDOLVHG :LWKLQ WKHVH FURVV
YDOLGDWLRQV WKH HVWLPDWHG SRZHU RXWSXW RI WDUJHW 39 V\VWHPV Pest,CVk LV VLPXODWHG XVLQJ kpv EDVHG XSVFDOLQJ
WHFKQLTXHV VHH (QJHUHU DQG 0LOOV   .LOOLQJHU HW DO D DQG %ULJKW HW DO   kpv EDVHG XSVFDOLQJ
HVWLPDWHV WKH kpv YDOXH DW D WDUJHW 39 V\VWHP¶V ORFDWLRQ XVLQJ D JHRVSDWLDO LQWHUSRODWLRQ DSSURDFK FDOOHG ,QYHUVH
'LVWDQFH :HLJKWLQJ ,': GHILQHG LQ 6KHSDUG  DQG XVLQJ WKH UHFRPPHQGHG IDFWRU RI  DQG ZHLJKWV WKH
LQIOXHQFH RI D UHIHUHQFH 39 V\VWHP DV D IXQFWLRQ RI LWV GLVWDQFH WR D WDUJHW 39 V\VWHP WKH FORVHU D UHIHUHQFH
39 V\VWHP LV WR WKH WDUJHW WKH PRUH LQIOXHQFH LW KDV :LWK WKH LQWHUSRODWHG kpv YDOXH DW D WDUJHW 39 V\VWHP¶V
ORFDWLRQ DORQJVLGH LWV VLPXODWHG FOHDUVN\ SRZHU Psim,cs  WKH SRZHU RXWSXW FDQ QRZ EH HVWLPDWHG IROORZLQJ WKH
SULQFLSOH RI (T 
'HWDLOHG DVVXPSWLRQV RI WKH FURVVYDOLGDWLRQV DUH SURYLGHG LQ 7DE  &9 LV WKH EDVHOLQH VFHQDULR ZLWKRXW
DQ\ GDWD SURFHVVLQJ WKDW XVHV PHWDGDWD GLUHFWO\ IURP KWWSSYRXWSXWRUJ 6KRXOG PHWDGDWD EH PLVVLQJ D QRUWK
IDFLQJ D]LPXWK DQG D WLOW RI 30◦ DUH DVVXPHG Pmeas  )RU DOO RWKHU YDOLGDWLRQV &9&9  WKH SDUDPHWULVHG
PHWDGDWD RI ERWK WKH UHIHUHQFH DQG WDUJHW 39 V\VWHPV DV ZHOO DV TXDOLW\ FRQWUROOHG SRZHU GDWD IURP WKH PHWKRG
RORJ\ GHVFULEHG LQ VHFWLRQ  DUH XVHG ,Q &9 RQO\ WKH 4&39 PHWKRGRORJ\ IURP VHFWLRQ  LV DSSOLHG Pqc 
,Q &9 WKH DGGLWLRQDO LQFOXVLRQ RI WKH WXQLQJ URXWLQH IURP VHFWLRQ  LV DSSOLHG Ptuned  /DVWO\ &9 H[WHQGV
WKH WXQLQJ URXWLQH WKURXJK DSSOLFDWLRQ RI WKH YDULDQFH UHGXFWLRQ URXWLQH Pred IURP VHFWLRQ 
(VWLPDWHV IURP HDFK FURVVYDOLGDWLRQ DUH FRPSDUHG WR WKH TXDOLW\ FRQWUROOHG YHUVLRQ RI WKH PHDVXUHG SRZHU
Pqc LQ RUGHU WR KDYH D FRPPRQ GDWDVHW WKDW LV PRVWO\ IUHH RI PHDVXUHPHQW HUURUV XVLQJ Pmeas KROGV QR YDOXH
DV WKHUH H[LVWV XQTXHVWLRQDEO\ HUURQHRXV GDWD SUHYDOHQW WKURXJKRXW WKH GDWDVHW 7KH VLPXODWHG SRZHU HVWLPDWHV
DQG QXPEHU RI 1D1 YDOXHV DUH GLIIHUHQW LQ &9 GXH WR LQFUHDVHG VWULFWQHVV RI ILOWHULQJ ZLWK HDFK PHWKRGRORJ\
,I VLPXODWHG RU PHDVXUHG GDWD UHJLVWHUV D 1D1 LW LV H[FOXGHG IURP WKH HYDOXDWLRQ
7DE  'HILQLWLRQ IRU GLIIHUHQW FURVVYDOLGDWLRQV &9 

&9
4&39 5RXWLQH
7XQLQJ
5HGXFLQJ 9DULDQFH
0RGXOH 2ULHQWDWLRQ
/RVV )DFWRU LF
Ptar
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7KH FURVVYDOLGDWLRQV DUH FRQGXFWHG IRU DQ LQFUHDVLQJ QXPEHU RI UHIHUHQFH 39 V\VWHPV I    
   DQG D IL[HG QXPEHU RI J = 250 WDUJHW 39 V\VWHPV DUH VLPXODWHG 7KH SXUSRVH LV WR H[SORUH WKH
LPSDFW WKDW QXPEHU RI DYDLODEOH UHIHUHQFH 39 V\VWHPV KDV RQ WKH DFFXUDF\ RI SRZHU HVWLPDWH )RU HDFK YDOXH
RI I VLPXODWLRQV DUH UHSHDWHG  WLPHV LQ RUGHU WR REWDLQ D UHSUHVHQWDWLYH GLVWULEXWLRQ RI HUURU PHWULFV DQG
WHVW UHSURGXFLELOLW\ :LWK HDFK WHVW WKH UHIHUHQFH DQG WDUJHW 39 V\VWHPV DUH UDQGRPO\ UHDVVLJQHG HDFK WLPH
ZKLOH PDLQWDLQLQJ I DQG J DOORZLQJ IRU D ULFK QXPEHU RI FRPELQDWLRQV SHU &9 7KH FRPSDULVRQV H[SORUH WKH
SHUIRUPDQFH RI DOO WKH SRZHU HVWLPDWHV Pest,CVk IURP HDFK FURVVYDOLGDWLRQ k = 1, 2, 3, 4 DJDLQVW WKH DFWXDO
SRZHU RXWSXW IURP WKH WDUJHW 39 V\VWHPV Ptar  (VWLPDWHG DQG TXDOLW\ FRQWUROOHG PHDVXUHG WDUJHW 39 V\VWHP
SRZHU YDOXHV DUH DJJUHJDWHG DW HDFK WLPHVWHS t DQG QRUPDOLVHG E\ J Pest,CVk DQG Ptar DUH WKHUHIRUH WLPH
VHULHV RI DJJUHJDWHG SRZHU RXWSXW IRU DOO J WDUJHW 39 V\VWHPV
$Q H[DPSOH WHVW  RI  WR GHULYH UHVXOWV LV GHVFULEHG
 J = 250 WDUJHW 39 V\VWHPV UDQGRPO\ VHOHFWHG
 I QXPEHU RI UHIHUHQFH 39 V\VWHPV UDQGRPO\ VHOHFWHG IURP WKH UHPDLQLQJ  V\VWHPV
 $JJUHJDWHG Pest,CVk FDOFXODWHG IRU HDFK FURVVYDOLGDWLRQ k = 1, 2, 3, 4
 $JJUHJDWHG Ptar FDOFXODWHG
 &RPSDUH SRZHU DJJUHJDWH WLPH VHULHV XVLQJ GLIIHUHQW HUURU PHWULFV
6WHSV  WR  DUH UHSHDWHG  WLPHV EHIRUH FKDQJLQJ WKH YDOXH RI I
,Q WKH IROORZLQJ HYDOXDWLRQV DOO UHVXOWV DUH UHVWULFWHG WR WLPHVWHSV IXOILOOLQJ WKH ]HQLWK DQJOH θz < 85◦ IRU
WKH VDPH UHDVRQV DV PHQWLRQHG LQ VHFWLRQ  LQ .LOOLQJHU HW DO D  )XUWKHUPRUH DOO kpv YDOXHV XVHG ZLWKLQ
WKH &9 HYDOXDWLRQV WKDW DUH JUHDWHU WKDQ  DUH H[FOXGHG IURP WKH H[DPLQDWLRQV DV WKH\ UHSUHVHQW DQ XQUHDOLVWLF
PDJQLWXGH



(YDOXDWLRQ RI WKH FURVVYDOLGDWLRQV

5HVXOWV RI WKH FURVVYDOLGDWLRQV DUH VKRZQ LQ )LJ  (DFK ER[SORW FRQWDLQV D GLVWULEXWLRQ RI UHVXOWV IURP WKH
 GLIIHUHQW VLPXODWLRQV HDFK ZLWK D XQLTXH FRPELQDWLRQ RI UHIHUHQFH DQG WDUJHW 39 V\VWHPV 7KH ER[SORWV RI
WKH UHODWLYH URRW PHDQ VTXDUH HUURU rRMSE WRS SORW LQ )LJ  LQGLFDWH KRZ HDFK DGGLWLRQDO PHWKRG SUHVHQWHG
LQ WKLV SDSHU IXUWKHU LPSURYHV WKH HVWLPDWHG SRZHU RXWSXWV IURP WKH UHIHUHQFH 39 V\VWHPV 7KH ODUJHVW LP
SURYHPHQWV DUH UHDFKHG EHWZHHQ &9 DQG &9 ZLWK WKH LQFOXVLRQ RI 4&39 $OWKRXJK rRMSE YDOXHV IXUWKHU
LPSURYH ZLWK &9 DQG &9 D GHFUHDVLQJ PDUJLQDO XWLOLW\ LV YLVLEOH
5HVXOWV LQ WKH rRMSE DOVR LPSURYH IRU DQ LQFUHDVLQJ QXPEHU RI UHIHUHQFH 39 V\VWHPV ZLWK &9 $
VLPLODU LPSURYHPHQW IRU DQ LQFUHDVLQJ QXPEHU RI UHIHUHQFH 39 V\VWHPV FDQ EH VHHQ IRU WKH EDVHOLQH VFHQDULR
&9 $Q H[FHSWLRQ IURP WKLV WHQGHQF\ RFFXUV IRU D VPDOO QXPEHU RI UHIHUHQFH 39 V\VWHPV LQ &9 ZLWK I = 2
UHIUHQFH 39 V\VWHPV ZKLFK LV ORZHU LQ rRMSE WKDQ IRU I = 5 LW LV H[SHFWHG WKDW WKLV LV D VWDWLVWLFDO FRLQFLGHQFH
ZKLFK ZRXOG GLVDSSHDU IRU D KLJKHU QXPEHU RI VDPSOHV 3OHDVH DOVR QRWH WKDW WKH UDQJHV RI WKH ER[SORWV DQG
RXWOLHUV GHFUHDVH IRU D JUHDWHU QXPEHU RI UHIHUHQFH 39 V\VWHPV D EDODQFLQJ LPSDFW RFFXUV ZLWK PRUH UHIHUHQFH
39 V\VWHPV DQG UHGXFHV XQFHUWDLQW\ LQ WKH SRZHU HVWLPDWLRQ
7KH XQFHUWDLQW\ LQ WKH SRZHU VLPXODWLRQ LV QRW RQO\ UHGXFHG E\ DQ LQFUHDVLQJ QXPEHU RI UHIHUHQFH 39
V\VWHPV EXW DOVR IRU WKH PHWKRGV SUHVHQWHG LQ WKLV SDSHU 7KLV FDQ EH VHHQ WKURXJK DQDO\VLV RI WKH ER[SORWV RI
WKH UHODWLYH PHDQ ELDV HUURU rMBE PLGGOH SORW LQ )LJ   7KH VPDOOHVW UDQJHV RI rMBE RFFXU IRU &9 DQG
&9 ZLWK D WHQGHQF\ WRZDUGV RYHUHVWLPDWLRQV 7KLV FDQ EH H[SODLQHG ZLWK WKH WXQLQJ URXWLQH WKDW LQFUHDVHV WKH
SRZHU PDJQLWXGH RI UHIHUHQFH 39 V\VWHPV KRZHYHU DW SUHVHQW WKLV LQFUHDVH LV DSSOLHG WR WDUJHW 39 V\VWHPV
WKDW PD\ DOVR EH VKDGHG UHVXOWLQJ LQ DQ RYHUHVWLPDWLRQ 7KHVH RYHUHVWLPDWLRQV DUH QRW FRQVWDQW DV VKDGLQJ
RQO\ RFFXUV IRU VRPH V\VWHPV DW XQLTXH WLPHVWHSV ,Q RUGHU WR UHGXFH VXFK DQ HVWLPDWLRQ IXWXUH YHUVLRQV RI
WKH WXQLQJ PXVW FRQVLGHU VKDGLQJ SHUKDSV E\ VWDWLVWLFDO GLXUQDO FRQVLGHUDWLRQ RI W\SLFDO VKDGLQJ HYHQWV WKDW FDQ
EH SUREDELOLVWLFDOO\ DSSOLHG 7KLV ELDV LV UDWKHU G\QDPLF DQG LV GLIIHUHQW IRU HDFK WLPHVWHS RI WKH GD\ PDNLQJ
FRUUHFWLRQ GLIILFXOW
7KURXJK WKH FDUHIXO VHOHFWLRQ RI WLPH SHULRGV LQ WKH 4&39 URXWLQH DV ZHOO DV WKH FRQVWUDLQWV LQ WKH WXQLQJ DQG
UHGXFWLRQ RI WKH YDULDQFH WKH QXPEHU RI 1D1 YDOXHV LQ WKH WLPH VHULHV RI WKH UHIHUHQFH 39 V\VWHPV LQFUHDVHV ,Q
WKH ORZHU SORW RI )LJ  WKH WLPHVWHSV H[FOXGHG IRU WKH FURVVYDOLGDWLRQV DUH YLVXDOLVHG $ WLPHVWHS LV H[FOXGHG
LI HLWKHU Pestk RU Ptar DUH 1D1 :KLOH &9 VKRZV D UDWKHU FRQVLVWHQW VKDUH RI OHVV WKDQ 25% &9 DUH JUHDWHU
IRU D VPDOO QXPEHU RI UHIHUHQFH 39 V\VWHPV 7KH VKDUH VOLJKWO\ LQFUHDVHV LQ &9 GXH WR WKH DGGLWLRQDO ILOWHUV
$W WLPHVWHSV ZKHQ D UHIHUHQFH 39 V\VWHP UHJLVWHUV D 1D1 YDOXH LW LV REYLRXVO\ QR ORQJHU DEOH WR HVWLPDWH
WKH SRZHU RI RWKHU V\VWHPV +HQFH IRU D YHU\ VPDOO QXPEHU RI UHIHUHQFH 39 V\VWHPV WKHUH FDQ EH LQGLYLGXDO
WLPHVWHSV LQ ZKLFK LW PLJKW EH QHFHVVDU\ WR UHQRXQFH WKH XVH RI RQH RI WKH PHWKRGV RU EHWWHU XVH DOWHUQDWLYH
GDWD WR HVWLPDWH WKH SRZHU RI WKH WDUJHW 39 V\VWHPV )RU DOO RWKHU WLPHVWHSV LW LV VWURQJO\ UHFRPPHQGHG WR XVH
DOO WKH PHWKRGV SUHVHQWHG LQ WKLV SDSHU
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)LJ  %R[ SORWV LQGLFDWLQJ WKH IRXU TXDUWLOHV RI HUURU GLVWULEXWLRQV 7KH ORZHU PLGGOH DQG XSSHU OLQHV RI HDFK ER[ LQGLFDWHV WKH
 PHGLDQ DQG  TXDUWLOHV UHVSHFWLYHO\ :KLVNHUV LQGLFDWH WKH PLQLPXP DQG PD[LPXP YDOXHV RI WKH GLVWULEXWLRQ
2XWOLHUV DUH UHSUHVHQWHG DV SRLQWV DQG DUH GHILQHG DV H[LVWLQJ  WLPHV RXWVLGH WKH LQWHUTXDUWLOH UDQJH RI WKH  DQG 
TXDUWLOHV (DFK ER[ SORW UHSUHVHQWV WKH UHVXOWLQJ HUURU PHWULF RQ WKH \D[LV GHULYHG ZKHQ FRPSDULQJ WKH HVWLPDWH SRZHU YDOXH
RI D FURVVYDOLGDWLRQ k = 1, 2, 3, 4 Pest,CVk DJDLQVW WKH WDUJHW SRZHU YDOXH Ptar  7KH HUURU LV SORWWHG DJDLQVW WKH QXPEHU RI
UHIHUHQFH 39 V\VWHPV I 7KH FRORXUV UHSUHVHQW WKH GLIIHUHQW FURVVYDOLGDWLRQV &9 7KH WRS PLGGOH DQG ERWWRP SORWV LQGLFDWH
WKH UHODWLYH URRW PHDQ VTXDUH HUURU U506(  WKH UHODWLYH PHDQ ELDV HUURU U0%(  DQG WKH IUDFWLRQDO 1D1VKDUH UHVSHFWLYHO\

 3UHOLPLQDU\ DGYDQFHPHQWV
7KH DQDO\VLV LQ WKH SUHYLRXV VHFWLRQ VKRZHG WKDW WKH VWURQJHVW UHODWLYH LPSURYHPHQWV DUH SRVVLEOH IRU D VPDOO
QXPEHU RI DYDLODEOH UHIHUHQFH 39 V\VWHPV 3DUWLFXODUO\ IRU D VPDOO QXPEHU RI UHIHUHQFH 39 V\VWHPV LW LV
LPSRUWDQW WR EHWWHU XQGHUVWDQG WKHLU LQGLYLGXDO EHKDYLRXUV +HQFH WKUHH GLIIHUHQW DQG SUHOLPLQDU\ PHWKRGV DUH
SUHVHQWHG DQG HYDOXDWHG ZLWKLQ WKLV VHFWLRQ
 7KH SDUDPHWULVDWLRQ RI VKDGHG V\VWHPV LQ VHFWLRQ 
 7KH FRQVLGHUDWLRQ RI PXOWLD]LPXWK V\VWHPV LQ WKH SDUDPHWULVDWLRQ VWDJH LQ VHFWLRQ 
 7KH UHGXFWLRQ RI WKH LQHUWLD LQ WKH WXQLQJ URXWLQH LQ VHFWLRQ 
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7KH GHYHORSPHQW RI WKHVH PHWKRGV DUH EDVHG RQ ILQGLQJV E\ .LOOLQJHU HW DO D  /LQJIRUV HW DO E 
%ULJKW HW DO  DQG IURP ZLWKLQ WKLV SDSHU



3DUDPHWULVDWLRQ RI VKDGHG V\VWHPV

'LXUQDO VKDGLQJ HYHQWV FDQ VWURQJO\ LQIOXHQFH WKH GDLO\ SRZHU SURILOH RI D 39 V\VWHP (VSHFLDOO\ LQ FDVH RI
VWURQJ VKDGLQJ LQ WKH PRUQLQJ RU HYHQLQJ LW FDQ EH GLIILFXOW IRU DQ REVHUYHU WR GLVWLQJXLVK EHWZHHQ VKDGLQJ
HYHQWV RU D QRUPDO EHKDYLRXU FDXVHG E\ DQ H[WUHPH D]LPXWK DQJOH RI D V\VWHP IDFLQJ HDVW RU ZHVW 7KH
SDUDPHWULVDWLRQ DSSURDFK GHVFULEHG LQ VHFWLRQ  LV IDFLQJ H[DFWO\ WKLV FKDOOHQJH )RXU 39 V\VWHPV DUH GLV
FXVVHG LQ /LQJIRUV HW DO E  ZKLFK VKRZ VLJQLILFDQW HUURUV LQ WKH SDUDPHWULVDWLRQ RI WKH D]LPXWK DQJOHV
DQG VWURQJ LQIOXHQFHV RI VKDGLQJ LQ WKH PRUQLQJ VHH /LQJIRUV HW DO E ,'   RU HYHQLQJ ,' 
  7KH SUREOHP OLHV LQ WKH SURFHGXUH RI WKH 1/6 VROYHU ZKLFK WULHV WR ILQG D FRPELQDWLRQ RI WLOW βQ  D]LPXWK
γQ DQG ORVV IDFWRU LF OHDGLQJ WR WKH VPDOOHVW OHDVW VTXDUH HUURU (YHQ WKRXJK WKLV SURFHGXUH KDVW D KLJK UDWH
RI VXFFHVV IRU XQVKDGHG V\VWHPV WKHUH LV D FHUWDLQ ULVN IRU HUURQHRXV SDUDPHWULVDWLRQ IRU VKDGHG V\VWHPV $V D
FRQVHTXHQFH DOO VXEVHTXHQW VWHSV VXFK DV WKH 4&39 DQG WXQLQJ URXWLQH DUH QHJDWLYHO\ LQIOXHQFHG 0RWLYDWHG
E\ WKLV FKDOOHQJH DQ DOWHUQDWLYH SURFHGXUH ZDV GHYHORSHG DQG LV SUHVHQWHG QH[W 7KH K\SRWKHVLV EHKLQG WKLV
DSSURDFK LV WKDW VKRXOG D V\VWHP EH VKDGHG LQ WKH PRUQLQJ WKH DIWHUQRRQ KRXUV DUH PRUH VXLWDEOH WR GHULYH
WKH FRUUHFW PRGXOH RULHQWDWLRQ DQG YLFH YHUVD +HQFH WKH DSSURDFK XVHV GLIIHUHQW WLPH SHULRGV WKURXJKRXW WKH
GD\V WR UXQ WKH SDUDPHWULVDWLRQ URXWLQH
    =
 ROG SURFHGXUH GHVFULEHG LQ VHFWLRQ 
    LI VKDGHG LQ WKH HDUO\ PRUQLQJ KRXUV
    LI VKDGHG LQ WKH PRUQLQJ KRXUV
    LI VKDGHG LQ WKH DIWHUQRRQ KRXUV
    LI VKDGHG LQ WKH ODWH DIWHUQRRQ KRXUV
    LI VKDGHG LQ WKH HDUO\ PRUQLQJ DQG ODWH DIWHUQRRQ KRXUV
    LI VKDGHG LQ WKH PRUQLQJ DQG DIWHUQRRQ KRXUV
7KH 39 SRZHU LV VLPXODWHG ZLWK WKH GHULYHG SDUDPHWULVDWLRQ IRU HDFK RI WKH VHYHQ WLPH SHULRGV 7KHQ WKH
0HDQ $EVROXWH 3HUFHQWDJH (UURU 0$3( LV FDOFXODWHG EHWZHHQ WKH VLPXODWHG SRZHU DQG WKH TXDOLW\ FRQWUROOHG
∗
YHUVLRQ RI WKH PHDVXUHG SRZHU Pqc
 7KH SDUDPHWULVDWLRQ OHDGLQJ WR WKH VPDOOHVW 0$3( LV WKHQ FKRVHQ
7DE  7LOW DQG D]LPXWK RI WKH VWXGLHG 39 V\VWHPV LGHQWLILHG E\ WKH ROG DQG QHZ SDUDPHWULVDWLRQ DSSURDFK $V D UHIHUHQFH
UHSRUWHG WLOW IURP 6RODU+XE 6+ D UHSXWDEOH ORFDO VRODU LQVWDOOHU LQ &DQEHUUD DQG D]LPXWKV GHULYHG E\ LQVSHFWLQJ DHULDO LPDJHV
$,  7KH WDEOH LQFOXGHV LQ WKH ODVW WZR FROXPQV WKH DQJOH θn EHWZHHQ WKH QRUPDO YHFWRU RI WKH 39 PRGXOH DV GHULYHG IURP 6+$,
DQG WKH QRUPDO YHFWRU RI WKH ROG DQG QHZ SDUDPHWULVDWLRQ DSSURDFK UHVSHFWLYHO\ 7KH EXLOGLQJ ,' FRUUHVSRQGV WR WKH VWXG\ E\
/LQJIRUV HW DO E 
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7LOW DQG D]LPXWK RI WKH VWXGLHG 39 V\VWHPV LGHQWLILHG E\ WKH ROG DQG QHZ SDUDPHWULVDWLRQ DSSURDFK DUH
SURYLGHG LQ )LJ  7KH WLOW UHSRUWHG E\ 6RODU+XE 6+ DQG WKH D]LPXWK IURP DQ DHULDO LQVSHFWLRQ $, DUH
JLYHQ DV UHIHUHQFHV ,W FDQ EH VHHQ WKDW WKH D]LPXWK DQJOHV VWURQJO\ LPSURYHG ZLWK WKH QHZ DSSURDFK 7KLV
LV DOVR FRQILUPHG E\ VPDOOHU DQJOHV EHWZHHQ WKH QRUPDO YHFWRU RI WKH SDUDPHWULVHG PRGXOH RULHQWDWLRQ DQG
WKH RULHQWDWLRQ IURP 6+$, 3UHVHQWHG LQ WKH WDEOH LV θn  ZKLFK LV WKH DQJOH EHWZHHQ WKH QRUPDO YHFWRU RI WKH
UHIHUHQFH 39 V\VWHP FDOFXODWHG IURP IURP 6+$, PHWDGDWD DQG WKH SDUDPHWULVHGGHULYHG QRUPDO YHFWRU DQ
DQJOH RI 0◦ LV DQ H[DFW HVWLPDWLRQ 7KH XVH RI θn LV D EHWWHU UHSUHVHQWDWLRQ RI WKH GLIIHUHQFHV RI RULHQWDWLRQ
GLVFUHSDQFLHV WKDQ FRQVLGHULQJ WKH D]LPXWK DQG WLOW VHSDUDWHO\ 7KH QHZ GHYHORSPHQWV WR WKH SDUDPHWULVDWLRQ
URXWLQH VKRZ VLJQLILFDQW LPSURYHPHQW IRU WKH IRXU UHIHUHQFH 39 V\VWHPV DQDO\VHG ZLWK D 36% 70% 26% DQG
83% UHGXFWLRQ LQ DEVROXWH GHYLDWLRQ DZD\ IURP WKH QRUPDO IRU 39 V\VWHP ,'V    DQG  UHVSHFWLYHO\
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,Q )LJ  WKH VLPXODWHG FOHDUVN\ FXUYH ZLWK WKH ROG Pcs,old DQG QHZ Pcs,new SDUDPHWULVDWLRQ PHWKRG
LV YLVXDOLVHG WRJHWKHU ZLWK WKH PHDVXUHG SRZHU Pmeas IRU DQ H[HPSODU\ GD\ %RWK V\VWHPV DUH IDFLQJ VWURQJ
VKDGLQJ HYHQWV LQ WKH PRUQLQJ $V D FRQVHTXHQFH WKH D]LPXWK LV RYHUHVWLPDWHG E\ WKH ROG SDUDPHWULVDWLRQ
ZKHUHDV WKH QHZ PHWKRG OHDGV WR D PXFK PRUH UHDOLVWLF FOHDUVN\ FXUYH

Pcs,new
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)LJ  39 V\VWHPV ,'  OHIW DQG ,'  ULJKW EHLQJ LQIOXHQFHG E\ VWURQJ VKDGLQJ HYHQWV LQ WKH PRUQLQJ 9LVXDOL]HG LV WKH
PHDVXUHG SRZHU Pmeas \HOORZ  WKH VLPXODWHG FOHDUVN\ FXUYH ZLWK WKH ROG SDUDPHWULVDWLRQ PHWKRG IURP VHFWLRQ  Pcs,old UHG
DQG WKH QHZ DSSURDFK IURP WKLV VHFWLRQ Pcs,new EOXH 

(YHQ WKRXJK WKH SUHVHQWHG DGYDQFHPHQW RI WKH SDUDPHWULVDWLRQ VKRZV VWURQJ LPSURYHPHQWV IRU WKH IRXU
VWXGLHG V\VWHPV ILUVW WHVWV VKRZ SUREOHPV IRU XQVKDGHG V\VWHPV OHDGLQJ VRPHWLPHV WR ZRUVHQHG UHVXOWV WKDQ
WKH ROG SDUDPHWULVDWLRQ +HQFH WKH FXUUHQW FKDOOHQJH LV WR GHYHORS D PHWKRG WKDW KHOSV WR EHWWHU GHFLGH ZKLFK
GHULYHG SDUDPHWULVDWLRQ RSWLRQ WR XVH 'LIIHUHQW HUURU PHWULFV ZHUH DSSOLHG EHVLGHV WKH 0$3( EXW QR FRQYLQF
LQJ VWUDWHJ\ ZDV IRXQG \HW DQG LV UHVHUYHG WR EH WKH IRFXV RI IXWXUH ZRUN



&RQVLGHULQJ PXOWLD]LPXWK V\VWHPV

$Q DGGLWLRQDO FKDOOHQJH IRU WKH SDUDPHWULVDWLRQ DSSURDFK DUH 39 V\VWHPV ZLWK PRGXOHV IDFLQJ GLIIHUHQW D]LPXWK
DQJOHV 6XFK PXOWLD]LPXWK V\VWHPV ZHUH QRW FRQVLGHUHG LQ .LOOLQJHU HW DO E DQG .LOOLQJHU HW DO D
EXW LQFOXGHG LQ WKLV SDSHU 7KH SDUDPHWULVDWLRQ DSSURDFK ZDV QRW DGMXVWHG LQ RUGHU WR GHDO ZLWK 39 SRZHU
SURILOH RI VXFK PXOWLD]LPXWK V\VWHPV 7KH 1/6 VROYHU LQ WKLV SDSHU VHH (T  LQ .LOOLQJHU HW DO E
HVWLPDWHV WKH SDUDPHWHUV WLOW βQ  D]LPXWK γQ DQG ORVV IDFWRU LF E\ PLQLPLVLQJ WKH OHDVW VTXDUHV EHWZHHQ WKH
∗
TXDOLW\ FRQWUROOHG YHUVLRQ RI WKH PHDVXUHG SRZHU Pqc
DQG WKH VLPXODWHG SRZHU EDVHG RQ WKH VDWHOOLWH GHULYHG
LUUDGLDQFH Psim,sat 
∗
Pqc
∼ Psim,sat (βQ , γQ , LF ).

(T 

,Q RUGHU WR GHDO ZLWK PXOWLD]LPXWK V\VWHPV DQ DOWHUQDWLYH IRUPXODWLRQ ZDV GHYHORSHG WKDW DOORZV WKH
SDUDPHWULVDWLRQ RI WZR GLIIHUHQW WLOW DQG D]LPXWK DQJOHV
∗
Pqc
∼ α · Psim,sat,1 (βQ1 , γQ1 , LF ) + (1 − α) · Psim,sat,2 (βQ2 , γQ2 , LF )

(T 

7KH LQIOXHQFH RI WKH GLIIHUHQW PRGXOH RULHQWDWLRQV LV FRQWUROOHG E\ D IDFWRU α EHLQJ OLPLWHG WR D UDQJH
EHWZHHQ  DQG  ,Q RUGHU WR UHGXFH WKH FRPSOH[LW\ RQO\ RQH FRPPRQ ORVV IDFWRU LF LV SDUDPHWULVHG 7R
H[FOXGH RWKHU GLVWXUELQJ LQIOXHQFHV WKLV FRQFHSW ZDV WHVWHG EDVHG RQ VLPXODWHG 39 SURILOHV 7KH ILQGLQJV
IURP D PXOWL DQG VLQJOH D]LPXWK V\VWHP DUH SUHVHQWHG QH[W
 $ PXOWLD]LPXWK V\VWHP 7LOW DQJOHV 50◦ DQG 30◦  D]LPXWK DQJOHV −45◦ DQG 90◦  LF = 1 DQG DQ
α = 0.25 ZDV VLPXODWHG ZLWK WKH WUDQVSRVLWLRQ PRGHO IURP 5HLQGO HW DO E DQG WKH TXDGUDWLF 39
PRGHO IURP .LOOLQJHU HW DO E  7KHQ WKH 1/6 VROYHU WULHG WR GHULYH WKH PRGXOH RULHQWDWLRQ ZLWK (T
 DQG DOWHUQDWLYHO\ ZLWK (T  EDVHG RQ WKH VDPH LUUDGLDQFH DQG WHPSHUDWXUH GDWD DV LQSXW 7KH VLQJOH
D]LPXWK DSSURDFK OHDG WR D WLOW DQJOH RI 16◦  DQ D]LPXWK RI 68◦ DQG D LF = 1 &RQVLGHULQJ )LJ  WKH
ROG SDUDPHWULVDWLRQ SRZHU HVWLPDWH Psing  EOXH VHHPV WR EH D IDLU FRPSURPLVH IRU WKH PXOWLD]LPXWK
V\VWHP DQG DSSUR[LPDWHV WKH VLPXODWHG 39 SURILOH Psim  \HOORZ ZHOO H[FHSW IRU WKH HDUO\ PRUQLQJ 7KH
PXOWLD]LPXWK DSSURDFK IURP (T  Pmulti  UHG LV PXFK PRUH DSSURSULDWH WR DSSUR[LPDWH WKH VLPXODWHG
SURILOH DV WKH PRUQLQJ SDWWHUQ LV H[FHOOHQWO\ FDSWXUHG 7KH GHULYHG SDUDPHWULVDWLRQ ZDV DOPRVW FRUUHFW
ZLWK WLOW DQJOHV RI 50◦ DQG 31◦  D]LPXWK DQJOHV RI −47◦ DQG 90◦  LF = 1 DQG DQ α = 0.25
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 $ VLQJOH D]LPXWK V\VWHP 7LOW DQJOH 30◦  D]LPXWK DQJOH 0◦  LF = 1 ZDV VLPXODWHG ZLWK WKH VDPH
PRGHOV DV DERYH 7KLV WLPH WKH VLQJOH D]LPXWK DSSURDFK IURP (T  ILQGV WKH FRUUHFW SDUDPHWULVDWLRQ
DQG LV DEOH WR SHUIHFWO\ DSSUR[LPDWH WKH VLPXODWHG 39 SURILOH Psim  \HOORZ  DV LV VKRZQ LQ WKH ULJKW SORW
RI )LJ  +RZHYHU WKH PXOWLD]LPXWK DSSURDFK IURP (T  VKRZV VPDOO GHYLDWLRQV LQ WKH ODWH HYHQLQJ
7KH GHULYHG SDUDPHWULVDWLRQ LQ WKLV VFHQDULR SURYLGHV WLOW DQJOHV RI 35◦ DQG 17◦  D]LPXWK DQJOHV RI −5◦
DQG 33◦  LF = 1 DQG DQ α = 0.76 7KH PXOWLD]LPXWK DSSURDFK REYLRXVO\ WULHG WR ILQG D FRPELQDWLRQ
RI WZR PRGXOH RULHQWDWLRQV GHVFULELQJ WKH SURILOH LQ WKH EHVW ZD\ LQ RUGHU WR VDWLVI\ (T 
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)LJ  ([HPSODU\ SDUDPHWULVDWLRQ IRU WZR GLIIHUHQW 39 V\VWHPV ,Q WKH OHIW SORW D PXOWLD]LPXWK V\VWHP 7LOW DQJOHV 50◦ DQG 30◦ 
D]LPXWK DQJOHV −45◦ DQG 90◦  LF = 1 DQG DQ α = 0.25 ZDV VLPXODWHG ,Q WKH ULJKW SORW D VLQJOH D]LPXWK V\VWHP 7LOW DQJOH
30◦  D]LPXWK DQJOH 0◦  LF = 1 ZDV VLPXODWHG 7KH SORWV VKRZ WKH VLPXODWHG SURILOH Psim  \HOORZ  WKH SURILOH DSSUR[LPDWHG E\
WKH PXOWLD]LPXWK VROYHU Pmulti  UHG IURP (T  DQG WKH SURILOH DSSUR[LPDWHG E\ WKH VLQJOH D]LPXWK VROYHU Psing  EOXH IURP
(T 

7KH DERYH HYDOXDWLRQV VKRZ WKDW ERWK WKH VLQJOH DQG WKH PXOWLD]LPXWK DSSURDFK KDYH WKHLU YDOXH DQG GLI
IHUHQFHV EHWZHHQ WKH DSSURDFKHV DUH VPDOOHU WKDQ H[SHFWHG +HQFH IXWXUH ZRUN LV QHHGHG WR TXDQWLI\ SRWHQWLDO
LPSURYHPHQWV RI D PXOWLD]LPXWK V\VWHPV E\ DQDO\VLQJ WKH SUHVHQFH DQG SUREDELOLW\ RI VXFK V\VWHPV LQ UHDOLW\
6LPLODU WR WKH DSSURDFK LQ WKH ODVW VHFWLRQ DQRWKHU FKDOOHQJH LV ZKHQ WR XVH ZKLFK DSSURDFK ZLWKRXW NQRZLQJ
LI WKH SDUDPHWULVHG V\VWHP KDV D VLQJOH RU PXOWLD]LPXWK DQJOH $ VHOHFWLRQ EDVHG RQ HUURU PHWULFV EHWZHHQ
WKH DFWXDO KHUH Psim DQG DSSUR[LPDWHG KHUH Psing RU Pmulti SURILOHV ZHUH WHVWHG IRU VRPH V\VWHPV EXW
GLIIHUHQFHV ZHUH LQVLJQLILFDQW )XUWKHU UHVHDUFK LV WKHUHIRUH QHHGHG WR GHYHORS RWKHU VHOHFWLRQ FULWHULD



5HGXFLQJ WKH LQHUWLD LQ WKH WXQLQJ URXWLQH

7KH GLVFXVVLRQ LQ .LOOLQJHU HW DO D UHYHDOHG DQ LQHUWLD LQ WKH WXQLQJ DSSURDFK WKDW LV PDLQO\ FDXVHG E\
WKH GHWHUPLQDWLRQ RI kpv90 ZLWK D UROOLQJ ZLQGRZ RI WLPH RYHU  GD\V VHH VHFWLRQ   $V D FRQVHTXHQFH
WLPH SHULRGV ZLWK VKDGLQJ FDQQRW EH FRPSOHWHO\ FRPSHQVDWHG E\ WKH WXQLQJ DSSURDFK DV FDQ EH VHHQ LQ WKH OHIW
SORW LQ )LJ  'LIIHUHQW DSSURDFKHV ZHUH GHYHORSHG DQG WHVWHG WR RYHUFRPH WKH LQHUWLD 2QH SURPLVLQJ PHWKRG
FRQVLGHUHG kpv90 GHSHQGLQJ RQ WKH VXQ SRVLWLRQ DV RSSRVHG WR WKH WLPH +RZHYHU WKH LQHUWLD VWLOO SHUVLVWHG 7KLV
LV EHFDXVH WKH DQDO\VLV KDG WR EH UHDOLVHG RYHU D ORQJHU WLPH SHULRG LQ RUGHU WR GLIIHU EHWZHHQ F\FOLQJ VKDGLQJ
LQIOXHQFHV DQG PHWHRURORJLFDO LQIOXHQFHV +HQFH WKH IROORZLQJ DGYDQFHPHQW ZDV GHYHORSHG DQG ZRUNV LQ
DGGLWLRQ WR WKH SUHYLRXV WXQLQJ URXWLQH
 )RU HDFK WLPHVWHS t ZLWKLQ WKH WLPH VHULHV RI D 39 V\VWHP WKH PHDQ kpv90 YDOXHV IRU WKH  PLQXWHV
EHIRUH DQG DIWHU WKH FRQVLGHUHG WLPHVWHS DUH FDOFXODWHG ,I RQH RU ERWK PHDQ YDOXHV DUH <  VKDGLQJ
RFFXUV GXULQJ WKH  PLQXWH WLPH SHULRG DQG FULWHULD  LV IXOILOOHG 7KH LGHD EHKLQG WKLV FULWHULD LV WKDW LI
VKDGLQJ RFFXUV EHIRUH RU DIWHU D WLPHVWHS t WKH SUREDELOLW\ LV LQFUHDVHG WKDW WKH FXUUHQW WLPHVWHS LV DOVR
DIIHFWHG 7R IXUWKHU FKHFN LI WKLV LV WKH FDVH WZR RWKHU FULWHULD ZHUH GHYHORSHG
 &ULWHULD  FKHFNV LI WKH kpv YDOXH RI D V\VWHP DW WLPHVWHS t LV <  ,I WKLV LV WKH FDVH FULWHULD  LV IXOILOOHG
DQG DQ LQGLFDWLRQ SURYLGHG WKDW WKH V\VWHP LV LQIOXHQFHG E\ VKDGLQJ
 ,Q FULWHULD  WKH PHDQ kpv YDOXH RYHU DOO UHIHUHQFH 39 V\VWHPV LV FDOFXODWHG IRU WLPHVWHS t DQG FRPSDUHG
WR WKH kpv YDOXH RI WKH DQDO\VHG V\VWHP DW WKH VDPH WLPHVWHS ,Q FDVH WKH kpv YDOXH RI WKH DQDO\VHG V\VWHP
LV QR OHVV WKDQ  VPDOOHU WKDQ WKH PHDQ YDOXH FULWHULD  LV IXOILOOHG
,I FULWHULD   DQG  DUH DOO IXOILOOHG WKH kpv90 YDOXH LV ORZHUHG IRU WKH DQDO\VHG WLPHVWHS t DQG WKH V\VWHP
LV DVVLJQHG WKH VPDOOHVW PHDQ kpv90 YDOXH IURP WKH  PLQXWHV EHIRUH DQG DIWHU 7KH SURFHGXUH ZLWK LWV WKUHH
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)LJ  2XWSXWV IRU 39 VLWH  ZLWK WKH WXQLQJ PHWKRG EHLQJ GHVFULEHG LQ VHFWLRQ  LQ WKH OHIW DQG DQ DOWHUQDWLYH DSSURDFK EHLQJ
SUHVHQWHG LQ VHFWLRQ  LQ WKH ULJKW SORW 7KH GLIIHUHQW VHULHV UHSUHVHQW PHDVXUHG SRZHU RXWSXW \HOORZ  WXQHG SRZHU RXWSXW
RUDQJH  XQVRLOHG FOHDUVN\ SRZHU RXWSXW EODFN GDVKHG OLQH DQG WKH UXQQLQJ th SHUFHQWLOH kpv YDOXH kpv90 JUHHQ 

FULWHULD LV YHU\ FDXWLRXV DQG WULHV WR DYRLG DQ HUURQHRXV WXQLQJ 5HVXOWV DUH SURPLVLQJ DV FDQ EH VHHQ LQ WKH OHIW
SORW LQ )LJ  7KH WXQLQJ PHWKRG ORVHV LWV LQHUWLD DQG LV PXFK PRUH FDSDEOH WR EDODQFH WKH LQIOXHQFH RI VKDGLQJ
,Q IXWXUH ZRUN WKLV DSSURDFK ZLOO EH DSSOLHG WR PRUH V\VWHPV DQG FDUHIXOO\ H[DPLQHG LI WKH FULWHULD DUH ZHOO
VXLWHG
:KLOVW WKH PDLQ REMHFWLYH RI WKH WKUHH FULWHULD ZDV WR ILQG TXDQWLWDWLYH HYLGHQFH WKDW D WLPHVWHS LV VXE
MHFWHG WR VKDGLQJ FULWHULD  KDV DQ DGGLWLRQDO SRVLWLYH DVSHFW 7KH DFURVV V\VWHP DQDO\VLV KHOSV WR FRQVLGHU WKH
SRZHU JHQHUDWLRQ RI QHLJKERXUHG V\VWHPV ,I WKH SRZHU JHQHUDWLRQ RI WKHVH V\VWHPV LV UHGXFHG HJ GXH WR
WKH LQIOXHQFH RI DQ RYHUFDVW VN\ WKH FDOFXODWHG GHYLDWLRQ WR WKH DQDO\VHG V\VWHP LV UDWKHU VPDOO DQG FULWHULD 
QRW VDWLVILHG ,Q FDVHV ZKHUH WKH DQDO\VHG V\VWHP LV DOVR XQGHU RYHUFDVW VNLHV WKH SURFHGXUH LV DGYDQWDJHRXV
EHFDXVH VKDGLQJ ZRXOG EH VWURQJO\ UHGXFHG IRU DQ RYHUFDVW VN\ +HQFH WKH FRQVLGHUDWLRQ RI DFURVV V\VWHP
DQDO\VLV LV DQ LQWHUHVWLQJ IHDWXUH IRU IXWXUH GHYHORSPHQWV RI WKH WXQLQJ DSSURDFK +RZHYHU WKHUH DUH DOVR LQ
GLVSXWDEOH ULVNV WKDW VRPH V\VWHPV ZRXOG EH DGMXVWHG LQFRUUHFWO\ E\ VXFK DQ DFURVV V\VWHP WXQLQJ URXWLQH DQG
IXUWKHU GHYHORSPHQWV ZRXOG EH QHFHVVDU\ WR KDQGOH WKHP



&RQFOXVLRQV

7KLV SDSHU DLPHG WR DGGUHVV WKH ODWHVW VXJJHVWLRQV DQG GHYHORSPHQWV WR WKH KDQGOLQJ RI UHSRUWHG SRZHU GDWD IURP
UHIHUHQFH 39 V\VWHPV LQ WKH FRQWH[W RI XSVFDOLQJ DSSURDFKHV $ FHQWUDO HOHPHQW RI WKHVH XSVFDOLQJ DSSURDFKHV
LV WKH FOHDUVN\ LQGH[ RI SKRWRYROWDLFV kpv  GHILQHG DV WKH UDWLR EHWZHHQ WKH FXUUHQW SRZHU JHQHUDWLRQ RI D V\VWHP
DQG LWV JHQHUDWLRQ XQGHU FOHDUVN\ FRQGLWLRQV 7KH NH\ GHYHORSPHQWV DUH  D SDUDPHWULVDWLRQ PHWKRG WR GHULYH
WKH PRGXOH RULHQWDWLRQ WLOW DQG D]LPXWK DV ZHOO DV D ORVV IDFWRU IRU HDFK V\VWHP 7KLV PHWKRG LV FRPSOHWHG E\
D TXDOLW\ FRQWURO URXWLQH WR GHWHFW HUURQHRXV DQG DW\SLFDO WLPHVWHSV LQ 39 SRZHU PHDVXUHPHQWV  D WXQLQJ
URXWLQH WKDW GHWHFWV GLXUQDO LQIOXHQFHV IURP VKDGLQJ DQG WXQHV WKH 39 SRZHU LQ RUGHU WR UHDFK WKH H[SHFWHG
JHQHUDWLRQ ZLWKRXW DQ\ VKDGLQJ $QG  D PHWKRG ZKLFK HOLPLQDWHV KLJK YDULDQFHV LQ kpv EDVHG XSVFDOLQJ
7KH DSSOLFDWLRQ RI WKHVH WKUHH DGYDQFHPHQWV ZDV HYDOXDWHG EDVHG RQ SRZHU PHDVXUHPHQWV RI  39 V\V
WHPV LQ WKH UHJLRQ RI &DQEHUUD $XVWUDOLD ZLWK GDWD VSDQQLQJ DOPRVW RQH \HDU RI GDWD  RI WKHVH V\VWHPV
DUH FKRVHQ DV WDUJHW 39 V\VWHPV ZKHUHDV D FKDQJLQJ QXPEHU V\VWHPV DUH XVHG DV UHIHUHQFH 39 V\VWHPV ±
  7KURXJKRXW PDQ\ VLPXODWLRQV VLJQLILFDQW LPSURYHPHQWV ZHUH IRXQG DV D GLUHFW UHVXOW RI WKH DSSOLFDWLRQ
RI WKHVH WKUHH PHWKRGV )XUWKHU LPSURYHPHQWV DUH SRVVLEOH ZKHQ WKH QXPEHU RI UHIHUHQFH 39 V\VWHPV LV VPDOO
GHPRQVWUDWLQJ WKH QHHG WR IXUWKHU FRQVLGHU LQGLYLGXDO FKDUDFWHULVWLFV RI WKH UHIHUHQFH 39 V\VWHPV 7KLV UHD
VRQLQJ SURYLGHG WKH PRWLYDWLRQ IRU WKH GHYHORSPHQW RI WKUHH PHWKRGV ILUVWO\ SUHVHQWHG LQ SUHOLPLQDU\ IRUPDW
ZLWKLQ SDSHU 7KHVH PHWKRGV IRFXV RQ  WKH SDUDPHWULVDWLRQ RI VKDGHG V\VWHPV  WKH FRQVLGHUDWLRQ RI PXOWL
D]LPXWK V\VWHPV LQ WKH SDUDPHWULVDWLRQ DQG  WKH UHGXFWLRQ RI WKH LQHUWLD LQ WKH WXQLQJ URXWLQH 7KHVH PHWKRGV
VKRZ SUHOLPLQDU\ PHULW LQ WKHLU DSSOLFDWLRQ KRZHYHU KDYH VXEVWDQWLDO SRWHQWLDO IRU IXUWKHU LPSURYHPHQWV EH
IRUH WKH\ DUH RI RSHUDWLRQDO TXDOLW\

 &RQIOLFW RI LQWHUHVW
7KH DXWKRUV GHFODUH QR FRQIOLFWV RI LQWHUHVW
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$FNQRZOHGJHPHQW
7KH DXWKRUV ZRXOG OLNH WR WKDQN WKH $XVWUDOLDQ 5HQHZDEOH (QHUJ\ $JHQF\ $5(1$ IRU VXSSRUWLQJ WKLV ZRUN
5HVHDUFK DQG 'HYHORSPHQW 3URJUDPPH )XQGLQJ * 

5HIHUHQFHV
%ULJKW -0 .LOOLQJHU 6 (QJHUHU 1$ /LQJIRUV '  ,PSURYHG VDWHOOLWHGHULYHG 39 SRZHU QRZFDVWLQJ
XVLQJ SRZHU GDWD IURP UHDOWLPH UHIHUHQFH 39 V\VWHPV 6XEPLWWHG WR WKH VSHFLDO LVVXH RI 3URJUHVV LQ 6RODU
(QHUJ\ 
(1$  (OHFWULFLW\ QHWZRUN WUDQVIRUPDWLRQ URDGPDS ILQDO UHSRUW 7HFKQLFDO 5HSRUW (QHUJ\ 1HWZRUNV
$XVWUDOLD 85/ rrrX2M2`;vM2irQ`FbX+QKXmf2H2+i`B+Biv@M2irQ`F@i`Mb7Q`KiBQM@`Q/KT
(QJHUHU 1$  0LQXWH UHVROXWLRQ HVWLPDWHV RI WKH GLIIXVH IUDFWLRQ RI JOREDO LUUDGLDQFH IRU VRXWKHDVWHUQ
$XVWUDOLD 6RODU (QHUJ\  ± GRLRyXRyRefDXbQH2M2`XkyR8Xy9XyRk
(QJHUHU 1$ %ULJKW -0 .LOOLQJHU 6  +LPDZDUL HQDEOHG UHDOWLPH GLVWULEXWHG 39 VLPXODWLRQV IRU
GLVWULEXWLRQ QHWZRUNV LQ WK ,((( 3KRWRYROWDLF 6SHFLDOLVWV &RQIHUHQFH 396&  :DVKLQJWRQ '& 86$
(QJHUHU 1$ 0LOOV )3  .39 $ FOHDUVN\ LQGH[ IRU SKRWRYROWDLFV 6RODU (QHUJ\  ±
GRLRyXRyRefDXbQH2M2`XkyR9Xy9XyRN
(QJHUHU 1$ 0LOOV )3  9DOLGDWLQJ QLQH FOHDU VN\ UDGLDWLRQ PRGHOV LQ $XVWUDOLD 6RODU (QHUJ\ 
± GRLRyXRyRefDXbQH2M2`XkyR8XyeXy99
*XH\PDUG &$  5(67 +LJKSHUIRUPDQFH VRODU UDGLDWLRQ PRGHO IRU FORXGOHVVVN\ LUUDGLDQFH LOOX
PLQDQFH DQG SKRWRV\QWKHWLFDOO\ DFWLYH UDGLDWLRQ ± 9DOLGDWLRQ ZLWK D EHQFKPDUN GDWDVHW 6RODU (QHUJ\ 
± GRLRyXRyRefDXbQH2M2`XkyydXy9Xyy3
.LOOLQJHU 6 %ULJKW -0 /LQJIRUV ' (QJHUHU 1$ D $ WXQLQJ URXWLQH WR FRUUHFW V\VWHPDWLF LQIOXHQFHV
LQ UHIHUHQFH 39 V\VWHPV¶ SRZHU RXWSXWV 6RODU (QHUJ\ & ±
.LOOLQJHU 6 (QJHUHU 1 0OOHU % E 4&39 $ TXDOLW\ FRQWURO DOJRULWKP IRU GLVWULEXWHG SKRWRYROWDLF
DUUD\ SRZHU RXWSXW 6RODU (QHUJ\  ± GRLRyXRyRefDXbQH2M2`XkyReXRkXy8j
/LQJIRUV ' %ULJKW -0 (QJHUHU 1$ $KOEHUJ - .LOOLQJHU 6 :LGpQ - D &RPSDULQJ WKH FDSDELOLW\
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Abstract

As bioclimatic design is becoming increasingly important in contemporary buildings, various analytical tools must
be developed and introduced to the designers in order to guide them through the design process. Therefore, the
BcChart v2.0 software was developed. It executes bioclimatic potential analysis of a location based on the theory
of Olgyay’s bioclimatic chart. The main advantage of the introduced tool, in contrast to other bioclimatic analysis
tools, is that it directly considers the influence of solar radiation, which is factored through substitutive daily
comfortable dry-bulb air temperature. The paper presents the theoretical background of the tool. Additionally, the
capabilities and functionality of the software are demonstrated through bioclimatic analysis of two different
locations with contrasting climates (i.e. Ljubljana, Slovenia and Abu Dhabi, UAE). The conclusions highlight the
importance of considering solar radiation when performing bioclimatic analysis of a location in order to
thoughtfully design bioclimatic buildings.
Keywords: bioclimatic analysis, climate analysis, bioclimatic potential, bioclimatic chart, solar radiation,
sustainable building

1. Introduction
Bioclimatic building design is one of the key approaches to the design of buildings of the future. A building can
be declared bioclimatic when it efficiently uses climatic resources of its location (Krainer, 2008). An
aforementioned adapted building simultaneously provides comfortable indoor environment and efficiently uses
energy sources, primarily with the help of building envelope elements. Although the use of bioclimatic design in
architecture and construction industry was introduced decades ago by Victor Olgyay (1963), it was in some way
overlooked by the designers and researchers. However, in recent years, research in the field of bioclimatic design
is on the rise, as living comfort, energy use and climate change have been brought into the spotlight. Thus, several
studies have been made encouraging the bioclimatic approach to building design. The most recent research by
Pajek and Košir (2017), by Khambadkone and Jain (2017), or the one by Manzano-Agugliaro et al. (2015)
highlighted the importance of bioclimatic analysis of a specific location in order to define the most efficient
bioclimatic design strategies to be integrated into buildings.
Several tools can be used to bioclimatically asses a location. In this respect, the most elementary bioclimatic chart
was developed by Olgyay (1963) or in a different form by Givoni (1969). Furthermore, new tools for bioclimatic
analysis have been made by several other authors (Rohles et al., 1975; Arens et al., 1980; Al-Azri et al., 2013;
Martínez and Freixanet, 2014; University of California, 2017). Martínez and Freixanet (2014) presented a
comprehensive bioclimatic analysis tool, named BAT. It enables plotting of bioclimatic charts and several other
graphs on the basis of climate data imputed by the user. Nonetheless, too many items of information given by
BAT can disorient the user, thus lowering the user-friendliness of this tool. Furthermore, the main deficiency of
the BAT tool is that the impact of solar radiation is not directly incorporated into the main bioclimatic analysis
but is rather presented in a separate section. Another example of a broadly used bioclimatic analysis tool is also
Climate Consultant software designed at the University of California, USA (University of California, 2017). The
results of climate analysis performed by the Climate Consultant tool give its users an insight into climate specifics
of a certain location. The tool also guides the user towards appropriate building design through a set of design
strategies necessary to achieve human comfort with either passive or active solutions. However, similar as the
BAT tool, Climate Consultant does not directly consider solar radiation in the determination of comfort conditions.
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To summarise, there exist several tools that can be used for a bioclimatic analysis in order to define possible
passive building design measures. However, the above referenced tools do not sufficiently consolidate the
influence of solar radiation into the calculations and consequential bioclimatic potential of a given location. This
is of special interest in the case of locations with temperate and cold climatic characteristics. Although solar
radiation is mostly presented as one of the decisive factors influencing bioclimatic potential, its influence is never
directly incorporated into bioclimatic potential calculations. It is rather used comparatively as a separate quantity
detached from the external air temperature and relative humidity. Such comparison between the two is relevant,
but it is also likely prone to human errors. Bioclimatic location analysis is one of the most important initial steps
when designing buildings. Thus, a tool used for the analysis must be on one hand very precise and user-friendly
on the other. Nonetheless, it is crucial that bioclimatic analysis tool is freely available to the interested audience,
as this will widen the number of designers applying bioclimatic solutions to their projects. All mentioned above
is taken into account with BcChart v2.0 – a bioclimatic potential analysis tool, developed by the authors and
presented in this paper.

2. Description of applied methodology
2.1 BcChart software and bioclimatic charts
The BcChart v2.0 software was developed at the University of Ljubljana, Slovenia, and has been validated and
evaluated through the educational process at the Faculty of Civil and Geodetic Engineering. It can be used for the
calculations of bioclimatic potential based on the theory of Olgyay’s bioclimatic chart (Olgyay, 1963). Bioclimatic
charts are initiated with human comfort, which is calculated for an average person. The basic input climate
parameters are average minimum and maximum daily air temperature (T) and relative humidity (RH). However,
in addition to the basic bioclimatic chart input data, the mean and maximum daily solar irradiation is also factored
in, resulting in modifications of Olgyay’s bioclimatic chart plots. Nonetheless, it has to be noted that the
modifications of bioclimatic charts are made only when additional influence of solar irradiation does not cause
overheating. In other words, it is presumed that whenever the solar irradiation could cause overheating, effective
shading will be used (i.e. when ambient temperatures on the bioclimatic chart are above shading line). Thus, the
substitutive daily comfortable dry-bulb air temperature for month i, Tsub,i is introduced (Equation 1). The derivation
of the calculations made with BcChart v2.0 is Equation 1, based on the equation for human body thermal
equilibrium, presented by Olgyay (1963). Equation 2 is introduced to describe the influence of actually received
solar irradiation.

ܶ௦௨ǡ ൌ 

்ೞ ିሺெ ିாାோ ሻൈሺΤ ାǤΤሻ

ܴ ൌ  ܩ ൈ ܵ ൈ ߙ

ௌൈௌ

(eq. 1)
(eq. 2)

Where Ri is radiation in W for month i, Gi is the mean daily global solar irradiance in W/m2 for month i, Se is the
effective radiation area for a given subject in a given position and it is assumed as 0.5 m2, and α = 0.4 is the
absorptivity of the radiated surface of a clothed man. Ts is comfortable skin temperature, presumed as 33.9°C, Mm
is the observed rate of metabolism 126 W, E is the rate of cooling due to perspiration actually evaporated 38 W,
Clo/c + V.Clo/c is clothing insulation and air effect on clothing coefficient (= 0.28) as defined by Olgyay (1963)
and adapted to be expressed in m2K/W. S is the mean body surface area of clothed man, assumed as 2.14 m2 and
Sc is the fraction of surface areas exposed to radiation and convection (= 0.9). Furthermore, the dry-bulb air
temperature at which the passive solar heating (PSH) is still possible (TPSH,i) was calculated using maximal daily
global horizontal solar irradiance for each month (Gmax,i). The plotted parts on bioclimatic chart, which are below
this temperature, represent the part of each month, when passive solar heating cannot be used as an efficient
passive strategy, because there is not enough solar energy available at a given location. Therefore, instead of the
mean daily global solar irradiance (Gi) in Equations 1 and 2, the maximal values of solar radiation were used
(Gmax,i). Tsub and TPSH were used only when modified bioclimatic charts were plotted, i.e. the solar radiation was
directly incorporated into calculations. The main output of the BcChart v2.0 software is bioclimatic potential of
the analysed location. It represents the time, expressed in % and presented either on yearly or monthly level, when
the plotted combinations of temperature, relative humidity and solar irradiance fall either in or out of the comfort
zone.
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Tab. 1. Bioclimatic potential segments as calculated by BcChart.

Label Colour Bioclimatic potential

Suggested bioclimatic strategy

Q

mechanical cooling and/or dehumidification needed

A

potential for passive solutions for hot arid climates

V

natural ventilation needed

M

natural ventilation and/or high thermal mass needed

Csh

comfort achieved with shading

Csn

comfort achieved with solar irradiation

R

potential for passive solar heating

H

no potential for passive solar heating

Sh

shading needed (Sh = Q + A + M + V + Csh)

The described segments in Table 1 were calculated for every distinct month according to the length of the line
plotted by using combinations of monthly average input climate data (Equation 3–14).
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Where j = 1–12 or January–December and i = q, a, m, v, c, c’, r, r’, h or h’. lj is the total period of the month (i.e.
the sum of xqj, xaj, xmj, xvj, xcj, xrj and xhj). l’j is the total period of the month considering solar irradiance, which is
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different from lj because of the consideration of solar radiation, thus the lengths of xci, xri and xhi change. xci is the
period of month (i.e. the length of the plotted line) inside the comfort zone when shading is needed, x’ci is the
period of month inside the comfort zone utilizing solar irradiance, xvi is the period of month when ventilation in
combination with shading is needed, etc. Definition of each calculated segment and the corresponding suggested
bioclimatic strategy are explained in Table 1.
In the cases where the plotted lines fall inside the comfort zone, the achieving of comfort is defined as achieved
by shading (Csh) or by the use of solar energy (Csn) (Table 1). Further on, the segments presented in Table 1 may
also be combined into three main categories: shading needed (Sh = Q + A + M + V + Csh), sun needed (Sn = Csn +
R + H) and comfort zone (Cz = Csh + Csn).

2.2 Limitations
The use of the bioclimatic chart used in the BcChart software is directly applicable only to inhabitants wearing
customary indoor clothing, engaged in sedentary or light muscular work, at elevations not in excess of 300 m
above sea level. The impact of sun radiation is calculated on the basis of Olgyay (1963), assuming the effective
area of human body of 0.5 m2. Internal heat gains cannot be considered when calculating bioclimatic potential,
which can be determined as a limitation of the methodology. Another limitation of the BcChart software is that
the borders of comfort zone, which is roughly between 21 and 27°C, cannot be manually modified in order to
adapt it to different human comfort conditions.

3. BcChart v2.0 – user interface and functionality
The interface of the BcChart v2.0 software was created in MS Excel environment. It consists of 4 consecutive
spreadsheets (see Fig. 1 and Fig. 2) guiding the user from input data to the result interpretation:
x

Input data (climatological data and basic information about for the analysed location).

x

Bioclimatic chart (plot of basic bioclimatic chart w/o the influence of solar radiation and
modified bioclimatic chart w/ solar radiation).

x

Bioclimatic potential analysis (interpretation of analysed data through yearly and monthly
bioclimatic potential of the location).

x

About (theoretical background explanation, copyright and terms of use and author
contacts).

Fig. 1: BcChart v2.0 user interface screen shots: left – Input data (monthly average climatological data), right – About
(explanation of calculation background).

In the first spreadsheet named Input data (Fig. 1, left), the user must input the location information data and key
climate data used for the calculation of bioclimatic potential. The mandatory data are: average daily maximum
(Tmaxavg) and minimum (Tminavg) dry bulb temperature (°C), average daily maximum (RHmaxavg) and minimum
(RHminavg) relative humidity (%), average (Grad) and maximum (Grad,max) global daily irradiance (W/m2) on the
horizontal plane. In addition to the mandatory data necessary for the bioclimatic potential calculation,
supplementary climatic characteristics can be entered as well. These are the following: average daily (Tavg) dry
bulb temperature (°C), average sum of global irradiation (IRAD) on the horizontal plane (kWh/m2) and heating
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(HDD) and cooling (CDD) degree-days (Kday). However, these additional climate data do not influence the
bioclimatic potential calculation and are only used in order to enable better interpretation of the bioclimatic
analysis. Supplementary data are presented together with the mandatory data through diagrams (Fig. 1, left).

Fig. 2: BcChart v2.0 user interface screen shots: left – Bioclimatic chart (basic and modified bioclimatic chats), right – Bioclimatic
potential analysis (yearly cumulative and monthly values of bioclimatic potential).

In the second spreadsheet (i.e. Bioclimatic chart) the basic and modified bioclimatic charts are plotted (Fig. 2,
left). In the third spreadsheet (i.e. Bioclimatic potential analysis) the results of the bioclimatic interpretation are
given (Fig. 2, right), while the fourth spreadsheet (i.e. About) gives information about the authors, copyright and
basic information about used calculation methodology (Fig. 1, right). The results of the bioclimatic analysis can
be interpreted directly through the evaluation of bioclimatic chart (Fig. 2, left) and the corresponding passive
strategies marked on them, or by the results of yearly and monthly bioclimatic potential calculation (Fig. 2, right),
which assist the user in the interpretation of the charts. It must be stressed that the calculated bioclimatic potential
with its corresponding evaluation of the most important bioclimatic strategies for the analysed location is only a
generic recommendation. Therefore, is up to the user of the software to appropriately apply the proposed solutions
to a specific project.

4. Example of performed analysis and discussion
Functionality of the BcChart v2.0 software is presented through the evaluation and determination of bioclimatic
potential at two selected characteristic locations. These were chosen in order to demonstrate how the bioclimatic
potential analysis is performed with the BcChart v2.0 software. The chosen locations were the following:
x

Ljubljana, Slovenia, Europe (46.22° N, 14.48°E); Köppen-Geiger climate classification:
Cfb (temperate, without dry season, warm summer). In Ljubljana, the minimum average daily
dry bulb temperature of –4.9°C occurs in January and the maximum of 26.4°C in July. The
lowest average daily minimum RH of 43% occurs in July, while the maximum of 98% occurs
in October. The lowest average daily global horizontal solar radiation of 17 Wh/m2 occurs in
December and the highest of 687 Wh/m2 in July.

x

Abu Dhabi, UAE, Middle East (24.43° N, 54.65°E); Köppen-Geiger climate classification:
BWh (arid, desert, hot). In Abu Dhabi, the minimum average daily dry bulb temperature of
13.0°C occurs in January and the maximum of 42.0°C in August. The lowest average daily
minimum RH of 22% occurs in May, while the maximum of 90% occurs in November. The
lowest average daily global horizontal solar radiation of 140 Wh/m2 occurs in December and
the highest of 1020 Wh/m2 in May.

Firstly, the results of the basic bioclimatic chart analysis (i.e. without considering the influence of solar radiation)
are compared with those obtained by Climate Consultant software v6.0 (University of California, 2017) in the
section 4.1. Secondly, the results without and with the influence of solar radiation (i.e. basic vs modified
bioclimatic chart) are presented in section 4.2. Comparison of the basic and modified bioclimatic potential results
will demonstrate the importance and impact of solar radiation on the prevalence of the determined bioclimatic
design strategies.

1354

M. Košir / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

4.1 BcChart vs Climate Consultant
In order to be able to compare the results obtained from both analyses (i.e. BcChart v2.0 and Climate Consultant
v6.0), the boundary conditions were equalled as much as possible. Accordingly, the same input climatological
data were used, namely the EPW weather data files for Ljubljana and Abu Dhabi (EnergyPlus, 2017). The
calculation and the plot of psychrometric chart within Climate Consultant was made according to the ASHRAE
Handbook of Fundamentals Comfort Model (up through 2005). Boundaries of comfort zone in the Climate
Consultant were set in order to reflect those used by BcChart, i.e. comfort low temperature at 50% RH was set to
21°C and comfort high at 50% RH was set to 27°C. Minimal dry-bulb temperature when need for shading begins
was set to 21°C.

Fig. 3: Bioclimatic analysis for the location of Ljubljana created using Climate Consultant v6.0. Climate data are plotted as daily
minimums and maximums in respect to the selected design strategies.

It has to be noted that the results obtained with Climate Consultant are calculated on the basis of hourly climate
data, whereas the results obtained with BcChart are calculated using monthly daily averages. Recommended or
effective passive measures, displayed on each of the two charts (bioclimatic chart in BcChart and psychrometric
chart in Climate Consultant) are comparable but not equivalent. Therefore, a complete equivalency cannot be
expected between the results of both tools. Correspondingly, in comparison to BcChart a broader set of passive
and active measures is presented and proposed within Climate Consultant. Nevertheless, the results can be to some
degree interpreted in such a way to enable the assessment of results between the two applications. For example,
value R (for the explanation see Table 1) in BcChart can be compared to design strategy number 11 (i.e. passive
solar direct gain, high mass) in Climate Consultant. Similarly, value Cz in BcChart is comparable to design strategy
number 1 (i.e. comfort), value V to design strategy number 7 (i.e. natural ventilation), value M to design strategy
number 4 (i.e. high thermal mass night flushed) and value A in BcChart to Climate Consultant design strategy
number 6 (i.e. two-stage evaporative cooling). Other values found in BcChart (H, Q, Csn, Csh) cannot be directly
paired with corresponding strategies proposed by Climate Consultant. All the described passive strategies can be
observed and graphically compared in Figures 3 and 4, where the results for Ljubljana calculated with Climate
Consultant and BcChart, respectively, are presented.
Because of the different methodology used in each of the selected software and the corresponding results, which
cannot be directly compared, the results obtained by BcChart were compared by the Climate Consultant results
only through the following three parameters: Sn – sun needed, Cz – comfort zone, Sh – shading needed. These
results are presented in Table 2. Value Sn obtained by BcChart can be compared to design strategy number 11 (i.e.
passive solar direct gain high mass) in Climate Consultant. Similarly, value Sh can be compared to a sum of design
strategies number 1, 13, 14 and 15 in Climate Consultant (i.e. comfort, humidification only, dehumidification only
and cooling, add dehumidification if needed). Cz is comparable to design strategy number 1 (i.e. comfort). In order
to graphically compare the results, the psychrometric chart from Climate Consultant (Fig. 3) and bioclimatic chart
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from BcChart (Fig. 4) were plotted for the city of Ljubljana. It can be noted from the results presented in Table 2
that the total sum of all three analysed parameters (Sn, Cz and Sh) is larger than 100%; the reason is that when
comfort is achieved, also shading is needed (i.e. the lower boundary of comfort zone overlaps with the shading
line – see Fig. 2 and 3). Although the described suggested passive strategies obtained by each of the considered
tools are not completely equivalent, a correlation between the results is evident (Tab. 2, Fig. 3 and 4).

Fig. 4: Basic bioclimatic analysis for the location of Ljubljana created using BcChart v2.0. Climate data is plotted as monthly daily
average minimum and maximum in respect to the selected passive solutions.

Observing Table 2 it can be concluded that the values of Sn, Cz and Sh, obtained by either BcChart or Climate
Consultant are closer together in the case of Ljubljana. The latter was expected since the methodology, which runs
in the background of the BcChart software, is more appropriate for the analysis of locations with temperate
climate, rather than for locations with hot-arid, hot-humid or polar climate. The differences between the results
obtained by BcChart and Climate Consultant in the case of the two selected locations range from 1.3 percentage
points (pp) in the case of Sh and 3.9 pp for value Cz, both in Ljubljana (Tab. 2). The observed differences are most
probably the consequence of differently processed climate data – Climate Consultant uses hourly, while BcChart
uses monthly climate data. Additionally, dissimilarities in the results could also stem from different boundaries
of passive (bioclimatic) strategies in both tools (i.e. the “areas of specific passive strategies” in the charts are not
equivalent). Nonetheless, the obtained results in both applications can be considered as equivalent. Especially, if
a substantial difference in the inputted climatic data is taken into account.
Tab. 2. The selected comparable parameters obtained by bioclimatic analysis using BcChart and Climate Consultant and their
absolute differences.

Abu Dhabi
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Ljubljana

Sn

Cz

Sh

Sn

Cz

Sh

BcChart

17.8%

15.0%

82.2%

87.9%

11.5%

12.1%

Climate
Consultant

21.2%

11.3%

78.8%

89.2%

7.6%

10.8%

|Δ|

3.4 pp

3.7 pp

3.4 pp

1.3 pp

3.9 pp

1.3 pp
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4.2 Consideration of solar radiation and its effect on BcChart results
In order to assess the influence of the considered solar radiation influence on the BcChart tool results, this section
studies monthly breakdown of bioclimatic potential with basic (i.e. original method – no direct consideration of
solar radiation) and modified analysis (i.e. actually received solar radiation is included into the calculation) for
both locations (i.e. Ljubljana and Abu Dhabi). Figures 5 and 6 represent basic and modified bioclimatic potential
for Ljubljana and Abu Dhabi, respectively.

Fig. 5: Monthly breakdown of bioclimatic potential for Ljubljana using basic (top) or modified (bottom) method.

Observing Fig. 5 it can be seen that in Ljubljana, a location with temperate climate, solar radiation has a substantial
effect on values Csn, R and H. For example, in February value R changes from 12 to 0% and value H from 88 to
100%, while in April value R drops from 100 to 74%, value H increases from 0 to 1% and value Csn increases to
25% as a consequence of solar energy utilization. The described phenomenon is expected, because values Csn and
R represent passive (bioclimatic) strategies, which utilize solar energy (Tab. 1), while value H is reciprocally
connected with them. As expected, the modified analysis gives the same results as basic for hot (i.e. summer)
months, where shading is needed and the excessive solar radiation is unwanted most of the time (i.e. shading is
necessary). If bioclimatic potential in Ljubljana is observed on yearly level, the differences, which occur due to
the solar energy consideration, are noteworthy. On yearly level value R decreases from 65.9 to 39.1% and value
H increases from 22 to 38.6%, while the overall comfort zone increases by 10.2 pp from 11.5% (basic analysis)
to 21.7% (modified analysis) due to the appearance of value Csn. The latter means that in approximately 10% of
the year, thermal comfort in Ljubljana can be achieved by utilizing solar energy.

1357

M. Košir / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 6: Monthly breakdown of bioclimatic potential for Abu Dhabi using basic (top) or modified (bottom) method.

Observation of bioclimatic analysis for the location of Abu Dhabi with hot-arid climate in Fig. 6 gives completely
different conclusions than in the case of Ljubljana. In Abu Dhabi the consideration of solar radiation has only
minor effect on values Csn, R and H. For example, the differences between basic and modified analysis appear
only in January and December (Fig. 6), where value R changes from 76 to 54% and 52 to 45%, respectively.
Consequentially, value Csn appears only during these two months and amounts to 22 and 7% for January and
December, respectively. The influence of solar radiation on bioclimatic potential calculation with BcChart in Abu
Dhabi is of minor importance because, as mentioned before, solar radiation affects only values Csn, R and H, which
are in Abu Dhabi represented to a lesser extent. If these three values are compared on yearly level, value R
decreases by 2.5 pp with a correspondingly equivalent increase of Csn. Value H remains at 0%, as there is always
enough solar energy and/or the ambient temperatures are high enough to heat up the living environment to
comfortable temperatures.

4.3 Discussion
It is crucial to remember that the presented approach of solar energy inclusion into the bioclimatic analysis is
extremely important, because such approach gives more precise results of locations’ bioclimatic potential. Thus,
the appropriate and most efficient bioclimatic strategies can be more accurately identified. However, the approach
used by BcChart is far more useful in temperate, Mediterranean and cold climatic zones and less for the polar and
hot-dry and hot-humid climatic zones, which was demonstrated in previous section. The main reason for this is
that the relative importance of bioclimatic strategy for solar radiation harvesting is the greatest in the stated
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climates. Another key note is that this theory used by BcChart applies only, when the actually received solar
radiation is considered with a concurrent attention given to shading of transparent part of building envelope.
Further improvements of the BcChart tool are possible. It would be interesting to include in bioclimatic potential
calculation the influence of actual wind speed at the analysed location, the same as it was done for solar radiation.
However, it is questionable if such improvement would be reasonable, because air movement in buildings is a far
more complex issue than solar energy utilization. In particular, air movement is harder to control and predict, due
to various influential parameters, such as degree of urbanization, building aerodynamics, stack effect, etc.
Additionally, with too many variables the tool would lose its simplicity and the results their universality. For such
complex evaluations more sophisticated whole building simulation tools would be far better alternatives.
Nonetheless, when quick and basic evaluations of applicable bioclimatic strategies in a specific location are
needed, the BcChart tool represents the right choice in the early phases of building design.

5. Conclusions
As has been noted, the main advantage of the bioclimatic analysis using the BcChart v2.0 software is that it is
simple and quick. The originality of the presented approach to bioclimatic potential analysis is expressed through
the consideration of the actually received solar radiation with the introduction of Tsub. For instance, the performed
analyses showed that solar radiation essentially influences the results of bioclimatic potential analysis, especially
in temperate and cold climates, which was also highlighted by Pajek and Košir (2017). The analysis of the two
selected locations determined the importance and usefulness of the approach incorporated in the BcChart v2.0.
The indicated is certainly relevant when using climate data for the determination of relative importance of different
bioclimatic design strategies.
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Abstract

This paper introduces a concept for global tilted irradiance (GTI) subordinate standard spectra to supplement
the current standard spectra used in solar photovoltaic applications, as defined in ASTM G173 and IEC60904.
The proposed subordinate standard spectra correspond to atmospheric conditions and tilt angles that depart
significantly from the main standard spectrum, and can be used to more accurately represent various local conditions. For the definition of subordinate standard spectra cases with an elevation of 1.5 km above sea level the
question arises whether the air mass should be calculated including a pressure correction or not. This study
focuses on the impact of air mass used in standard spectra, and uses data from 29 locations to examine which
air mass is most appropriate for GTI and direct normal irradiance (DNI) spectra. Overall, it is found that the
pressure corrected air mass of 1.5 is most appropriate for DNI spectra. For GTI a non-pressure-corrected air
mass of 1.5 was found to be more appropriate. The suitability of this selection for a given site is best for mid
latitudes (~35°) and elevations below 1 km. It also depends on the vertical distributions of aerosols and water
vapor.
Keywords: solar spectra, efficiency rating, spectral response, standardization, air mass

1. Introduction
Standard solar irradiance spectra are required to compare and specify key parameters of solar technologies,
such as the efficiency of photovoltaic (PV) cells. In particular, the recent IEC standard 60904-3 prescribes a
Direct Normal Irradiance (DNI) spectrum and a Global Tilted Irradiance (GTI) spectrum for a 37° tilted sunfacing surface, both defined for a clear-sky condition with air mass 1.5 (AM1.5) and low aerosol content. The
IEC spectra are identical to the ASTM G173 spectra when scaled by a factor of 0.99708. These reference spectra are widely used for rating purposes when different products, such as PV cells, have to be compared under
Standard Test Conditions (STC), as discussed by, e.g., Gueymard et al. (2002). To maintain comparability of
results, it is important that a single standard spectrum for either GTI or DNI be used for the purpose. The present authors are also working towards replacing the current (but outdated) ISO 9845 spectra by the IEC spectra
just mentioned within the ongoing update of the ISO standard.
The unique importance of the IEC (or ASTM) spectra is not at all called into question in this work. However,
these reference spectra may differ strongly from realistic average spectra at sites with different atmospheric
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conditions or for tilt angles that are different from 37°. For such cases, it is useful to compare products using
both the standard spectra and additional subordinate reference spectra that correspond better to specific local
atmospheric conditions and sun-receiver geometries than the standard spectra. In particular, it should be noted
that the current standards only represent sea-level conditions. High-elevation sites tend to have higher solar
resource, which attracts many solar energy projects. In the case of small installations, for instance, such a rough
comparison can be helpful as a simple product pre-selection tool when sophisticated performance evaluation is
not feasible. For larger installations requiring more sophisticated evaluations, this kind of comparison may
reduce the effort by decreasing the number of initial product candidates.
The impacts of the incident spectrum on the performance of different PV cell technologies have been studied
using both measured and modeled solar spectra (Fernandez et al., 2014; Nofuentes et al., 2017; Dirnberger et
al., 2015; Polo et al., 2017). These publications show the importance of atmospheric conditions on the magnitude and shape of incident spectra and underline the need for specific methods to evaluate spectral effects in
yield analyses. One way to improve the state-of-the-art in PV modeling is to provide subordinate standard spectra that cover situations beyond what the ASTM G173/IEC 60904-3 standards are meant to address.
Section 2 below briefly presents suggestions for subordinate standard spectra corresponding to eight sets of
atmospheric conditions and a range of tilt angles that are currently considered within the ISO working group.
High-elevation locations (1.5 km above sea level) are included as well. Section 3 discusses the proper definition
of air mass in the case of elevated sites. To this end, the cumulative annual direct normal and global tilted irradiations are analyzed as a function of air mass, based on irradiance measurements at 29 sites. Furthermore, the
average solar spectra for two elevated sites are analyzed to establish which definition of air mass to use. Finally,
a conclusion and an outlook are presented.

2. Proposed subordinate standard spectra
Subordinate GTI spectra are proposed for nine atmospheric conditions defined in terms of aerosol optical depth
at 500 nm (AOD500), precipitable water vapor (PW), and elevation, as given in Table 1. The suggested tilt
angles are from 0° to 90° in increments of 5°. To limit the number of subordinate spectra other parameters such
as the azimuth orientation of the surface are not varied. Exemplary spectra for a tilt angle of 20° are shown in
Fig. 1. As in the existing standards, AM1.5 is used. Why this specific air-mass value was selected originally is
discussed elsewhere (Ross and Gonzalez, 1980; Gueymard et al., 2002). To be clear, the air mass indicates the
relative (non-pressure corrected) air mass value Mnpc. A discussion on various definitions of air mass appears in
the next section. Additionally, DNI spectra for the same atmospheric conditions are also investigated, but are
not shown graphically since they are not recommended as subordinate standard spectra. However, the air mass
selection for DNI spectra is specifically discussed in what follows.
Tab. 1: Suggested conditions for the GTI subordinate standard spectra, below those used in (IEC, 2016). All cases use the aerosol
type “rural” and the albedo “light sandy soil” except for DustyMedHum, for which “Desert_Max” and “dune sand” are used. The
abbreviations used to describe the atmosphere are defined in (Gueymard, 2005).
Short name
Description
Elev.
AOD@
PW (cm)
Representative
(km)
500nm
Atmosphere
IEC 60904
Reference (IEC 60904-3)
0
0.084
1.416
USSA
SemClmedHum
Semi-clean, medium humidity, sea level
0
0.27
1.416
USSA
SemClHum
Semi-clean, humid, sea level
0
0.27
4.115
TRL
HazMedHum
Hazy, medium humidity, sea level
0
0.54
1.416
USSA
DustyMedHum
Dusty, medium humidity, sea level
0
0.54
1.416
STS
HazHum
Hazy, humid, sea level
0
0.54
4.115
TRL
ClDryHi
Clean, dry, high elevation
1.5
0.084
0.708
MLW
SemClDryHi
Semi-clean, dry, high elevation
1.5
0.27
0.708
MLW
HazDryHi
Hazy, dry, high elevation
1.5
0.54
0.708
STW

Some aspects of the existing IEC/G173 standard spectra that can be considered outdated are modified here for
creation of the proposed subordinate spectra. The first of these aspects is related to circumsolar radiation. DNI
is defined in terms of the viewing geometry of a pyrheliometer following the WMO recommendations for a
slope angle of 1° and an opening angle of 2.5° (WMO, 2014). In IEC/G173 this opening angle was slightly
larger (2.9°).Second, the newer SMARTS version 2.9.5 (Gueymard, 2001, 2005) is used here to construct the
proposed subordinate spectra as opposed to v2.9.2 that was used for the current standards. Third, the solar constant of 1361.2 W/m² (Gueymard, 2012) replaces the outdated historical value of 1367 W/m² (see justification
in Kopp and Lean, 2011). The extraterrestrial spectrum (ETR) selected within SMARTS is still “Gueymard,
synthetic” (as was used in the current standards) but multiplied by 1361.2/1367. Spectral changes resulting
from all of the above relative to G173 are minor, as shown in Fig. 2.
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Fig. 1: Proposed subordinate standard spectra for GTI on a surface tilted 20° toward the equator.

Fig. 2: Effect of changed circumsolar radiation settings, solar constant and SMARTS version, relative to the corresponding DNI
and GTI spectra promulgated in G173 (red and blue line). The change of the extraterrestrial spectrum is shown in black.

The responsivity of a PV cell relative to an incident broadband solar irradiance, is obtained by multiplying its
spectral responsivity, ܴߣ , with the solar irradiance spectrum,  ߣܧǡaccording to
ܴୗ ൌ

σಿ
ೕసభ ோഊ ൫ఒೕ ൯ڄாഊ ൫ఒೕ ൯ڄǼఒೕ
σಿ
ೕసభ ாഊ ൫ఒೕ ൯ڄǼఒೕ

(eq. 1)

where ߣ is the jth wavelength in the series 1–N. The relative deviation between the ܴୗ value for a test spectrum
and that for a reference spectrum is the spectral mismatch ߜୖୗ . It can refer to a spectral gain or a spectral loss.
In a related study (Jessen et al., 2018), the proposed subordinate GTI spectra are compared to each other in
terms of irradiance and PV device efficiency, using the spectral responsivities of exemplary solar cells from
Winter et al. (2009), with or without concentration. The results show that the proposed subordinate spectra
generate significant spectral mismatches compared to the IEC spectra (up to 6.5 %, for PV cells at a 37° tilt).
Such mismatches indicate potential accuracy improvements that become possible by applying the subordinate
standard spectra rather than the IEC spectra for a quick estimation of the average device efficiency.
To apply the subordinate standard spectra, manufacturers of solar devices could include PV module efficiencies
for the different subordinate spectra in their data sheets. Alternatively, the spectral mismatches between using
the IEC/G173 spectra and the subordinate spectra could be stated. A potential customer could then identify the
potential change in efficiency based on a site’s average AOD500, PW, elevation, and tilt angle. Consideration
of all combinations of the aforementioned parameters with a tilt angle step of 5° would result in 171 efficiency
values for PV panels, which could be conveniently presented by plotting the efficiency as a function of tilt
angle. In case the manufacturer provides the spectral response rather than these values, a potential customer
could independently calculate the specific mismatch between results based on either the IEC/G173 spectrum or
the relevant subordinate spectrum, and thus estimate the changes in efficiency. Another advantage of these
subordinate spectra is that they can assist in characterizing the durability of PV, CPV and CSP materials ex-
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posed to natural weathering at a site.
A simple procedure to select subordinate standard spectra based on a site’s average AOD500, PW, elevation
and tilt angle was tested by Jessen, et al, (2018) at five exemplary sites [Tamanrasset, Sede Boker and Boulder
(Baseline Surface Radiation Network, BSRN, König-Langlo et al., 2013), Plataforma Solar de Almería (PSA,
Wilbert et al., 2013, Pozo et al., 2011), and Masdar (Kalapatapu et al., 2012)]. Two of these test sites, Tamanrasset and Boulder, are also used in this study. In Fig. 3, the average AOD500 and PW values for the annual
data sets that were evaluated at these sites are shown next to the available AOD500 and PW values from the
nine suggested atmospheric conditions. At all five test sites, complete time series of spectra (including both
clear and cloudy periods) are determined using a combination of the SMARTS model and SEDES2 cloud modifiers (Nann and Riordan, 1991), with inputs based on site-specific sun-photometer and shortwave irradiance
measurements. From all these all-sky spectra a site-specific annual-average spectrum is derived as a reference
for the applicability test. In these reference spectra the impact of clouds is introduced through the use of
SEDES2 in order to obtain realistic average spectra including the effect of clouds. For the subordinate standard
spectra we propose only clear-sky spectra because clear sky conditions contribute stronger to the yield than
most cloudy conditions and for simplicity. The resulting site-specific spectral mismatch values for the subordinate standard spectra and the IEC spectrum with respect to the site’s average spectrum were derived. The subordinate spectrum with the most similar conditions to the site average results in a much lower spectral mismatch than the G173 spectrum (Jessen et al., 2018). Therefore, the proposed GTI spectra are applicable to the
five test cases. Tests with other sites, for example with higher PW are of interest. For CSP and CPV applications, however, the suggested atmospheric conditions are found insufficient, due to the strong effects of AOD
and Ångström exponent on DNI (Jessen et al., 2018). Hence, it is not intuitively possible to pick the most appropriate DNI spectrum from the subordinate spectra. Many more sets of atmospheric conditions would be
required to allow the intuitive selection of a representative spectrum for the five test sites, let alone any other
site. Hence, only GTI spectra with tilt variation are suggested for implementation in future standards.

Fig. 3: AOD500 and PW for subordinate standard spectra (squares) and their averages for the sites (circles) that are used to test
the intuitive selection of an appropriate reference spectrum. Matching colors mark the specific reference spectrum that would be
selected based on a site’s AOD500, PW and elevation.

3. Selection of air mass for the subordinate standard spectra
Besides the three AOD500 and three PW categories, an additional site elevation category of 1.5 km is suggested in Table 1 to extend the applicability of subordinate standard spectra. Introduction of high-elevation subordinate spectra raise the question of whether a pressure-corrected (absolute) or non-corrected (relative) definition
of air mass is preferable. Note first that “air mass” itself is an ambiguous term. The relative air mass is a quantity that would be better called “optical mass for air molecules”, since it corresponds to the geometric path
length of the sun rays traversing the atmosphere relative to the vertical path length, and is a function only of the
sun’s zenith angle, Z. This quantity takes atmospheric refraction and Earth sphericity into account, and is thus
more appropriate than the conventional 1/cosZ factor used in the plane-parallel approximation that is typical in
radiative transfer. Optical masses for aerosols, water vapor or ozone differ from the optical air mass because
their concentrations have different vertical profiles. SMARTS, for instance, uses 15 different optical masses,
corresponding to as many atmospheric species (or groups of species), because they have different vertical profiles. In contrast, the absolute air mass is pressure-corrected to reflect the actual slant “optical mass of air molecules” at higher elevations. At the top of atmosphere, this absolute mass becomes 0, and is conventionally noted
AM0. The optical depth due to Rayleigh scattering by air molecules decreases with elevation as a direct function of pressure, whereas optical depths of aerosols and water vapor have a different dependence on pressure,
which is moreover highly variable over space and time. All this makes the use of air mass and pressure suscep-
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tible to misinterpretation and confusion.
The choice of air mass has a direct impact on the resulting spectrum and needs to be considered carefully. If a
high-elevation subordinate standard DNI spectra had to be defined with a pressure-corrected (PC) air mass, Mpc,
of 1.5, the SMARTS input value for the air mass would need to be adjusted accordingly, since the SMARTS
input must be a non-pressure corrected (NPC) value. The needed air mass input value for Mpc = 1.5 is Mnpc §1.8,
considering the ratio between the ambient pressure at 1500 m elevation (§840 hPa) and 1013.25 hPa. The
choice of input value leads to noticeably different solar zenith angles of 48.236° (for Mnpc = 1.5) and 56.267°
(for Mnpc = 1.8). SMARTS does not actually consider any pressure correction for its optical masses. Instead, the
optical depths related to Rayleigh scattering and uniformly-mixed gases are scaled by the pressure ratio. All
other optical depths, including those for aerosols and water vapor, are independent from site pressure, because
they are defined as column quantities between the surface (at any elevation) and the top of atmosphere. Hence,
site elevation and pressure are already accounted for in the inputs for PW and AOD. Changing the relative air
mass Mnpc from 1.5 to 1.8, the pressure from 1013.25 hPa to 840 hPa, and the input elevation from 0 to 1500 m,
while maintaining the same AOD input value, results in a noticeable change in the DNI spectrum, so this distinction is important.
In what follows, the air mass effect is investigated by two methods. First, the cumulative relative fraction of
annual irradiation is calculated as a function of air mass to determine a characteristic air mass. Based on this,
specific air mass values are recommended for the determination of DNI and GTI spectra. Then, for further
analysis, the spectral mismatch is evaluated for a number of spectra derived with different air mass options.

3.1 Cumulative relative fraction of annual irradiation as a function of air mass
An appropriate air mass needs to be selected for each subordinate standard spectrum. To that effect, the distribution of annual irradiation over many sites is analyzed as a function of air mass. In the late 1970s, the NASArecommended terrestrial PV measurement procedures already stipulated an air mass value of 1.5 for reference
measurements. This AM1.5 “optimal” value was confirmed in interrelated studies (Gonzalez and Ross, 1980;
Ross, 1980; Ross and Gonzalez, 1980) as most representative for performance evaluation of PV concentrators
using DNI, but not for fixed-tilt flat-plate PV, based on conditions pertaining only to the continental United
States. This was later confirmed by Emery et al. (2002) for DNI, still under U.S. conditions only. These results
provide an argument for working with a pressure-corrected Mpc =1.5 for standard spectra in the case of DNI.
The “pressure-corrected” adjective is emphasized. Assuming equivalence between a spectrum obtained for
Mnpc =1.5 at sea level and another one for Mnpc =1.8 (or Mpc =1.5) at 1500 m would imply that the effects of
AOD and PW on DNI decrease the same way as those of air molecules when elevation increases. Based on the
discussion above, this might not be the general rule. Hence, further scrutiny will have to be given to this important topic, since it conditions the desirable generalization to any world location.
To determine the appropriate air mass for the subordinate standard spectra, the method used by Emery et al.
(2002) is applied to a total of 29 sites from BSRN and enerMENA (Schüler et al., 2016) at latitudes from 30°S
to 52°N, including five sites close to the equator (between 16°N and 16°S). Both DNI and GTI are investigated.
Since GTI measurements are rare, the model from Skartveit and Olseth (1986) is used to estimate GTI on tilted
surfaces oriented towards the equator and with tilt angles equal to each site’s latitude. The model uses the
measured DNI and GHI along with inputs including solar position, tilt angle, and surface albedo. The latter is
set to 0.3 for all sites, which roughly corresponds to the albedo option “light sand” used in G173. Eighteen of
the sites are below 750 m elevation while eleven are at higher elevations. With regard to the proposed subordinate standard spectra, a site above 750 m would be considered a high-elevation site.
Figure 4 presents the cumulative relative fraction of annual global tilted irradiation, Htilt, in relation to two alternate definitions of air mass for sites below 750 m elevation. On the left side of Fig. 4, the Y-axis corresponds
to the fraction of the annual global tilted irradiation that is received for pressure corrected air masses below the
PC air mass given on the X-axis. The right hand side of Fig. 4 uses the NPC air mass. Interestingly, the intersection of some curves with the Y-axis corresponds to a cumulative Htilt strictly positive (and up to 0.18) for the
PC air mass. This is because PC air masses below 1 occur for elevated sites due to the pressure correction. On
the other hand, some curves cross the X-axis at air masses greater than 1. These curves belong to sites far away
from the equator (e.g., Regina, Canada) where the zenith angle is much larger than 0° even at solar noon in
summer, so that the air mass never reaches values close to 1. Similarly to Fig. 4, Fig. 5 shows the cumulative
Htilt as a function of air mass for sites above 750 m. The difference between the two air-mass cases is much
more pronounced here, since the pressure correction is more intense. As in Fig. 4, the PC curves are shifted
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towards the left relative to the NPC curves.
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Fig. 4: Cumulative Htilt over the air mass for sites below 750 m above mean sea level. Left: with pressure correction, right: without
pressure correction. Sites less than 16° from the equator are marked with dots; sites at latitudes above 37° by squares.

To evaluate the effects of pressure correction and latitude in more detail, the results above are analyzed in terms
of the threshold air mass, Mhalf, below which half of a site’s total irradiation is received. Mhalf is indicated in
Figs. 4 and 5 as the intersection of a site’s curve and the horizontal line corresponding to a value of 0.5 on the
Y-axis. Four different Mhalf values are derived for each site using PC and NPC air mass for GTI and using PC
and NPC air mass for DNI. All Mhalf values for GTI are shown in Fig. 6 as a function of elevation (X-axis) and
latitude (color bar). For both definitions of air mass, strong scatter is obvious. It is clear that an air mass value
of 1.5 (or of any other fixed value) cannot accurately represent Mhalf at all investigated sites, irrespective of
pressure correction. This shows a serious limitation of the approach considered in earlier studies (e.g., Emery et
al., 2002), as well as the intrinsic limitation of reference spectra (standard or subordinate) that refer to a single
air mass. However, for the simplification implied by the construction of the proposed subordinate spectra, this
limitation must be acknowledged and accepted. Its effect, in terms of spectral mismatch, will be evaluated later
after selecting single air mass values.
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Fig. 5: Cumulative Htilt as a function of the air mass for sites at elevations above 750 m. Left: with pressure correction, right:
without pressure correction. Sites less than 16° from the equator are marked with dots; sites at latitudes above 37° by squares.

The spread of Mhalf values found for any small elevation range is related to latitude. Due to the higher solar
elevation angles, proximity to the equator is associated with a smaller Mhalf value than higher latitudes. In the
PC case, it is found that Mhalf decreases with elevation, so that in general lower Mhalf values are obtained. The
elevation dependence is less pronounced in the case of the NPC air mass, whereas the latitude dependence is
slightly higher. The latter finding could be expected, since the pressure correction reduces air mass, and hence
also the latitude-dependent spread. At more than 3100 m, Sonnblick stands out for the NPC air mass case with a
Mhalf value close to 1.9. This is mainly due to latitude (47.05°N). In the PC case, this particular site is much
closer to 1.5 since Mhalf is now 1.3. This suggests that the deviations caused by high elevation and high latitude
partly compensate each other. For the second highest site, Izaña (2373 m), Mhalf is close to 1.5 in the NPC case,
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and §1.1 in the PC case, i.e., at the opposite extreme. This also shows that there is strong variability among
sites, which cannot be explained by elevation or latitude alone. Typically, commercial PV plants are located
below 3000 m due to the unavailability of higher sites, low population density, or other reasons. Therefore, the
Sonnblick results are considered marginal, and removed from further analysis.
As stated before, the PC results show a noticeable elevation dependence. Moreover, Mhalf is then always below
1.5. This indicates that the selection of Mpc = 1.5 would not be ideal to construct GTI reference spectra, as was
also stated early on (Gonzalez and Ross, 1980; Ross, 1980; Ross and Gonzalez, 1980). Using an NPC air mass
of 1.5 is not ideal either. Nevertheless, a rather symmetrical spread around Mnpc = 1.5 and a lower elevation
dependence are found. Furthermore, use of the NPC air mass of 1.5 results in the same zenith angle for sea
level and any elevation, which is advantageous for application of the spectra. Therefore, an NPC air mass of 1.5
is used for high-elevation subordinate GTI reference spectra in what follows. This result underlines that, in the
case of GTI, the appropriate PC air mass is lower for sites with higher elevation.

Fig. 6: Mhalf found for 29 sites for latitude-tilt GTI as a function of elevation and latitude (color bar). In the left plot two points are
overlapping at elevation close to 0 m and Mhalf =1.18. This is also the case at elevation close to 0 and Mhalf =1.36.

Similar calculations are performed for DNI. Figure 7 presents the cumulative relative fraction of annual Hb as a
function of air mass for sites below 750 m elevation. The differences between the plots for both air mass definitions are small, due to the low elevation of the sites. For the high-elevation sites in Fig. 8, the differences resulting from using pressure corrected or NPC air mass are clearly visible, due to the low atmospheric pressure at
high elevation. The Mhalf values for DNI are shown in Fig. 9.

Fig. 7: Cumulative Hb over the air mass for sites below 750 m above mean sea level. Left: with pressure correction, right: without
pressure correction. Sites less than 16° from the equator are marked with dots, sites with 37° or more by squares.

In addition to the sites discussed above for GTI, other sites analyzed by Emery et al. (2002) are presented. The
latitude dependence is found similar to the case of GTI, albeit even more pronounced. Again, it is clear that the
selection of a specific air mass value is not easy, or independent from the pressure-correction issue. Moreover,
the highest sites (Sonnblick and Izaña) behave similarly for DNI and GTI. For the NPC air mass, Sonnblick has
an Mhalf of 2.25, whereas Mhalf is only 1.52 for the PC case. In both cases, the 1.5 value is approximately midway between what is obtained for sites at high latitudes and sites near the equator, which supports the choice of

1378

S. Wilbert / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

that value in the IEC/G173 standard spectrum. However, the elevation dependence of the PC cases is less pronounced for DNI than for GTI. The reverse is true in the NPC cases. The PC results also exhibit a smaller
spread of Mhalf than those pertaining to the NPC air mass. This suggests a weak advantage of using the PC air
mass definition for DNI. Hence, for DNI, these results are in relative agreement with previous studies (Emery et
al., 2002; Gonzalez and Ross, 1980). Consequently, the application of a pressure-corrected air mass of 1.5 is
selected here to evaluate the impact of using DNI spectra in spectral mismatch studies. Still, it is stressed that
the approach described above and the resulting selection are not entirely satisfying in the case of DNI. Selection
of a PC air mass of 1.5 means that higher zenith angles are representative at higher sites, a surprising result
possibly explained in terms of Rayleigh transmittance as a function of site elevation. When the sun is at the
zenith, the Rayleigh transmittances at 0-m and 1.5-km elevation are nearly identical. For a zenith angle of 80°
the Rayleigh transmittance is noticeably lower at sea level due to the exponential behavior of transmittance
(0.72 at sea level compared to 0.76 at 1.5 km for a Rayleigh OD of 0.05). Therefore, it could be true that lower
air masses contribute more to Hb at higher elevations which means that greater zenith angles are more appropriate at higher elevations. However, both AOD and PW actually decrease with elevation in most cases. A typical
scale height for them is 2.1 km, with large spatio-temporal variability, whereas that scale height is fixed at 8.43
km for both Rayleigh scattering and pressure. Therefore, the NPC air mass of 1.5 should also be considered for
the DNI spectra. Since it is found problematic and potentially misleading to define subordinate DNI spectra
(Jessen et al., 2018), the selection of the correct air mass is of low relevance in that case.

Fig. 8: Cumulative DNI over the air mass for sites at elevations above 750 m above mean sea level. Left: with pressure correction,
right: without pressure correction. Sites less than 16° from the equator are marked with dots, sites with 37° or more by squares.

Fig. 9: Mhalf found for 36 sites for DNI as a function of the elevation and the latitude (color bar). Open blue squares mark additional sites from (Emery et al., 2002) (Albuquerque: 35.0853°N, 1619 m; Daggett: 34.8640°N, 610 m; Phoenix: 33.4484°N, 331 m;
Tampa: 27.9506°N, 15 m; Sacramento: 38.5816°N, 9 m; Buffalo: 42.8864°N, 183 m; Seattle: 47.6062°N, 158 m).

3.2 Evaluation of air mass selection in terms of spectral mismatches
In order to test the two selections of the PC air mass of 1.5 for DNI and the NPC air mass of 1.5 for GTI, the
effect of test spectra on the spectral mismatch is evaluated with different air masses. Two of the five aforementioned sites above 1-km elevation (Tamanrasset and Boulder) are useful to test the air mass specification. For
this evaluation, the spectral mismatch values obtained with seven different spectra are compared for each site
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and component (DNI or GTI). The reference spectrum in each case is the average spectrum for the site and
component (see section 2). The spectral mismatch is calculated for these spectra:
1.
2.
3.
4.
5.
6.
7.

ASTM G173/IEC 60904-3
The test spectrum for the atmospheric conditions in Tab. 1 that best match the average atmospheric
conditions at the site, but for PC air mass Mpc=1.5
The test spectrum for the atmospheric conditions in Tab. 1that best matches the average atmospheric
conditions at the site for NPC air mass Mnpc=1.5
An ad-hoc spectrum specially developed for the site’s average AOD, PW, elevation, and the Mhalf value for PC air mass Mhalf.pc that is found for this specific site
An ad-hoc spectrum specially developed for the site’s average AOD, PW, elevation, and the Mhalf value for NPC air mass Mhalf.npc that is found for this specific site
An ad-hoc spectrum specially developed for the site’s average AOD, PW, elevation, and Mpc = 1.5
An ad-hoc spectrum specially developed for the site’s average AOD, PW, elevation, and Mnpc = 1.5.

Moreover, for GTI the tilt angle is adjusted to the site’s latitude in cases 4 to 7 just described. In cases 2 to 3 the
closest available tilt angle (in 5° steps from 0 to 90°) is selected. For DNI, additionally, the two Ångström exponents for wavelength intervals below and above 0.5 μm are site-adapted in cases 4–7. Table 2 provides the
values of Mhalf with and without pressure correction for GTI and DNI.
Tab. 2: Mhalf derived for Tamanrasset and Boulder from Fig. 5 and 8 with and without pressure correction for DNI and GTI.

Site
Boulder
Tamanrasset

Component
GTI
DNI
GTI
DNI

Mhalf.pc, corresponding Mnpc and standard conditions
1.325, corresponding to Mnpc = 1.6 for ClDryHi
1.5, corresponding Mnpc = 1.81 for ClDryHi
1.15, corresponding to Mnpc = 1.38 for SemClDryHi
1.245, corresponding to Mnpc = 1.5 for SemClDryHi

Mhalf.npc
1.6
1.82
1.35
1.455

Figure 10 shows the seven DNI spectral mismatches for four CPV cell types under the seven DNI spectra at
Tamanrasset. The different spectra are shown on the Y-axis, and mismatches for different PV cell types are
shown by the marker type. The markers are connected to each other to increase readability. When using the
base case of G173/IEC, deviations up to 4% are found. SemClDryHi behaves even worse than G173 in that
case, so that if no pressure correction is applied even higher mismatch values are found. These deviations are
mainly caused by Tamanrasset’s average Ångström exponent that deviates strongly from that of SemClDryHi.
Adjusting all atmospheric inputs to the site’s averages reduces the mismatches noticeably for Mnpc = 1.5, as well
as the site’s Mhalf,npc and M half,pc (since all three cases result in the same input air mass). The spectrum for these
site averages and Mpc = 1.5 results in the lowest spectral mismatch. This is surprising because the Mhalf values
indicate that Mnpc = 1.5 is more appropriate. The low spectral mismatches in this case are apparently caused by
a compensation of errors. The average site spectrum also contains cloud effects and variations of the atmospheric properties that cannot be considered accurately when dealing with just a single spectrum. The approach
using Mhalf is also only an approximation, as mentioned above.

Fig. 10: Spectral mismatches for different spectra and CPV cell types for DNI at Tamanrasset.
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The results for Tamanrasset and DNI are summarized in Tab. 3 next to the other three cases, which are also
shown in Figs. 11–13. The observations that do not correspond to expectations are marked in bold and underlined letters. The cases with more positive results than expected can be explained by the fact that several approximations and sources of error are included in the approach, and that different errors can compensate each
other. The unexpected cases leading to worse results than G173 are marked with a minus sign. They are only
found for DNI at Tamanrasset and have been explained above. Overall, it is found that the concept of using
Mhalf is helpful, even though other air masses than those selected from Mhalf may perform better. This is interpreted as an effect of mutually compensating errors, too. The results confirm the expectation from section 3.1
that, for GTI, the NPC air mass of 1.5 can be used.
The results from Tab. 3 and Figs. 10 and 12 also show the aforementioned issues in the case of DNI. For Tamanrasset the Ångström exponent is found highly relevant. It can be concluded from this example that, due to
the impact and variability of the Ångström exponent, a large number of subordinate DNI standard spectra
would be needed to allow the selection of a subordinate spectrum that would be more representative than G173.
Since this appears impractical, no subordinate standard spectrum is recommended here for DNI.
For DNI at Boulder, the actual Ångström exponent is similar to that characterizing all 7 test spectra. If site
averages of the Ångström exponents, AOD and PW are used, the PC air mass of 1.5 delivers better results than
the NPC value of 1.5, as expected. Even if the site averages for all significant inputs are used, greater deviations
are found in comparison to GTI due to the high sensitivity of the DNI spectrum to air mass and atmospheric
conditions, again as expected.
Tab. 3: Results of the evaluation of spectral mismatch based on air-mass selection. The + sign means improvement compared to
G173/IEC, and the – sign means greater spectral errors than G173/IEC. Brackets refer to lower tendency than a sign without
brackets, and various signs refer to higher differences. The * symbol means that a low spectral mismatch is found due to mutual
compensation of errors. Cases with deviations from the expected behavior are underlined.
Spectrum
Tamanrasset DNI
Tamanrasset GTI
Boulder DNI
Boulder GTI
1. IEC/G173
-4 – 3 %
0.5% - 4.5 %
-7.5 % - 7 %
2 -5 %
2. test Mpc=1.5
+, for a-Si1 worse than G173
(+)
((+))
3. test Mnpc=1.5
++, *
((+))
++, *
4. site’s average parameters Mhalf.pc
+, same as 5 and 7
+(+), same as 5
((+)), same as 5 and 6
+(+), same as 5
5. site’s average parameters Mhalf.npc
+, same as 4 and 7
+(+), same as 4
((+)), same as 4 and 6
+(+), same as 4
6. site’s average parameters Mpc = 1.5
++, *
(+)
((+)), same as 4 and 5
(+)
7. site’s average parameters Mnpc = 1.5
+, same as 4 and 5
+ only for a-Si2 worse than case 6
(((+)))
++

Fig. 11: Spectral mismatches for different spectra and PV cell types for GTI and Tamanrasset. The lower two spectra refer to SemClDryHi for the tilt angle 25° with and without pressure correction.
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Fig. 12: Spectral mismatches for different spectra and CPV cell types for DNI and Boulder.

Fig. 13: Spectral mismatches for different spectra and PV cell types for GTI and Boulder. The lower two spectra refer to ClDryHi for
the tilt angle 40° with and without pressure correction.

4. Conclusion and outlook
The impact of different climatic conditions on the solar spectrum at the surface, and its consequences for solar
energy system performance, reveals that the IEC/G173 standard spectra are far from representing the wide
range of locally occurring conditions. Subordinate standard spectra are proposed here for solar energy applications utilizing GTI. They are meant to supplement the main standard spectra as defined in IEC/G173. These
subordinate spectra represent atmospheric conditions and sun-receiver geometries that result in incident spectra
departing significantly from the existing standard spectra. Some of the subordinate spectra correspond to site
elevations of 1.5 km, since such higher-elevation sites are of interest in many solar energy applications. To
apply the subordinate spectra, manufacturers could include PV module efficiencies for the different subordinate
spectra in their data sheets. A potential customer could then identify the efficiency for the most appropriate
subordinate spectra that is found using simple climate parameters, the site’s elevation and the tilt angle.
The selection of the correct air mass to use in subordinate spectra is based on an analysis of the cumulative DNI
and GTI for different air-mass ranges at 29 sites. A clear latitude dependence of the most appropriate air mass
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for each site is found, so that using an air mass of 1.5 must be considered a crude approximation in any case.
Overall, it is found that the pressure-corrected air mass value of 1.5 is more appropriate for DNI spectra, but not
for GTI, thus confirming earlier studies. A non-pressure-corrected air mass of 1.5 is found more appropriate for
GTI. Even though a pressure-corrected air mass is deemed preferable for DNI, the justification is weak. Physical explanations rather suggest that the pressure correction is actually not appropriate in that case. This is not an
issue here, however, as we only recommend GTI subordinate spectra, but not DNI spectra. Indeed, it is found
that there are no ideal subordinate spectra for DNI. Many subordinate DNI spectra for a large range of atmospheric conditions would be required to reduce the spectral mismatch compared to IEC/G173. It would thus be
difficult to select the most appropriate spectrum, which is not practical. Hence, it is recommended not to include any subordinate DNI spectrum in the forthcoming ISO 9845 update.
The finding that a non-pressure corrected air mass of 1.5 is appropriate for GTI was confirmed by evaluating
the spectral mismatch obtained for several PV cell types at the high-elevation sites of Boulder and Tamanrasset,
using different test spectra. Hence, subordinate GTI spectra with the proposed atmospheric conditions, tilt angles, and non-pressure corrected air mass of 1.5, are recommended for inclusion in the update of ISO 9845, as
an addition to the existing IEC or ASTM standard spectra. Comments on the proposed spectra are welcome and
can be considered in the ISO and ASTM committees.
We thank the investigators and their support teams for the maintenance of the AERONET, enerMENA and
BSRN stations used in this work. We thank the Actris and AERONET staff for their support with the operation,
calibration and evaluation of PSA’s and Masdar’s sun photometer. This work was partly funded by the Helmholtz Association within the DESERGY Project. The financial support provided to the University of Antofagasta
by the Chilean Economic Development Agency, CORFO, contract no. 17PTECES-75830 and the contract no.:
17BPE3-83761, and CONICYT/FONDAP/15110019 SERC-Chile is acknowledged.

5. References
Dirnberger, D., G. Blackburn, B. Müller, C. Reise, On the impact of solar spectral irradiance on the yield of
different PV technologies, Solar Energy Materials and Solar Cells 132 (2015) 431–442.
Emery, K., Myers, D., and Kurtz, S., 2002. What is the appropriate reference spectrum for characterizing concentrator cells? 29th IEEE PV Specialists Conference, New Orleans, LA.
Fernández, E.F., F. Almonacid, J.A. Ruiz-Arias, A. Soria-Moya, Analysis of the spectral variations on the performance of high concentrator photovoltaic modules operating under different real climate conditions, Solar
Energy Materials and Solar Cells. 127 (2014) 179–187. doi:10.1016/j.solmat.2014.04.026.
Gueymard, C., 2001. Parameterized transmittance model for direct beam and circumsolar spectral irradiance.
Solar Energy 71 (5):325-346.
Gueymard, C.A., Myers, D., Emery, K., 2002. Proposed Reference Irradiance Spectra for Solar Energy Systems
Testing. Solar Energy 73, 443-467.
Gueymard, C.A., 2005. SMARTS Code version 2.9.5 User’s Manual. Solar Consulting Services.
Gueymard, C., 2012. Solar Radiation, Introduction, in: Meyers, R.A. (Ed.) Encyclopedia of Sustainability Science and Technology, Springer, pp. 608-633.
Gonzalez, C.C., Ross R.G., 1980. Performance Measurement Reference Conditions for Terrestrial Photovoltaics, Proc. Conf. American Section of the International Solar Energy Soc., Phoenix, Arizona, 1401–1405.
IEC 60904-3:2016 Photovoltaic devices - Part 3: Measurement principles for terrestrial photovoltaic (PV) solar
devices with reference spectral irradiance data. Standard, Geneva, Switzerland.
Jessen, Wilko, Stefan Wilbert, Christian A. Gueymard, Jesús Polo, Zeqiang Bian, Anton Driesse, Aron Habte,
Aitor Marzo, Peter R. Armstrong, Frank Vignola, and Lourdes Ramírez. 2018. "Proposal and evaluation of
subordinate standard solar irradiance spectra for applications in solar energy systems." Solar Energy.
https://doi.org/10.1016/j.solener.2018.03.043.
Kalapatapu, R. Chiesa, M., Armstrong, P., Wilbert, S., 2012. Measurement of DNI Angular Distribution with a
Sunshape Profiling Irradiometer. SolarPACES Conf., Marrakesh, Morocco.
König-Langlo, G., Sieger, R., Schmithüsen, H., Bücker, A., Richter, F., Dutton, E.G. 2013. The Baseline Surface Radiation Network and its World Radiation Monitoring Centre at the Alfred Wegener Institute. GCOS 174, WCRP Report 24/2013.
Kopp, G., and J. L. Lean, 2011. A new, lower value of total solar irradiance: Evidence and climate significance,
Geophys. Res. Lett., 38, L01706, doi:10.1029/2010GL045777.
Nann, S. and Riordan, C., 1991. Solar spectral irradiance under clear and cloudy skies: Measurements and a

1383

S. Wilbert / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

semiempirical model. J. Appl. Meteorol. 30, 447–462.
Nofuentes, G., Gueymard, C.A., Aguilera, J., Pérez-Godoy, M.D., Charte, F., 2017. Is the average photon energy a unique characteristic of the spectral distribution of global irradiance? Solar Energy 149, 32–43.
Polo, J., M. Alonso-Abella, J.A. Ruiz-Arias, J.L. Balenzategui, Worldwide analysis of spectral factors for seven
photovoltaic technologies, Solar Energy. 142 (2017) 194–203. doi:10.1016/j.solener.2016.12.024.
Pozo-Vázquez, D., S. Wilbert, C. Gueymard, L. Alados-Arboledas, F. J. Santos-Alamillos, and M.J. GranadosMuñoz. 2011. Interannual Variability of Long Time Series of DNI and GHI at PSA, Spain. Paper read at SolarPACES Conference, at Granada, Spain.
Ross, C.C., 1980. Terrestrial Photovoltaic Performance Reference Conditions. Proc. Photovoltaic Solar Energy
Conf., Cannes, France, 731–735.
Ross, R.G. and Gonzalez, C.C., 1980. Reference conditions for reporting terrestrial photovoltaic performance.
Proc. AS/ISES Annual Conf., 1091–1097.
Schüler, D., Wilbert S., Geuder N., Affolter R., Wolfertstetter F., Prahl C., Röger M., Schroedter-Homscheidt
M., Abdellatif G., Allah Guizani A., Balghouthi M., Khalil A., Mezrhab A., Al-Salaymeh A., Yassaa N.,
Chellali F., Draou D., Blanc P., Dubranna J., Sabry O. M. K., 2016. The enerMENA meteorological network –
Solar radiation measurements in the MENA region. AIP Conference Proceedings no. 1734 (1):150008.
Wilbert, S., B. Reinhardt, J. DeVore, M. Röger, R. Pitz-Paal, C. Gueymard, and R. Buras, 2013. Measurement
of solar radiance profiles with the Sun and Aureole Measurement system. J. Solar Energy Engineering 135
(4):041002-041002. doi: 10.1115/1.4024244.
Skartveit, A., Olseth, J.A., 1986. Modelling slope irradiance at high latitudes. Solar Energy 36, 333–344.
Winter, S., Friedrich, D., and Sperling, A., 2009. Effects of the new standard IEC 60904 3:2008 on the calibration results of common solar cell types. 24th European Photovoltaic Solar Energy Conf., Hamburg, Germany.
WMO, 2014. Guide to Meteorological Instruments and Methods of Observation. WMO-No. 8, 2014 Update.

1384

ISES Solar World Congress 2017

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

Survey Research on Integrating Renewable Energy into the Mining Industry
Kateryna Zharan1, Jan C. Bongaerts2
1 and 2TU

Bergakademie Freiberg, 09599 Freiberg (Germany)
Abstract

Mining operations are energy intensive. The share of energy costs in total share is often reported to be in the
range of 30 %. Saving energy costs is therefore an economical key element of any mine operator. With the
improving reliability and security of renewable energy (RE) sources, and the requirements to reduce carbon
dioxide emissions, perspectives for using RE in mining operations emerge. In fact, these aspects are stimulating
the mining companies to search for ways to substitute fossil energy with RE. Survey research is novel on this
topic. Hereby, this paper estimates the data of a survey conducted among mining and renewable energy experts.
Towards the data estimation, this study applies the following methods. Here, first, to develop the survey we
summarized and reviewed the findings from the previous literature review. Secondly, using these literature
review three hypotheses have been developed. Thirdly, to compare outcomes of the survey with literature
review the evaluating frequencies method has been developed and applied. Consequently, the results gather the
expert’s knowledge and opinions on incentives for mining operators to turn to RE, barriers and challenges to be
expected, environmental effects, appropriate business models and the overall impact of RE on mining
operations. In addition, the outcomes of the survey allow for identifying the factors that favor and disfavor
decision-making on the use of RE in mining operations.
Keywords: Carbon dioxide emissions, mining industry, photovoltaic, renewable energy, survey research, wind
generation.

Introduction
The mining industry still strong depends on conventional energy sources providing for its continuous and stable
operations. In addition, energy costs accounts for 30 % of all operating costs in mining operations (Slavin 2017).
RE technologies do not require such fossil fuels and have become mature and reliable, in particular for wind and
solar power applications. Hence, they become attractive to mining operations, especially in hybrid systems. In
this way, combining these sources like solar and wind with backup units provides more reliable, economic load
supply and environment-friendly compared to a single source (Talaria, et al. 2017). Usually the cost reduction
potential from implementation of the hybrid-energy system in mining operations is in the range of 25%–30%,
and sometimes well above (Solar projects, energy efficiency and load shifting for an optimized energy
management in the mining industry 2015). They also allow for lower carbon dioxide emissions giving mine
operators a possibility to contribute to national and global climate policy agreements. For instance, the Kioto
Protocol (United Nations Framework Convention on Climate Change 1997), the Fifth Carbon Budget
(Committee on Climate Change 2015), and the Paris Agreement (UNFCCC 2015).
Because of such policies, the installed renewable electricity generation capacity and the rate of diffusion of RE
technologies has increased rapidly (Bergek and Mignon 2017). Tab. 1 contains an overview of installed RE
capacity in mining operations in particular.
Tab. 1: Installed capacity of renewables powering the mining industry

RE source

Installed capacity, MW

Wind

552

Solar PV

352

Solar thermal

39

Total

943

The energy and mining global ranking report (World Congress 2016) demonstrates the installed capacity of
renewables powering the mining industry, which was 943 MW in total until 2016. It breaks down to 552 MW of
wind power, 39 MW of solar thermal, and 352 MW of solar photovoltaic (PV). This integration could be
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possible because storage technologies become more accessible together with micro-grid integration. Moreover,
hybrid energy solutions ensure to have a reliable energy system for mining processing.
Given several pilot projects of RE in mining in the countries such as Australia, Canada, and South Africa
(Zharan and Bongaerts 2016) there is no comprehensive approach towards establishing RE into the mining
industry as a global priority. This has inspired the authors of this paper to conduct a 31 question survey among
experts in mining and in RE technologies about the implementation of RE into the mining industry. The survey
captures the experts’ assessment of economic, technological, social, and environmental aspects of a replacement
of fossil fuel technologies with RE technologies. Furthermore, this surve y defines the key factors leading to
appropriate decision-making frameworks for energy managers and policy-makers.
The research objectives of this paper are to carry out the Literature Review (LR) in order to develop three
hypotheses (H1, H2, H3), to compare the survey results with these hypotheses, to draw conclusions on using RE
into the mining industry. Reaching these objectives will provide energy managers, decision-makers, and policymakers with the expert’s perception about implementing RE into the mining processing. That identifies
vulnerable and strong priorities towards RE penetration. Therefore, the main purpose of this paper is to
recognize the motives leading the experts to use RE for mining operations. Those motives could influence on
investment choices (Lillemo, et al. 2013).
To our knowledge, there is no survey completed within this topic. Therefore, this study has a novelty and
scientific relevance. Additionally, there is a lack of literature so far with focus on RE penetration into the mining
industry.

Methodology
2. 1. Structure of the paper
This paper consists of four sections, and one appendix. Section 1 comprises the relevance of this topic, purpose
of this paper, research objectives, and literature review. Section 2 includes the chosen methods developed to
reach the purpose of this paper.
In Section 3, the evaluation of the survey’s results has been accomplished in two steps. The Step 1 covers the
demographic information of experts. Step 2 compares of the frequencies with the LR and demonstrates the
Standard errors of the survey data. Section 4 contains the conclusions of this study.
This study has been written in a following order: (i) the survey has been developed based on the literature
review. (ii) We choose stratified sampling method as our sampling technique to identify the RE and mining
experts who can contribute to the study. (iii) All questions and the response items completed by the experts have
been coded. (iv) Three hypotheses have been developed using the Literature Review (LR) method. (v) To
evaluate the survey results we used the mean, and standard deviation (Std) criteria, maximum response item,
percentage, evaluating frequencies method and standard errors analysis. (vi) Comparative analysis of three
hypotheses with the survey results has been established. (vii) We drew the conclusions about the key findings of
this study.

2.2. Survey administration
This survey was integrated between November 2016 and January 2017 within RE and mining experts all over
the world via personal interview using the conference’s platform 6th Solar Integration Workshop, and 15th
Wind Integration Workshop in Vienna, Austria, and via email correspondence.

2.3. Research questionnaire and method
We assume that all questions are specific related only to the mining industry. This questionnaire contains two
parts. In Part 1, we asked RE and mining experts about perspectives and relevance of the topic, necessity,
incentives, barriers, government’s support mechanisms, effects with respect to the integration of RE into the
mining industry, as well as a significance of the environmental issues for industrial processing. In Part 2, we
collected the experts personal information such as gender, age, level of education, working field, and working
experience in the field. Tab. 2 shows the codes and scale each of the statements of the survey using the closed
ended method of collecting information.
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Tab. 2: Codes and scale of the survey

Statement

Code

Scale

1

Q1

two-point scale

2

Q2

three-point scale

3

Q3

five-point scale

4.1 - 6.5; 8 - 9.5

Q4-Q18; Q25 - Q30

six-point scale

7.1 - 7.6

Q19 - Q24

five-point scale

10

Q31

two-point scale

To evaluate the survey results first, the LR method has been chosen to develop three hypotheses. These
hypothesis are shown in Appendix A, Tab. A.11. Main goal of this method is to provide complete summery of
literature related to the survey questions. Second, three hypotheses have been assessing using the evaluating
hypotheses method developed by the authors of this paper. The results of the survey are compared with three
hypotheses in order to indicate whether they are true or false.

2.4. Evaluating frequencies method
The interpretations of evaluating frequencies method are as follows:
ܿ ܾܽ ݀
ቄ
    ͲǤ͵͵Ǥ

(eq. 1)

Eq. 1: the frequency of “a and b” is at least 33% and, overall, the ratings of “very important” plus “important”
are more frequent than the ratings of “neutral” and of “less important” plus “not important”, respectively.
ܾܽ ܿ ݀݁
ቄ
 ͲǤ͵͵

(eq. 2)

Eq. 2: the frequency of “c” is at least 33% and, overall, the ratings of “neutral” are more frequent than the
ratings of “very important” plus “important” and of “less important” plus “not important”, respectively.
ܿ ݀  ܾܽ
ቄ
    ͲǤ͵͵

(eq. 3)

Eq. 3: the frequency of “d and e” is at least 33% and, overall, the ratings of “less important” plus “not
important” are more frequent than the ratings of “neutral” and of “very important” plus “important”,
respectively.
    א ሾሺ  ሻǡ ǡሺ  ሻሿ

(eq. 4)

Eq. 4: the frequencies of “a and b”, of “c” and of “d and e”, respectively are all three larger than 33% (B).
Appendix A (Tab. A.11) demonstrates the LR. Based on the LR it assumes, that the Hypothesis 1 (H1)
corresponds to the Eq. 1 and carries out for the Q3, Q4, Q5, Q7, Q8, Q9, Q11, Q12, Q15, Q16, Q18, Q19, Q22,
Q24, Q25, Q26, Q27, Q28, Q29, Q30 questions. The Hypothesis 2 (H2) corresponds to the Eq. 2 and carries out
for the Q6, Q14, Q20 questions. Finally, the Hypothesis 3 (H3) corresponds to the Eq. 3 and obtains for the
Q10, Q13, Q17, Q21, Q23 questions.

Results
3.1 Demographic information of experts
This survey sample contained 30 observations, so called a sample size. We take this sample size as the
representative sample. All the participants were male. Participants decided themselves either they are experts in
the RE or mining industry, and educational institution or not. All experts had an education background starting
from bachelor – a university education level. Tab. 3 shows the data of working experience and education level
of the survey’s participants..
Tab. 3: Working experience and educational level
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Work experience in the
field

Frequency

Percent

Education level

Frequency

Percent

1-5 years

7

25%

Bachelor

5

17%

5-10 years

9

32%

Master

14

47%

more than 10 years

12

43%

PhD

11

37%

Total

28

100%

30

100%

Furthermore, the surveyed sample contains engineers from either industrial companies or consulting, and
researchers from educational institutions. The majority of experts 52 % are involved in the renewable energy
industry.
The age of majority of experts 50 % is between 30 and 40 year. Tab. 4 shows the age and working field of the
experts.
Tab. 4: Age and working field

Age

Frequency

Percent

Working field

Frequency

Percent

25 – 30 years

5

17%

mining industry

1

4%

30 – 40 years

15

50%

mining + renewable

1

4%

40 – 50 years

6

20%

renewable industry

13

48%

50 – 65 years

3

10%

renewable + education

2

7%

more than 65 years

1

3%

educational institution

10

37%

Total

30

100%

27

100%

The experts represented in this survey research are from 14 countries such as Germany – 9, Denmark – 3,
Canada – 3, Finland – 3, Sweden – 2, Australia – 2, USA – 1, Austria – 1, New Zealand – 1, Mexico – 1,
Ukraine – 1, France – 1, United Kingdom – 1, Chile – 1.
Tab. 5 shows the description of the survey sample..
Tab. 5: Description of the survey sample

Variables

Measurement

Mean

Std

Gender

Female/Male

1,00

0,00

Age

Six-point scale

3,33

0,96

Education level

Four-point scale

3,20

0,69

Working field

Five-point scale

2,35

0,55

Working experience in
the field

Four-point scale

3,18

0,79

Sample size
Response rate

30
Percent

96,67

3.2 Comparing of the frequencies with the LR
In this survey research, answers of the experts were categorized in the sense that frequencies of their scale
ratings were constructed. For example, if twenty percent of respondents give a rating of “very important” as
answers to a specific question, that frequency is 20%.
Characterization refers to the frequency just described, e.g. characterization “a” would be 20 % as explained in
Section 2.4. After, these frequencies have been compared with the hypotheses represented in Appendix A. The
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results of this survey conforming the frequencies for the Eq.1, Eq.2, and Eq.3 have been shown in the Tab. 6,
Tab. 7, and Tab. 8 correspondingly.
Tab. 6: Survey results corresponding to Eq.1

Code

Majority of responces

Number

Frequency

Eq.1

Q3

important

11

39%

64%

Q4

very important

12

40%

70%

Q5

very important

11

37%

70%

Q7

important

11

37%

53%

Q9

very important

11

37%

60%

Q10

important

9

30%

57%

Q12

neutral

8

27%

47%

Q14

important

11

39%

54%

Q15

very important

8

29%

50%

neutral

8

29%

very important

8

29%

important

8

29%

Q16

57%

neutral

8

29%

Q18

important

7

25%

46%

Q19

very important

18

60%

77%

Q20

important

8

27%

43%

Q21

neutral

10

33%

43%

Q22

important

18

60%

73%

Q24

very important

8

28%

48%

Q25

important

13

50%

92%

Q26

important

15

54%

75%

Q27

important

10

36%

50%

Q28

very important

11

39%

68%

Q29

important

7

25%

46%

neutral

7

25%

important

10

36%

Q30

68%

According to Table 6, not all results reported by the majority of responses correspond to the Eq. 1. For instance,
for the Q21 the majority of experts gave the answer “neutral”, however, based on the evaluating frequency
method the result of the Q21 corresponds to the Eq. 1. In this paper, we take the frequency evaluation as the
main result to take a decision.
Tab. 7 shows the survey results corresponding to Eq.2.
Tab. 7: The survey results corresponding to Eq.2

Code

Majority of responces

Number

Frequency

Eq.2

Q8

neutral

12

40%

40%

Q17

neutral

11

39%

39%

Tab. 8 demonstrates the survey results corresponding to Eq.3.
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Tab. 8: The survey results corresponding to Eq.3

Code

Majority of responces

Number

Frequency

Eq.3

Q6

neutral

8

27%

40%

Q11

less important

9

30%

40%

Q13

important

8

28%

45%

less important

8

28%

less important

10

34%

Q23

59%

According to the survey results, the hypotheses 1 (H1) is accepted for the Q3, Q4, Q5, Q7, Q9, Q12, Q14, Q15,
Q16, Q18, Q19, Q22, Q24, Q25, Q26, Q27, Q28, Q29, Q30 and is rejected for the Q8, Q11 questions. To
explain more precisely, government support mechanism has a “neutral” value, and connection mining to the grid
has a “less important” value for experts. The H2 is rejected completely. There are not answers with the “neutral”
value for experts. Eventually, the H3 is accepted for the Q13 and Q23 questions and rejected for the Q10, Q17,
Q21 questions. In addition, it is confirmed that a lack of business models and development of domestic
renewable energy market have “less important” value for experts.
According to the survey results, there are however, the questions which do not account the H1, H2, H3 but they
have been identified by surveying. Such as, Q14, Q20, Q21 for the H1 and Q8, Q18 for the H2. For these
questions, we accept that the response items are inconsistent and thereby require more detailed study integrating
the second round of the survey.

Tab. 9: Comparati ve analysis of three hypotheses with the survey results
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Hypothesis 1

Hypothesis 2

Hypothesis 3

Important

Neutral

Less important

LR

Results

Survey

LR

Results

Survey

LR

Results

Survey

Q3

TRUE

Q3

Q6

FALSE

Q8

Q10

FALSE

Q6

Q4

TRUE

Q4

Q14

FALSE

Q17

Q13

TRUE

Q11

Q5

TRUE

Q5

Q20

FALSE

Q17

FALSE

Q13

Q7

TRUE

Q7

Q23

TRUE

Q23

Q8

FALSE

Q21

FALSE

Q9

TRUE

Q9

Q11

FALSE

Q10

Q12

TRUE

Q12

FALSE

Q14

Q15

TRUE

Q15

Q16

TRUE

Q16

Q18

TRUE

Q18

Q19

TRUE

Q19

FALSE

Q20

FALSE

Q21

Q22

TRUE

Q22

Q24

TRUE

Q24

Q25

TRUE

Q25

Q26

TRUE

Q26

Q27

TRUE

Q27

K. Zharan / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Q28

TRUE

Q28

Q29

TRUE

Q29

Q30

TRUE

Q30

Identifying of standard error (SE), which refers to standard deviation of different sample statistics, establishes a
data accuracy. The standard errors of each question of the survey is shown in Tab. 10. According to the survey
results, the SE of the data is between 0.09 and 0.28.
Tab. 10: Standard errors of the survey data

Code

SE

Code

SE

Code

SE

Code

SE

Q1

0.09

Q9

0.25

Q17

0.26

Q25

0.14

Q2

0.13

Q10

0.22

Q18

0.28

Q26

0.20

Q3

0.17

Q11

0.24

Q19

0.23

Q27

0.23

Q4

0.22

Q12

0.25

Q20

0.25

Q28

0.23

Q5

0.24

Q13

0.24

Q21

0.20

Q29

0.26

Q6

0.23

Q14

0.22

Q22

0.12

Q30

0.22

Q7

0.22

Q15

0.25

Q23

0.24

Q31

0.08

Q8

0.20

Q16

0.22

Q24

0.25

Conclusions
Summing up the survey research, the results are following:
x
x
x
x

Using the LR three hypotheses have been developed.
Demographic information of experts has been evaluated.
Evaluating hypotheses method has been developed by authors to compare these hypotheses with the
survey results.
Standard errors of the survey data are between 0.09 and 0.28.

The results of this survey show that the integration of RE into the mining industry has perspectives and
relevance for 24 experts (80%), with 2 experts (7%) opposing this idea and 4 experts (13%) remaining without
an opinion. Decreasing costs of RE generation, off-grid location of a mine, and increasing prices of fossil energy
are the main factors towards RE penetration. Volatility of RE technologies and costs of RE generation are the
main barriers. Subsidies, establishing a policy, and a carbon tax might be the most efficient government support
mechanisms. Reduction in fuel and electricity costs, including transportation costs, predictable energy costs;
lower risk from volatile and rising diesel prices; and decreasing carbon emissions are seen as the key effects
from RE implementation. All environmental issues such as low-carbon supply chain, recycling programs, using
of RE, integrated waste management, and sustainable development are important for industrial companies.
In contrast, a lack of business models and the development of domestic renewable energy market are not
important factors towards integrating RE into the mining industry

References
ABB. n.d. "Reducing energy costs and environmental impacts of off-grid mines." ABB Microgrid Business
Case. Accessed 10 11, 2017. http://register.e.abb.com/ABBMicrogridBusinessCaseforMining.
Bergek, A., and I. Mignon. 2017. "Motives to adopt renewable electricity technologies: Evidence from
Sweden." Energy Policy, 547–559.
Boyse, F., and A. Causevic., 2014. Sunshine for Miner: Implementing Renewable Energy for Off-Grid
Operations. Carbon War Room, 34. Accessed 10 12, 2017. http://www.crmps.com/upload/files/CWR14_MinesReport_singles.pdf.
n.d. Business models for renewable energy applications at mines. Accessed 10 12, 2017. https://www.thenergy.net/english/platform-renewable-energy-and-mining/business-models/.

1391

K. Zharan / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Choi, Y., and J. Song., 2016. "Review of photovoltaic and wind power systems utilized in the mining."
Renewable and Sustainable Energy Reviews, 10 16: 1386–1391.
Committee on Climate Change., 2015. “The fifth carbon budget, the next step towards a low-carbon economy.”
november. Accessed 08 04, 2017. https://www.theccc.org.uk/wp-content/uploads/2015/11/Committee on-Climate-Change-Fifth-Carbon-Budget-Report.pdf.
Danvest and THEnergy study., 2015. "Low-load Gensets for Solar–Diesel Hybrid Plants in the Mining
Industry." 13. Accessed 10 12, 2017. file:///C:/Users/fols/Desktop/2015OCT_STUDY_Danvest THEnergy.pdf.
Dougherty, K., 2017. Rio Tinto boss lauds B.C.’s clean energy as trade advantage. Energy and Mines. 29 09.
Accessed 10 11, 2017. http://energyandmines.com/2017/09/rio-tinto-boss-lauds-b-c-s-clean-energy-astrade-advantage/.
Earopean Environment Agency., 2017. "Renewable energy in Europe 2017." Copenhagen, 65. Accessed 10 12,
2017. doi:10.2800/75442.
Fraser Institute., 2012. "How are waste materials managed at mine sites?" miningfacts.org. Accessed 10 12,
2017. http://www.miningfacts.org/Environment/How-are-waste-materials-managed-at-mine-sites/.
Hillig, T., and J. Watson., 2016. "Solar, storage and mining: New opportunities for solar power development."
6.
Accessed
10
12,
2017.
file:///C:/Users/fols/Desktop/20160126_Solar__storage_and_mining_final_1.pdf.
Huisman, L., 2014. "The potential impact of carbon missions tax on the South African mining industry." 115.
Accessed
10
12,
2017.
http://dspace.nwu.ac.za/bitstream/handle/10394/11725/Huisman_L.pdf?sequence=1.
Lillemo, S. C, F. Alfnes, B Halvorsen, and M. Wik., 2013. "Households’ heating investments: The effect of
motives and attitudes on choice of equipment." Biomass and Bioenergy, Feb 27: 4-12.
2017. Mining Sector Embracing Microgrids: Hybrid Systems Reduce Energy Costs & Environmental Impact.
The Beam. Accessed 10 11, 2017. https://cleantechnica.com/2017/09/25/mining-sector-embracingmicrogrids-hybrid-systems-reduce-energy-costs-environmental-impact/.
Mitimingi, T.C., and M. Hill., 2017. Glencore Zambia Unit May Fire 4,700 Workers. 08 23. Accessed 10 11,
2017. https://www.bloomberg.com/news/articles/2017-08-22/glencore-says-zambia-power-disputecould-impact-4-700-workers.
2016. Mobile Solar- and Wind Diesel Hybrid. PFISTERER/THEnergy, 13. Accessed 10 12, 2017.
file:///C:/Users/fols/Desktop/2016OCT_Study_Pfisterer_THEnergy-mobile-microgridsexploration_V5.pdf.
Moran, C.J., C. Lodhia, N. Kunz, and D. Huisingh., 2014. "Sustainability in mining, minerals and energy: new
processes, pathways and human interactions for a cautiously optimistic future." Journal of Cleaner
Production 84: 1-15.
Ram, M., M. Child, A Aghahosseini, D. Bogdanov, and A. Poleva., 2017. Comparing electricity production
costs of renewables to fossil and nuclear power plants in G20 countries. Hamburg: Greenpeace, 66.
Ranangen, H., and A. Lindman., 2017. "path towards sustainability for the Nordic mining industry." Journal of
Cleaner Production 151: 43-52.
Ripasso Energy and THEnergy study., 2016. "A hybrid solution with concentrated solar power (CSP) and fuel
for baseload mining operations." 13. Accessed 10 12, 2017. https://www.thenergy.net/english/platform-renewable-energy-and-mining/reports-and-white-papers/.
Slavin, A., 2017. "New renewable energy for mine project - LAMGOLD Essakane to benefit from largest
hybrid plant in Africa (Case Study)." Energy and Mines, 03 06: 547-559. Accessed 05 15, 2017.
http://energyandmines.com/2017/03/new-renewable-energy-for-mine-project-iamgold-essakane-tobenefit-from-largest-hybrid-plant-in-africa/.
2015. Solar projects, energy efficiency and load shifting for an optimized energy management in the mining
industry.
CRONIMET/THEnergy
study,
16.
Accessed
10
12,
2017.
file:///C:/Users/fols/Desktop/2015SEP_Study_Solar_EnergyEfficiency_LoadShifting.pdf.
Solomons, I., 2017. Carbon tax would have costly implications for mines – Accenture. Mining Weekly. 01 27.
Accessed 10 12, 2017. http://www.miningweekly.com/print-version/accenture-warns-implementationof-carbon-tax-would-have-costly-implications-for-mines-2017-01-27.
Talaria, S., M. Shafie-khaha, G.J. Osório, J. Aghaei, and J. P.S. Catalão., 2017. "Stochastic modelling of
renewable energy sources from operators' point-of view: A survey." Renewable and Sustainable
Energy Reviews.
UNFCCC., 2015. “Adoption of the Paris Agreement, proposal by the President, Draft decision -/CP.21.” United
Nations Framework Convention on Climate Change (UNFCCC), FCCC/CP/2015/L.9/Rev.1, 12 12.
Accessed 08 03, 2017. https://unfccc.int/resource/docs/2015/cop21/eng/l09.pdf.
United Nations Framework Convention on Climate Change., 1997. “Kyoto Protocol to the United Nations
Framework Convention on Climate Change.” 11 12: 21. Accessed 08 04, 2017.
http://www.bmub.bund.de/fileadmin/bmu-import/files/pdfs/allgemein/application/pdf/kpeng1.pdf.

1392

K. Zharan / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

World Congress., 2016. “943 MW of renewables currently powering mines with more on the way, experts say.”
Energy and Mines, 21-22 november: 4. Accessed 08 04, 2017. http://www.redaviasolar.com/wpcontent/uploads/2016/10/EMWC-2016-Ranking-Feature-v4.pdf.
Zharan, K., and J.C. Bongaerts., 2016. "Case studies analysis of renewable energy implementation into the
mining industry." 6th Solar Integration Workshop. Vienna. 481-486.

Appendix A
Tab. A.11: Systematic literature review on implementing RE into the mining industry

No.

Hypothesis

Literature source

Q3

H1

(Moran, et al. 2014), (Mobile Solar- and Wind Diesel Hybrid 2016), (Hillig and
Watson 2016)

Q4

H1

(Mining Sector Embracing Microgrids: Hybrid Systems Reduce Energy Costs &
Environmental Impact 2017), (Bergek and Mignon 2017), (Ripasso Energy and
THEnergy study 2016), (Ram, et al. 2017)

Q5

H1

(Mining Sector Embracing Microgrids: Hybrid Systems Reduce Energy Costs &
Environmental Impact 2017), (ABB n.d.), (Choi and Song 2016), (Mobile Solar- and
Wind Diesel Hybrid 2016), (Ripasso Energy and THEnergy study 2016), (Solar
projects, energy efficiency and load shifting for an optimized energy management in
the mining industry 2015)

Q6

H2

(Mobile Solar- and Wind Diesel Hybrid 2016), (Solar projects, energy efficiency
and load shifting for an optimized energy management in the mining industry 2015)

Q7

H1

(Mitimingi and Hill 2017)

Q8

H1

(Mobile Solar- and Wind Diesel Hybrid 2016), (Hillig and Watson 2016)

Q9

H1

(Ripasso Energy and THEnergy study 2016), (Ram, et al. 2017)

Q10

H3

(Mobile Solar- and Wind Diesel Hybrid 2016)

Q11

H1

Q12

H1

Q13

H3

(Business models for renewable energy applications at mines n.d.)

Q14

H2

(Mobile Solar- and Wind Diesel Hybrid 2016)

Q15

H1

(Mobile Solar- and Wind Diesel Hybrid 2016)

Q16

H1

(Moran, et al. 2014)

Q17

H3

Q18

H1

Q19

H1

Q20

H2

Q21

H3

Q22

H1

Q23

H3

Q24

H1

(Ranangen and Lindman 2017), (Mining Sector Embracing Microgrids: Hybrid
Systems Reduce Energy Costs & Environmental Impact 2017), (Choi and Song
2016), (Ripasso Energy and THEnergy study 2016), (Ram, et al. 2017)

Q25

H1

(Ranangen and Lindman 2017), (Choi and Song 2016), (Ripasso Energy and
THEnergy study 2016)

Q26

H1

(Danvest and THEnergy study 2015)
(Danvest and THEnergy study 2015), (Mobile Solar- and Wind Diesel Hybrid
2016)

(Mining Sector Embracing Microgrids: Hybrid Systems Reduce Energy Costs &
Environmental Impact 2017), (Solomons 2017), (Huisman 2014)
(Mobile Solar- and Wind Diesel Hybrid 2016), (Ripasso Energy and THEnergy
study 2016), (Hillig and Watson 2016), (Danvest and THEnergy study 2015)
(Boyse and Causevic 2014)
(Mining Sector Embracing Microgrids: Hybrid Systems Reduce Energy Costs &
Environmental Impact 2017)
(Earopean Environment Agency 2017)

(Moran, et al. 2014) (Dougherty 2017)
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Q27

H1

(Moran, et al. 2014)

Q28

H1

(Earopean Environment Agency 2017), (Ram, et al. 2017)

Q29

H1

(Fraser Institute 2012)

Q30

H1

(Ranangen and Lindman 2017), (Moran, et al. 2014)
Tab. A.12. Sample of the questionnaire

Code No.

Number

Question

Q1

1

Have you ever heard about implementation of renewable energy (RE) into the
mining industry?

Q2

2

In your opinion, do RE have perspectives and relevance to be considered as an
energy source for the mining industry?

Q3

3
4

How can you evaluate an integration of RE into the mining industry?
The following are incentives to integrate of RE into the mining industry. Please,
grade them using the scale from 1 to 5. You can use one number several times

Q4

4.1

Decreasing costs of RE generation

Q5

4.2

Off-grid location of a mine

Q6

4.3

Reliability and security of RE sources

Q7

4.4

Increasing prices of fossil energy

Q8

4.5

Government support

5

The following are barriers in matter of RE integration into the mining industry

Q9

5.1

Volatility of RE sources

Q10

5.2

High investments in RE technologies

Q11

5.3

Connection of a mine to the grid

Q12

5.4

Costs of RE generation

Q13

5.5

Lack of business models

6

The following are government’s support mechanisms in order to integrate of RE into
the mining industry

Q14

6.1

Tax breaks

Q15

6.2

Subsidies

Q16

6.3

Establishing a policy

Q17

6.4

Feed-in tariff

Q18

6.5

Carbon tax

7

Please, evaluate the following effects from RE integration into the mining industry
using the scale from 1 to 5

Q19

7.1

Reduction in fuel and electricity costs, including transportation costs

Q20

7.2

Reduction risk of power loss from supply disruptions

Q21

7.3

Predictable energy costs

Q22

7.4

Lower risk from volatile and rising diesel prices

Q23

7.5

Development of domestic renewable energy market

Q24

7.6

Decreasing of carbon emissions

Q25

8

How important is for your company (institution) making the industrial processing
more environmental friendly?
Evaluate, please, the following environmental issues for industrial processing using
the scale from 1 to 5

9
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9.1

Low-carbon supply chain

Q27

9.2

Recycling programs
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Q28

9.3

Using of RE

Q29

9.4

Integrated waste management

Q30

9.5

Sustainable development

Q31

10

Have you ever been involved in a project for implementation of RE into the mining
industry?
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Abstract
Large-scale solar power farms are rapidly increasing in size and number across the world. However, the surface
heat balance is altered when a photovoltaic (PV) power plant is deployed. Modifications to the surface albedo
through the deployment of photovoltaic arrays have the potential to change radiative forcing, surface temperatures
and local weather patterns. In this work, the field observation data from a large solar farm and a region without PV
array in Golmud are used to study the impact of large solar farms in desert areas on the local climate. The results
show the mean daily albedo in the solar farm is 0.19, while it is 0.26 in the region without PV. The annual mean
net radiation in the solar farm is evidently higher than that of the region without PV. The annual range of soil
temperatures at depths of 5–180 cm in the solar farm is bigger than that in the region without PV. The soil
temperatures at different depths in winter in the solar farm are clearly lower than those in the region without PV.
The 2-m daytime air temperature in the two sites is essentially the same during winter, while during the other
seasons, the daytime air temperature in the PV farm is higher than that in the region without PV, with the
maximum difference appearing in summer. The nighttime air temperatures at the height of 2 m during the four
seasons in the solar farm are higher than those in the region without PV.
Keywords: meteorological observation, photovoltaic farm, desert areas, local climatic effect

1. Introduction
Renewable energy is considered an important solution for mitigating global warming, energy crisis and
environmental pollution. The predominant renewable energy sources include wind, solar, biomass, hydropower and
geothermal. Photovoltaic solar power systems have drawn tremendous attention from government sectors,
researchers and the industry over the past several decades (Gagnon et al., 2002; Liu et al., 2015).
Large-scale solar power plants are rapidly increasing in size and number in China, as well as in other parts of the
world. Photovoltaic (PV) power plants in desert regions have a promising future in China, considering the intense
radiation received in large areas in China. However, the surface heat balance is altered when a photovoltaic power
plant is operating. Modifications to the surface albedo through the deployment of photovoltaic arrays have the
potential to change radiative forcing, surface temperatures and local weather patterns. Nemet (2009) investigated
the net radiative forcing from the widespread installation of photovoltaics on the earth’s surface. However, Nemet
did not consider local microclimates, nor have his analytical results been verified with any field data. Genchi et al.
(2002) estimated the impact of large-scale installation of PV systems in Tokyo on the urban heat island effect. The
simulation results showed that it would be negligible. Tian et al. (2007) analyzed the effect of the PV module on
the microclimate of the urban canopy layer, with the simulation results showing that the urban canopy air
temperature alters little and the increase in the PV conversion efficiency can reduce the urban canopy air
temperature. Taha (2013) evaluated the potential atmospheric effects of PV deployment in urban areas and the
simulation results showed a 1̢2 ć decrease in peak urban temperatures at six locations across California. Turney
and Fthenakis (2011) identified 32 categories of impacts from the installation and operation of large-scale solar
power plants. They found the impacts were either beneficial or neutral, except the local climate effect, for which
they concluded that research and observations were needed.
The potential effects of the deployment of PV panels on climate have been discussed in previous studies. However,
most of these studies focus on urban areas and use simulation methods. In this work, the impact of solar farms on
the local meteorology in desert areas is assessed with observational data. It is believed that the results from this
research can provide basic data support for the simulation of the local climate effect of a photovoltaic power station.
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Moreover, it may be useful for guiding the development and appropriate utilization of solar energy.

2. Materials and methods
2.1. Study area and field experiment description
The observation data is taken from Golmud (36°21´55´´N; 95°06´48´´E; a.s. 2868 m), Qinghai Province. After
Tibet, the solar radiation in Golmud is the highest in China. Located at the south edge of the Qaidam Basin, the
solar farm covers an area of 2.37 square kilometers, measuring 2296 meters from east to west and 1271 meters
from north to south. The type of landform is Gobi Desert, with a continental plateau climate. The dominant wind
direction in Golmud is the westerly wind.
Photovoltaic arrays are fixed. The azimuth of a PV array is south, with a tilt angle of 36°, a height of 2.5 m, and a
spacing between each PV row in the solar farm of 6 m. The solar conversion efficiency of the solar panels is 15%.
There are two observation points in this test; one is in the photovoltaic power station (site A), located at 36˚20.128'
N, 95˚13.372' E at an altitude of 2927 m. The underlying surface is the Gobi. Detailed measurements taken at a
height of 10 m were wind speed, wind direction, air temperature, humidity and solar radiation, while measurements
taken at a height of 2 m were wind speed, wind direction, air temperature and humidity. The measurement taken at
a height of 1.5 m was solar radiation. Soil temperatures at 5, 10, 20, 40, 80, and 180 cm were recorded in the solar
farm. The other measurement point was outside the photovoltaic power station (site B), to be used as a reference
point indicating ambient conditions. It was to the southwest of site A, located at 36˚19.975' N and 95˚12.985' E, at
an altitude of 2933 m, with the underlying surface being Gobi with sparse vegetation. Detailed measurements taken
at a height of 3 m were wind speed and wind direction, while measurements taken at a height of 2 m were air
temperature and humidity. The measurement taken at a height of 1.5 m was solar radiation. Soil temperatures at 5,
10, 20, 40, 80, and 180 cm were recorded in the region without a PV array. The two observation sites were 645
meters apart. The characteristics of the sensors can be found in Table 1. Figure 1 shows an illustration of the solar
farm and the locations where the field measurements were taken.

(a)
(b)

Fig. 1: The illustrations of the two sites in Golmud: (a) in the solar farm (Site A) and (b) in the region without PV (Site B).

2.2. Data and methods
The present work is based on data acquired at a 10-min step since October 2012. All the data have been passed
through data quality control. All of the observation times are recorded in Beijing time. NR is deduced from the
energy budget equation:
(eq. 1)
NR = ( DSR  USR) + ( DLR  ULR)
(eq. 2)
A USR / DSR
where NR , DSR , USR , DLR and ULR are net radiation, downward and upward shortwave radiation and
downward and upward long wave radiation (W/m2), respectively. A is albedo (Tyagi et al., 2012). The energy
balance equation is:

NR

H  LE  G  Se

(eq. 3)

where H is the sensible heat flux, LE is the latent heat flux,
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solar panel electricity (Fig. 2). Due to the minimal precipitation in the Gobi area, the latent heat exchange is
negligible. The land surface temperature ( ST ) is related to the surface long wave radiation by the StefanBoltzmann law (Wang and Liang, 2009):

Hs  V ST 4  (1  H s )  DLR

ULR
where

(eq. 4)

H s is the broadband emissivity over the entire infrared region and V is the StefanBoltzmann's constant
−8

−2

−4

(5.67×10 W· m · K ). In the PV farm, 80% of the underlying surface is the ground, due to which, the emissivity
H s is approximately 0.95. Therefore, ST can be estimated from Eq. (4). Soil thermal conductivity is calculated by
the Harmonic method (Gao et al., 2009) as shown below.
The heat conduction equation (Horton et al., 1983) is:

wT
wt

k

w 2T
wz 2

(eq. 5)

where T is the soil temperature ( ć ), t is the time (s), z is the depth (m), k is the thermal diffusivity,
k O / C p , O is the thermal conductivity (W·m−1 ·ć−1), and C p is the volumetric heat capacity. The C p and O
are assumed to be independent of depth and time.
For the Eq. (5), it can be solved without initial conditions in semi-infinite space, and its upper boundary condition
is assumed as Fourier series:
n

T (0, t ) = T (0) + ¦ Ai sin(iZt + )i )

(eq. 6)

i =1

The solution to Eq. (5) using superposition is:
n

T ( z, t ) = T ( z ) + ¦ Ai exp(  Bi z ) u sin(iZt + )i  Bi z )

(eq. 7)

i =1

where T is the mean soil surface temperature, A is the amplitude of the diurnal soil surface temperature wave,
) is the phase, n is the number of harmonics, Bi
iZ /( 2k ) is the damping depth of the diurnal temperature
wave. If the soil temperature at a depth of

z1 is the upper boundary, the formula for calculating the temperature of

soil at any depth by the method of harmonic is:
n

T ( z, t ) T ( z )  ¦ Ai exp(  B˄
˄
i z  z1 ) u sin(iZt  Ii  B
i z  z1 ))

(eq. 8)

i 1

In the concrete calculation, the observed data of the two layers of soil temperature can be used to calculate the
optimal estimation of the parameters ( Ai , ) i ) in Eq. (6), as well as the parameter ( B ) in Eq. (8) by using the least
square method, thus obtaining the estimated value of soil thermal diffusivity (Horton et al., 1983). Taking the 5-cm
soil temperature as the upper boundary (Eq. (6)), the least square method is used to fit different harmonic order
numbers, with the second-order harmonic model having a high precision (correlation coefficient r = 0.998).
Considering the simplification and precision of the model, the second-order harmonic model (n=2) is used as the
model of the harmonic method, C p =1.47×106 J·m-3·K-1, in this paper. Therefore, soil thermal conductivity can be
estimated using Eq. (8).

Fig. 2: The conceptual model of the heat balance near the surface in the solar farm
Tab.1: Summary of the instrumentations of sites A and B for the measurement presented in this paper.
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Parameter (unit)

Sensor

Long wave radiation
incoming and
outgoing (W·m-2)

Vaisala
HMP155A
Vaisala
HMP155A
Kipp and Zonen
CNR 4
0.31 < λ < 2.8
μm
Kipp and Zonen
CNR 4
4.5 < λ < 42 μm

Soil temperature
(°C)

Campbell
109SS-L

Wind speed (m·s-1)

Gill
WINDSONIC
Gill
WINDSONIC

Air temperature (°C)
Relative humidity
(%)
Short wave radiation
incoming and
outgoing (W·m-2)

Wind direction (e)

Sampling
rate
(min)

Averaging
interval
(min)

f0.12˚C (20ć)

1

10

f1% (0~90%
RH)

1

10

1.5, 10 m in Site
A; 2 m in Site B

<1% (0~1000
W/m2)

1

10

1.5, 10 m in Site
A; 2 m in Site B

<1% (-250~250
W/m2)

1

10

-5, -10, -20, -40, 80, -180 cm in
Site A and B
2, 10 m in Site A;
3 m in Site B
2, 10 m in Site A;
3 m in Site B

f0.2ć
(0~70ć)ˈf
0.5ć (-50ć)

1

10

f2%

1

10

f3°

1

10

Height above
ground level
2, 10 m in Site A;
2 m in Site B
2, 10 m in Site A;
2 m in Site B

Accuracy

3. Results and discussion
3.1. Comparison of the radiation field in the two sites
The surface radiation budget plays an important role in regional climate (Li et al., 2009). The intensity of incoming
and outgoing radiative fluxes at the surface in the PV farm depends on the angle of inclination of the PV arrays and
their exposure relative to the direction of the incoming solar beam, as well as on the PV system efficiency and the
characteristics of the surrounding terrain (Matzinger et al., 2002; Kämpf et al., 2010; Zhang et al., 2016).
The observational data used in this study are from October 2012 to September 2013. The observations at a height
of 10 m in the solar farm are 7.5 m higher than the perpendicular height of the PV array. The angle of the upward
radiation sensor is 150°, with the field of view of the radiation sensor being the mixed underlying surface area with
a 56-m diameter, due to which the radiation data at a height of 10 m is used to discuss the influence of PV array on
the radiation field. Figure 3 shows the annual averaged diurnal variations of each component of the radiation
budget and surface temperature at the two sites. Figure 4 shows the annual variation in radiation flux at the two
sites, each black dot represents 10-min averaged value and Fig. 5 shows the annual variation in the monthly
averaged albedo at the two sites.
There is no difference in the downward shortwave radiation (DSR) and the downward longwave radiation (DLR)
between the two sites. Therefore, they are not analyzed.
The upward shortwave radiation (USR) reached a peak of approximately 128.8 W·m-2 at 14:00 in the annual
averaged diurnal variations at site A, and 193.7 W·m-2 at 14:00 at site B, as shown in Fig. 3(a). The daily
cumulative value of the USR at site A is 3.54 MJ·m-2, while it is 5.02 MJ·m-2 at site B. The value in the solar farm
is 1.48 MJ·m-2 lower than that in the region without PV, with the difference between the two sites being large. Due
to the snow cover during November and December, the surface albedo is higher, which makes the USR on sunny
days abnormally high (Fig. 4(a) and (a1)). The monthly averaged USR reached a maximum in June and a minimum
in December at site A, while it reached a maximum in April and a minimum in January at site B (Fig. 4(a) and
(a1)). The solar conversion efficiency of the solar panels is related to meteorological factors, mainly ambient
temperature, dust, wind speed and relative humidity. This causes the peaks and valleys of USR to
appear during different months for the two sites. The difference in the values of USR between the two sites is
negative during the year, which is evident in Fig. 4(d). The ratio of the average annual USR at site A to that at site
B is 0.7 (Table 2), indicating that the response of the PV array to the radiation fields is mainly to enhance the
absorption of the downward shortwave radiation, leading to a significant reduction in the upward short wave
radiation, with an influence of up to 30%. The difference in the USR at the two sites reached the maximum in
March–April (spring), with a value of -20.7 W·m-2, while it reached the minimum in December–January of the
following year (winter), with a value of -11.6 W·m-2 (Fig. 4(d)).
The upward longwave radiation (ULR) depends on the surface temperature raised to the power of four (Eq. (4)).
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The ULR has diurnal variation with the surface temperature (Li et al., 2009). The ULR reached a peak of
approximately 443.0 W·m-2 at 15:00 at site A, and 471.5 W·m-2 at 15:00 at site B in Fig. 3(b). The ULR at site A is
clearly lower than that at site B during 11:00–18:00, while it is higher during 00:00–9:00, which is mainly due to
the change in surface temperature, as shown in Fig. 3(e). The daily cumulative value of the ULR at site A is lower
than that at site B, while the cumulative value of the ULR in the daytime at site A is lower than that at site B. The
difference is 0.62 MJ·m-2. The cumulative value of the ULR at night is 0.12 MJ·m-2 higher than that at site B, since
the PV plants have an insulating effect at night and a cooling effect during daytime. The cooling effect is more
noticeable. The monthly average ULR reached a maximum in July and a minimum in January at the two sites, as
shown in Fig. 4(b) and (b1). The difference in the values of the ULR between the two sites is negative over a
period of one year. The difference in the ULR at the two sites reached the maximum in October, with a value of -8
W·m-2. The average annual ULR changed slightly, compared to that at site B. The impact of the PV array on the
ULR is no more than 2% (see table 2).
The net radiation (NR) is a measure of the incoming radiation incident on the earth’s surface, minus the outgoing
energy radiated by the Earth itself. It is related to the four radiation components (Pessacg et al., 2013). The NR
reached a peak of approximately 438.0 W·m-2 at 14:00 at site A, and 366.8 W·m-2 at 14:00 at site B, as shown in
Fig. 3(c). The daily cumulative value of the NR at site A is 8.30 MJ·m-2, and 6.34 MJ·m-2 at site B. The cumulative
value of the NR during the daytime at site A is 1.98 MJ·m-2 higher than that at site B and 0.02 MJ·m-2 little lower at
night. Therefore, the impact of a photovoltaic array on net radiation is mainly during the daytime, which is the
photovoltaic power station's main working time. The monthly averaged NR reached a maximum in June and a
minimum in December in the two sites, as shown in Fig. 4(c) and (c1). The difference in the values of the NR
between the two sites is positive over the entire year, with the difference being evident. The ratio of the average
annual NR at site A to that at site B is 1.32, which indicates that the solar farm has been collecting energy. The
difference of the NR at the two sites reached the maximum in August, with a value of 33.0 W·m-2, while it reached
the minimum in December, with a value of 13.2 W·m-2.
Surface albedo is the most important parameter affecting the surface radiation budget. As seen from Fig. 3(d), the
distribution of the albedos from the two sites are U-shaped, being higher in the morning and evening and lower at
noon. When the solar elevation is low, the surface albedo varies greatly. However, with the increase in the solar
elevation, the surface albedo decreases and tends to be stable. A large number of photovoltaic devices in the solar
farm have a greater capacity to absorb the solar radiation, resulting in lower albedo. The daily average values of
surface albedo in the PV farm and without the PV panel are 0.19 and 0.26, respectively. As shown in Fig. 5, the
albedos change significantly with the seasons, being lower in summer and higher in autumn and winter. Each
seasonal average of the surface albedo at site A is higher than that at site B. The monthly average albedo reached a
maximum in November and a minimum in September in the PV area, while it reached a maximum in November
and a minimum in July in the region without PV. The difference between the two sites was larger in November
2012 and March 2013, when the average value was 0.11, while it was smaller in May–July, when the average value
was 0.05. The annual average values of albedo in the PV farm and the area without the PV panel are 0.19 and 0.27,
respectively.
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Fig. 3: Annual averaged diurnal variations of radiation components: (a) shortwave radiation, (b) longwave radiation, (c) net radiation,
(d) albedo; and (e) surface temperature in the solar farm (Site A) and in the region without PV (Site B) in Golmud.
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Fig. 4: Annual variation of radiation flux in the solar farm (Site A) and in the region without PV (Site B) in Golmud, where (a), (b) and
(c) are the annual variations of USR, ULR and NR in Site A, respectively; (a1), (b1) and (c1) are the annual variations of USR, ULR and
NR in Site B, respectively; (d) is the difference of monthly averaged radiation flux between the two sites.
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Fig. 5: Annual variation in the monthly averaged albedo in the solar farm (Site A) and in the region without PV (Site B) in Golmud

Tab.2 : Annual mean of the radiation components in the solar farm (Site A) and in the region without PV (Site B) in Golmud

DSR (W·m-2)
Site A
Site B
Relative
difference/%

USR (W·m-2)

DLR (W·m-2)

ULR (W·m-2)

NR (W·m-2)

221.83
223.37

40.97
58.15

269.13
267.81

356.17
361.87

93.81
71.16

0.69

29.54

0.49

1.58

31.83

3.2. Comparison of the soil temperatures at the two sites
Soil temperature is one of the most important physical properties in determining the rates and directions of physical

1403

X. Gao / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

processes of the soil, including energy and mass exchange, evaporation and aeration (Gulser and Ekberli, 2004).
However, very few studies have focused on the relationship between the soil temperature and a PV farm. In the
present study, the soil temperature data obtained continuously at different depths and at different times of the day
from the two sites, from October 2012 to September 2013, were analyzed to reveal the effects of PV arrays on soil
temperature in Golmud.
Figure 6 shows the amplitude of the monthly averaged diurnal variation of the soil temperature at the two sites. It
shows that the amplitude of the diurnal variation of the soil temperature at the two sites gradually decrease with an
increase in soil depth. Moreover, the diurnal variation of the soil temperature at a depth of 5 cm is larger, while the
change in the diurnal variation of the soil temperature below the depth of 80 cm does not exceed 0.3ć. The diurnal
variation in temperature of each layer of soil between 5 and 40 cm in winter is significantly lower than that in
spring, summer and autumn. The maximum value of the amplitude of diurnal variation at a depth of 5 cm at the
two sites appeared in August, at 20.8ć at site A, and at 31.7ć at site B. The minimum value at site A appeared in
January, at 4.6ć, while the minimum value at site B appeared in December, at 18.9ć.
The amplitude of the monthly averaged diurnal variation of the soil temperature at site A is significantly lower than
that at site B in the shallow soil layer (5, 10 cm), which is mainly due to the existence of a large number of
photovoltaic arrays in the solar farm, making it difficult for the solar radiation to spread in the soil during the
daytime, with the soil heat not being able to spread outward easily during the night, resulting in a reduction of the
diurnal variation of soil temperature in the solar farm. The thermal insulation effect of the photovoltaic array is
particularly evident in the shallow layer of soil.
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Fig. 6: The amplitude of the monthly averaged diurnal variation of the soil temperature: (a) in the solar farm (Site A) and (b) in the
region without PV (Site B).

Figure 7 shows the annual variations of soil temperature at the two sites. As shown in Fig. 7, the changing trend of
the annual variations at the two sites is accordant, showing waveform changes. The maximum average soil
temperature values at depths of 580 cm at the two sites appear in August, while the minimum value appears in
January. The maximum average soil temperature values at a depth of 180 cm at the two sites appears in September,
while the minimum value appears in February. The average annual soil temperature values at depths of 5180 cm
at site A are 7.5, 7.5, 7.4, 7.6, 7.7, and 7.8ć, respectively, while those at site B are 9.5, 9.4, 9.5, 9.3, 9.4, and 8.9ć,
respectively. In winter (DecemberFebruary), the shadow area of the solar panels reached the maximum, falling
onto the site where the soil temperature probes were buried, thus significantly reducing the soil temperature in the
solar farm. In winter, the average soil temperature values at depths of 5180 cm at site A were -10.8, -9.7, -9.1, 7.8, -5.0, and 0.2ć, respectively, while those at site B were -6.2, -5.4, -4.7, -3.2, -0.7, and 3.7ć, respectively. The
soil temperatures at different depths in winter in the PV farm were evidently lower than those without PV. Hence,
it can be said that the PV farm is a cooling system.
The annual range (annual variation amplitude) of soil temperature at a depth of 5 cm was the largest, with the
annual range of soil temperature decreasing gradually, depending on the depth. The annual ranges of soil
temperatures at depths of 5180 cm at site A were 40.4, 37.8, 35.9, 33.4, 27.7, and 19.3ć, respectively, while
those at site B were 35.3, 33.2, 31.8, 27.4, 22.1, and 13.6ć, respectively. The annual ranges of soil temperatures at
different depths in the solar farm are higher than those in the region without PV.
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Fig. 7: Seasonal variations in soil temperature: (a) in the solar farm (Site A) and (b) in the region without PV (Site B) in Golmud.

In the PV farm, the presence of the photovoltaic array will affect the solar radiation received on the ground surface,
as well as the heat radiating to the atmosphere, thus affecting the soil temperature. A T test was carried out for the
daily mean soil temperature at the same depth at the two sites from October 2012 to September 2013 to analyze the
influence of the PV array on soil temperature over a year. As shown in Table 3, the data are the P (Probability)
values for the T Test (Huang, 1990) at the same depth at the two sites. There are significant differences in the soil
temperature at different depths at the two sites from October to March of the following year at the level of 0.05. In
addition, there are significant differences at a depth of
August.
The difference between site A and site B at the different depths (the average daily soil temperature at site A, minus
the average daily soil temperature at site B) is shown in Fig. 8, hereinafter referred to as the difference. As shown
in Fig. 8, the difference in value at the different depths at the two sites from October to March of the following year
is mostly below 0ć. Therefore, the average daily soil temperature value in the solar farm is smaller. The average
cm from October to March of the following year were -3.7, -3.4, -3.7, 3.7, and -3.5ć, respectively.
There is a notable feature, which can be seen in Fig. 8. The difference is very less between the two sites in summer.
The possible reason is that the instability of atmospheric stratification of the surface layer and the surface
turbulence is strong during summer daytime, resulting in a small temperature difference between the two sites. At
the same time, the photovoltaic panels generate heat when they generate electricity during the day, causing the
photovoltaic cell panels to have a heating effect on the air temperature of the surface layer, which is stronger in the
summer than in the winter. It can also result in a smaller difference of soil temperature between the two sites.
Tab. 3 : The P values for the T Test of the same depth of the two sites

month
Depth
(cm)

2012/
10

11

12

2013/
1

2


3


4


5


6


7


8


9

5

0.018

0.000

0.000

0.000

0.000

0.002

0.393

0.564

0.464

0.901

0.665

0.575

10

0.021

0.000

0.000

0.000

0.000

0.004

0.239

0.825

0.898

0.998

0.433

0.570

20

0.005

0.000

0.000

0.000

0.000

0.002

0.375

0.590

0.418

0.191

0.016

0.593

40

0.005

0.000

0.000

0.000

0.000

0.003

0.707

0.600

0.116

0.070

0.000

0.594

80

0.003

0.000

0.000

0.000

0.000

0.000

0.025

0.568

0.495

0.001

0.000

0.425
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Fig. 8: Annual variations of difference value of different layers of soil temperature between the two sites

Figure 9 shows the annual variations of thermal conductivity at 520 cm depths at the two sites. Thermal
conductivity in the soil may be explained as the quantity of heat flow through an area of soil per unit time and
temperature gradient. The existing research shows that soil thermal conductivity is mainly influenced by soil
texture and moisture content (Peterslidard et al., 1998). The soil texture of the two sites is the same; thus, thermal
conductivity is mainly affected by the soil moisture content.
As shown in Fig. 9, the monthly mean thermal conductivity reached a maximum in May and a minimum in
September at the two sites. Each monthly mean thermal conductivity at the PV farm is higher than that in the
region without PV, with the difference being evident. The main reason could be the higher soil moisture in the
solar farm. The photovoltaic panels increase the roughness, playing an important role in weakening the wind
velocity. At the same time, solar radiation received by the surface in the solar farm is less than that in the region
without PV. These factors decrease the evaporation of soil in the solar farm, thus increasing the soil moisture.
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Fig. 9: Annual variation in the monthly mean thermal conductivity in the solar farm (Site A) and in the region without PV (Site B) in
Golmud

3.3. Comparison of air temperatures at the two sites
The observational data we used are from May 2013 to April 2014. Figure 10 shows the diurnal variations of the 2m air temperature and the differences (site A to site B) during the four seasons. July, October, January and April
were selected to represent the four seasons of the year. The results show that the air temperature at a height of 2 m
at the two sites is essentially the same during winter daytime, but in the other seasons, the daytime air temperature
at the PV farm is higher than that in the region without PV. The maximum difference appears during the summer
daytime, with a value of 0.7ć (the summer daytime averaged value). This is because the solar panels enhance the
local atmospheric turbulence flow and the heat transfer, as well as radiate heat during the day. Moreover, its effect
of heating the air is greater during summer, when the irradiance is higher. As Fthenakis et al. (2013) observed, the
PV module temperatures were consistently higher than those of the surrounding air during the day. The nighttime
air temperature at a height of 2 m during the four seasons at the solar farm was higher than that in the region
without PV arrays, since the solar panels have a heat preservation effect near the ground. The differences in values
between the two sites were 0.1, 0.3, 0.2, and 0.1ć in summer, autumn, winter and spring, respectively.
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Fig. 10: Diurnal variations of 2 m- air temperature in the four seasons: (a) in the solar farm (Site A), (b) in the region without PV (Site B)
and (c) difference between the two sites.

4. Conclusion
Based on the field observation data from the large solar farm and the region without a PV array in Golmud, the
characteristics of surface radiation were analyzed. The results show that the total daily values of upward shortwave
radiation and net radiation at the two sites are significantly different. The mean daily albedo at the solar farm is
0.19, while it is 0.26 in the region without PV. The annual mean of net radiation at the solar farm is evidently
higher than in the region without PV, indicating that the solar farm is collecting energy. However, the PV array
converts a part of the radiation energy to electrical energy for output, which can cause the surface layer temperature
at the solar farm to be lower.
The characteristics of soil temperature were also analyzed. The results show that the daily range of soil temperature
at a depth of 5–10 cm at the solar farm is lower than that in the region without PV farm. Therefore, the solar
photovoltaic arrays demonstrated thermal insulation performance. The annual range of soil temperature at a depth
of 5–180 cm at the solar farm was larger than that in the region without PV. The soil temperature at different
depths during winter at the solar farm was clearly lower than that in the region without PV, indicating that the PV
farm is a cooling system. The daily mean of the soil temperature at a depth of 580 cm from October 2012 to
March 2013 was evidently lower than that in the region without PV array.
The characteristics of diurnal and annual variation features of the 2-m air temperature were analyzed at the two
sites. The results show that the air temperature at a height of 2 m at the two sites is essentially the same during
winter daytime, while during the other seasons, the daytime air temperature at the PV farm is higher than that in the
region without PV. The maximum difference appears during the summer daytime, as the solar panels radiate heat
during the daytime. This effect of heating the air is greater in summer. The nighttime air temperature at a height of
2 m during the four seasons at the solar farm is higher than that in the region without PV arrays, since the solar
panels exhibit heat preservation effect near the ground.
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Abstract
In solar energy research, estimating solar potential over a location of interest is an important step towards the
successful planning of renewable energy projects. However, solar data are not available for every point of
interest due to the absence of meteorological stations and sophisticated solar sensors. Therefore, the solar
radiation has to be estimated with accurate solar radiation models. This paper presents a hybrid technique to
increase the modeling performance of artificial neural networks (ANN), commonly used in solar radiation
applications. A wavelet multiresolution is performed to decompose the meteorological data into different time
and frequency scales before it is presented to the ANN models. As a result, improving the learning process of
the ANN models. The proposed approach is compared to traditional ANN model and validated using wellknown statistical validation metrics including coefficient of determination (R2) and root mean square error
(RMSE), mean bias error (MBE), mean absolute percentage error (MAPE), and t-statistics. In addition, wavelet
cross spectrum (WCS) is used as a visual indicator of the model performance in time, frequency, and phase
domains. The results show that the modeling performance of the ANNs is considerably improved from R2 of
89.21% to 96.34%.
Keywords: Solar radiation model, artificial neural network, wavelet analysis
1.

Introduction

There is an increasing concern over global warming, emission of greenhouse gases and climate change. This
has encouraged the use of renewable energy sources as replacements to coal and oil fired electricity generation
processes. Wind, hydro, solar, and geothermal are main sources of renewable energy. The United Arab
Emirates, strategically located in the solar belt, has abundance of sunshine throughout the year where the yearly
averaged GHI reaches around 6kWh/day (Islam et al. 2009). This gives the UAE an opportunity to harness
solar energy and promote clean and green environment. Therefore, accurate solar resource assessment is an
inseparable part of an efficient energy planning in the region. Solar radiation reaching the earth’s surface are
normally measured using different ground based sensors like pyroheliometers, pyranometers and radiometers.
However, this process is expensive and cannot be implemented for every geographical region of interest. An
alternate way is to model and predict the solar radiations using readily available economical measurements
like T, RH, WS, and SSD. Models are trained and validated on historical data collected from ground based
sensors at one particular geographical location and used to estimate the solar radiations at nearby locations.
This highlights the importance of solar radiation models, their efficiency and accuracy.
Different statistically based (Hassan 2014), (Voyant et al. 2014), (Mohammadi et al. 2015), biologically
inspired (Mohandes 2012), (Behrang et al. 2011), (İzgi et al. 2012) and hybrid (Salcedo-Sanz et al. 2014),
(Babu and Reddy 2014), (Olatomiwa et al. 2015) models are used for solar radiation modeling. Artificial neural
network (ANN) techniques are very common among biologically inspired models. ANN is used to model solar
radiation either by using meteorological parameters (Cornaro et al. 2015), (Yacef et al. 2012) or satellite images
(Lu et al. 2011), (Linares-Rodriguez et al. 2013).
Often, the modeling performance of the ANN is improved through hybrid techniques (Salcedo-Sanz et al.
2014) or different ANNs are used to model different seasons of the year or more specifically, to cater for
temporal nonlinearities in the data. However, none of the considerations is given to spectral non-linearities
present in solar and weather time series.
This paper proposes a relatively very simple technique based on wavelet multiresolution analysis. The novelty
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of this study is to analyze the time series, both in temporal and spectral domains. A wavelet multiresolution
analysis is performed on the signals that decomposes the signals into different frequency and time resolutions,
and different ANNs are trained accordingly. Other than modelling, the process filters out the noise present in
the signal as noise can degrade the modeling performance of the ANN. This is reflected in the model
performance indicators which penalize the model for not correctly modeling the noise components.
The rest of the paper is organized as follows. Section 2 introduces the methodology followed by simulations
and discussions in section 3 and conclusions in section 4.
2.

Wavelet Decomposition Combined with Artificial Neural Networks

2.1. Wavelet Multiresolution Analysis
In this section, complex time signals are decomposed or transformed into relatively simple parts through
wavelet decomposition. Then modeling algorithms are applied on each decomposed part. In the end, all the
parts are combined to construct the original signal. A time domain signal can be transformed into frequency
domain signal by using the fast Fourier transform (FFT). Although, the frequency domain analysis offers
excellent frequency resolution but no time resolution. This problem can be solved by using joint time–
frequency analysis (JTFA) techniques like short-time Fourier transform (STFT) and wavelet transform (WT).
The WT applies a strategy where the decomposition of a complex signal is performed using varying time and
frequency resolutions. WT is a convolution of a signal with a basis function Ȳሺሻ, called mother wavelet, and
its dilated and translated components Ȳௗǡ௦ ሺݐሻ, called daughter wavelets. Let us denote a time signal as ݔሺݐሻ at
ାஶ

כ
time ݐ, the continuous wavelet transform (CWT) of ݔሺݐሻ is ܹ௫ ሺ݀ǡ ݏሻ ൌ ିஶ  ݔሺݐሻ Ȳௗǡ௦
ሺݐሻ݀ݐ, where the operator

* is a complex conjugate, and Ȳௗǡ௦ ሺݐሻ ൌ

ଵ
ξ௦

Ȳቀ

௧ିௗ
௦

ቁ, where ݀ is translation in time, and  ݏis dilation or scale

operator. A discrete wavelet transform (DWT) of a discrete version  ݔሺ݊ሻ of the signal  ݔሺݐሻ is computed through
a series of high-pass (h[n]) and low-pass (g[n]) filters, where an n level decomposition of the signal ݔሺ݊ሻ
is computed. This step decomposes the original signal into its detailed (D1, D2, …, Dn) and approximation (A1,
A2, …, An) wavelet coefficients. A reconstruction step or inverse discrete wavelet transform (IDWT) with highpass (H[n]) and low-pass (G[n]) filters is performed to get the original signal back as shown in Fig.1.

Fig. 1. Decomposition and reconstruction, DWT

The wavelet multiresolution analysis can be combined with ANNs to improve the modeling performance of
traditional ANN. Each input variable ݔሺ݊ሻ and output variable yሺ݊ሻ are decomposed into their detailed and
approximation wavelet coefficients through DWT. The decomposition process is stopped where R2 is
maximized. First level detailed coefficients of each input variable are used as input to an ANN to estimate first
level detailed coefficient of the output. Similarly, second level detailed coefficients of the input variables are
used as input to an ANN to estimate second level detailed coefficient of the output and so on. On the other
hand, only nth level approximation coefficients of each input variables are used to estimate nth level
approximation coefficient of the output variable. At the end, all estimated detailed and approximation
coefficients of the output variable are combined through IDWT to construct an estimation of the original output
signal. Figure 2 shows the process.
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Fig. 2: Wavelet decomposition combined with ANN

2.2. Artificial Neural Network (ANN)
ANN simulates biological nervous systems and tries to mimic information processing capabilities of human
brain. ANNs are successfully used in many real-world problems including non-linear function estimation,
pattern identification, classification, regression, and forecasting. One of the most common ANN architecture
used in research is Multi-layer perception (MLP). Among MLP, the widely used network architecture is feedforward network with one hidden layer as shown in Fig. 3.
th

The input–output equations of the k neuron are as follows (Haykin 1994):

yk

) uk  T k ,

n

uk

¦w

kj x j

.

(eq. 1)

j 1

The input elements of the ANN are x1 , x2 ,...xn as shown in 3, the output of the summation is uk , T k is a
threshold, w1 , w2 ,...wn are the neuron’s synaptic weights and ) (.) is an activation function. The neural
network has the ability to learn from its environment. In the learning process, synaptic weights of the ANN are
updated through enforcement applied to the ANN from the environment. The learning rule has the following
form

wkj n  1

wkj n  'wkj n ,

(eq. 2)
th

where 'wkj n is the adjustment of the weight wkj n at n time-step. The computation of 'wkj n

is

performed through well-known back propagation algorithms including Levenberg-Marquardt optimization,
steepest decent techniques and quasi-Newton methods (Haykin 1994).
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Fig. 3: Feed Forward Artificial Neural Network

2.3. Statistical Evaluation Metrics
The following statistical metrics are used to evaluate the model performance.
ಿ
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where root mean square error is RMSE, mean absolute percentage error is MAPE, mean bias error is MBE,
തതതതത are original, estimated and mean global
 ǡ and ܫܪܩ
and coefficient of determination is R2. The terms ܫܪܩǡ ܫܪܩ
horizontal irradiances. The total number of samples in the test data is ܰ௧ . In addition, t-statistics is performed
where it is objectively determined whether a model’s estimates are statistically significant. The t-statistics is
calculated from RMSE and MBE as
ሺே ିଵሻொ మ


 ݐൌ ටቀோெௌா
మ ିொ మ ቁ.

(eq. 7)

The model’s performance is better for smaller values of the t-statistics. In order to determine the statistical
significance of the model’s estimate, a critical t value from standard statistical tables has to be obtained for
 െ ࢻ confidence level and ࡺ࢚ െ  degrees of freedom (DoF).
3.

Simulations and Discussions

3.1. Data Collection and Quality Control
Daily averaged data for ten years (2004 – 2013: 3650 samples), collected from Abu Dhabi international airport,
UAE at Latitude of 24.22o N and Longitude of 54.65o E are used in this study. The data includes temperature
(T : oC), relative humidity (RH : %), wind speed (WS : knots), sunshine duration (SSD : hours), and global
horizontal irradiance (GHI : Wh/m2). The data are checked for missing values by visual inspection. In addition,
a multivariate statistical outlier detection using squared Mahalanobis distance is performed. A total of 109
(3%) samples are discarded as being outliers. This leaves a valid data of 3541 samples. Fig. 3 shows the time
history of the cleaned data. The data are further normalized in the range of [-1 1], to be used for ANN training.
3.2. ANN Implementation
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An MLP is initialized with four input neurons, ten hidden neurons, and one output neuron. The synaptic
weights of the MLP are initialized randomly, and Levenberg–Marquardt algorithm is used for training. The
stopping criteria are either maximum generations of 300 or MSE value of  ͲǤͲʹ. The number of hidden layer
neurons is an important parameter in the modeling process, and in this particular work, an MLP with ten
neurons in the hidden layer is found reasonable. This number is found by a simulation experiment where an
MLP is initialized with varying number of hidden layer neurons from 1 to 30, and for each MLP, the process
of training, validation, and testing is repeated 30 times and the values of RMSE are recorded.

Fig. 4: Time history of the collected data

The MLP with low RMSE is selected for further modeling. The data are divided into training, validation and
testing data sets of 2480 (70%), 530 (15%) and 530 (15%) data points, respectively. Fig. 5 shows the results
with Fig.5 (a) plotting the time histories of measured and estimated GHIs without wavelet decomposition,
using only standalone-MLP. Fig. 5 (d) shows time histories of measured and estimated GHIs with wavelet
decomposition, the wavelet approach. Fig. 5 (b) and Fig. 5 (e) plots the results of regression analysis for both
the standalone and wavelet approaches, respectively. Fig. 5(c) and Fig. 5 (f) plots the wavelet cross spectrum
(WCS) analysis for both approaches. Further analysis of Fig. 5 reveals that wavelet-MLP approach improves
the modeling performance of the MLP with R2 of 96.34% and RMSE of 235.25 Wh m-2 day-1 (3.88%) as
compared to the standalone-MLP approach with R2 of 89.21% and RMSE of 415.54 Wh m-2 day-1 (6.83%). A
WCS plot in Fig. 5 (c) reveals that in the case of standalone-MLP approach, a frequency component of 0.07×106
Hz (6-month on the frequency axis or y-axis) is not correctly modeled. A relative phase difference of 45o to
95o (direction of small black arrows inside the WCS plot) between measured and estimated GHIs is observed
from the time stamp of 3200 to 3325 days on the time axis (see the red colored arrows indicated on the time
axis or x-axis). On the other hand, this is not the problem with the wavelet-MLP approach and the relative
phase difference is corrected as shown in Fig. 5 (f). The direction of small black arrows in the WCS plot is
towards right most of the time. This concludes that standalone-MLP approach could not model the frequency
contents of the GHI signal related to 6-month. However, when the signal is decomposed, with wavelet
decomposition, into relatively simple parts, the problem vanishes. The value of R2 is improved by 6.85%. In
addition, looking closely at the time histories in Fig.5 (a), we clearly see the poor modeling performance of
the standalone-MLP around time stamps of 3200 to 3325 days at time axis. This corresponds to the months of
February, March, and April in the test year of 2013. The regression plot in Fig. 5 (b) reveals that the standaloneMLP model slightly overpredicts the values of GHI in the lower region on 3000 to 5000 Wh m-2 day-1.
However, this problem is improved in wavelet-MLP regression plot of Fig. 5 (e) because of the removal of
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unwanted noise components. Overall, the modeling performance of the wavelet-MLP outperforms the
standalone-MLP approach. The optimum wavelet decomposition level where R 2 is maximized is 6.

Fig. 5: ANN results (a) measured and simulated GHI, standalone-MLP (b) regression analysis, standalone-MLP (c)
Wavelet cross spectrum, standalone-MLP, where relative phase arrows point right for in-phase and left for anti-phase
coherence (d) measured and simulated GHI, wavelet-MLP (e) regression analysis, wavelet-MLP (f) Wavelet cross
spectrum, wavelet-MLP, where relative phase arrows point right for in-phase and left for anti-phase coherence.

Table1. Model Comparisons

Model

MLP

Standalone approach
RMSE

MAPE

MBE

[95% CI]

(%)

(%)

(%)

89.21

6.82

5.15

-0.53

[0.87- 0.911]

4.

Wavelet approach

R2 (%)

t- stat
1.79

R2 (%)

RMSE

MAPE

MBE

[95% CI]

(%)

(%)

(%)

96.34

3.89

2.98

0.11

t-stat
0.59

[0.959- 0.97]

Conclusion

This study models global horizontal irradiation (GHI) over Abu Dhabi, the United Arab Emirates using a
widely used soft-computing algorithm in this domain, the artificial neural network (ANN). The suggested
model use four sets of inputs: temperature (T), relative humidity (RH), wind speed (WS), and sunshine duration
(SSD). The traditional ANN modeling approaches lack the ability to capture temporal and spectral dynamics
present in the signals. In this paper, the complex input signals are decomposed into relatively simple time series
with varying time and frequency resolutions using wavelet decomposition. ANN modeling is applied to these
simple time series, and the modeled time series are combined to form an estimate of the final complex signal.
The results show that the proposed strategy significantly improves the performance of traditional ANN. The
maximum improvement is observed where the R2 is improved by 6.83%. In addition, this paper presents a
critical analysis of the results in time, frequency and phase domains. It is evident from the analysis that models
work better when signals are de-noised, and frequency and phase coherence are achieved between measured
and estimated solar radiations for critical and representative frequencies.
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This study demonstrates the merits of wavelet-ANN models for solar radiations. However, further testing is
required before the suggested techniques are applied to real-life applications. Tests are required for highresolution data with quantification of potential uncertainties. There need to be rigorous tests at other
geographical locations to assess the wider potential and versatility of the proposed wavelet-ANN models for
solar energy applications.
5.
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Abstract
Artificial Neural Networks (ANN) are the basis of a new intelligent control concept for residential heating
systems developed at Fraunhofer ISE. This artificial intelligence based concept is able to predict data like local
outside temperature, solar thermal yield, thermal behavior of a building and capacity level of a thermal storage
based on measured data without using any physical model based simulation tool. This allows to improve energy
efficiency and simplicity of control devices at the same time by considering the above mentioned predicted data.
The current paper shows results of prediction by ANN for local outside temperature and solar yields of a solar
thermal installation. The focus of the prediction method is not highest accuracy but simplicity of application,
enabling low cost model predictive control. Accuracy of the local outside temperature prediction is doubled
compared to a pure weather forecast data for the tested location. Solar yield prediction is also quite in line with
real measurement data at the location investigated. The achieved prediction quality is reasonable and promising
for improved heating system control.
Keywords: Artificial Neural Networks, Artificial Intelligence, Solar Thermal, Control, Prediction of
Temperature, Prediction of Solar Yield, Heating System

1. Introduction
Similar to biological Neural Networks (brains), Artificial Neural Networks (ANN) are able to automatically
develop strategies of operation based on experience in the past. The structure of ANN is motivated by the
knowledge of research in Neural Science. For an introduction to Neural Networks see for example Gurney,
1997. It is obvious that such structures could be very beneficial for technical control tasks. For solar thermal
heating applications ANNs seem to be useful for learning the individual thermal dynamics of a building
including fossil fuel heating, the effects of passive solar heating (i.e. heating by sunlight hitting the building
surface and passing window surfaces), shading and heat losses to the ambient, thus enabling the prediction of
future temperature development in the building. Other applications are the prediction of storage temperature
distribution and solar thermal yields of the installation. All these predictions do not need any physical model
based simulation. The ANN is able to perform these predictions based on training from past measurement data,
only. It is able to handle non-linear static and dynamic systems.
Thus, ANNs provide the back bone of a new self-learning control concept for solar thermal systems based on
simple and cheap prediction methods. Local climate data, individual thermal behavior of buildings, solar passive
and active gains can easily be forecasted without costly and tedious simulation. This allows not only a
significant improvement of energy efficiency but also cost reduction installation and set-up of controllers.
This paper presents the description of the ANN method for the prediction of local outside temperatures and solar
yields on a real building equipped with a solar thermal supported heating system. First prediction results are
shown and discussed.
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Fig. 1: 4-layer ANN Network with one input layer, 2 hidden layers and one output layer

2. Prediction using ANN Structures
ANN structures for the prediction of local outside temperatures and solar yields of a solar thermal installation
have been developed at the authors’ institution. The ANN models consist of a 4-layer ANN structure (figure 1)
including one input layer, two hidden layers and one output. Input data x1-xm is normalized to +/- 1 before being
transferred to the first hidden layer N11-N1n. The calculation procedure in each neuron N is presented in figure 2.
Each normalized input value is multiplied by a weight Wi and summed up. An offset is added and the sum is
passed through a transfer function. In our case this is hyperbolic tangent (tanh). The calculation scheme for the
second layer is identical. In the last layer, which is the output layer, the output of the second hidden layer N21N2p is summed up and extended in order to get the output value y1(ݔԦ). Figure 1 shows the ANN.
A program code was developed to do training of the ANN. This means to determine the most suitable values of
Wi for each neuron in order to get the best fit between measured input and output training data of the ANN.
Main challenges of the training process are overfitting, convergence, termination method, being trapped in local
minima, required processing power to perform an epoch of training and required RAM to perform an epoch of
training.

Fig. 2: Mathematical description of a neuron Nij
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Based the local conditions of weather data and a real individual building construction a trial and error approach
was used to choose the most suitable topology. The most important criteria were accuracy of prediction,
robustness of the training result and computation time. Overfitting can be avoided by minimizing the size of the
ANN. A maximum of 2 hidden layers with not more than 15 neurons each proved to be appropriate for the
application presented in this paper. The trials carried out showed that at least for the data that was available a
simple termination rule could be defined by stopping the training after a fixed number of training epochs. The
developed algorithm follows a supervised training approach and incorporates several training features including
weight correction, momentum modification and temperature as described by Haykin 2005 in order to avoid
being trapped in local minima. Required processing power and RAM does not seem to be a problem for the
presented static ANNs. However, this has to be reevaluated for dynamic ANNs that will be used in further steps
of the current work.
Training was based on measured training data from a real solar thermal heating installation, which was available
for a complete year (2016) for the location of Marburg, Germany.

2.1. Prediction of Local Outside Temperature
Control of the heating system of a building is normally based on the measurement of the local temperature
outside the building. Local outside temperature of a real building that is measured by a sensor mounted directly
on the wall of the building differs obviously from reference temperature data of meteorological stations. When
compared to local meteorological prediction, differences are expected to be even more important. On the one
hand, this is due to inaccuracy in forecasting for a special location. In general, weather forecast does not account
for very individual small scale local impacts on temperature. On the other hand, the local conditions of the
mounting situation of the temperature sensor are not considered. This includes effects of wind, temporary
exposure to irradiation, infrared cooling to the sky, heating by the wall of the building and error of local
temperature measurement.
Thus, when trying to improve efficiency of a heating control system by considering future outside temperature
development, it seems reasonable to use a more precise method of forecasting the local temperature. Instead of
relying on weather forecast temperature only, ANN is able to deliver more precise information on future local
temperature development. The big advantage of ANN is its self-learning capability. Just by automatically
analyzing local measurement data such a system is able to predict local temperature development without any
physical simulation model behind. The complex non-linear characteristics of the local climate is taken into
account with this simple approach.
Such an ANN correlates real measured temperature and data from a weather forecast. Apart from the
temperature data itself more variables like solar irradiation, wind speed and direction, hour of the day and day of
the year are taken into account. This additional data deliver implicitly important information on the position of
the sun, local shading, and heating by irradiation. The ANN is trained by combining historical locally measured
temperature data and collected historical weather forecast data provided by meteoblue 2017.
Figure 3 shows the capability of an ANN to perform such a prediction. An ANN has been trained to predict the
local outside temperature with a forecast horizon of one hour, based on historical data from a regional weather
forecast provided by meteoblue and measurement data. The static ANN consisted of 4 inputs (temperature
forecast one hour ahead (1), time (2), date (3) and current local temperature (4)), 2 hidden layers of 10 neurons
each and one output (local temperature one hour ahead). Wind and irradiation data did not further improve the
forecast. This is due to the fact that the sensor in this case never sees solar irradiation and is well protect from
wind effects.
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Fig. 3: Prediction of local outside temperature of a building

The results show an improvement in standard deviation from 1.9 K to 1.1 K when comparing pure weather
forecast temperature data and ANN prediction with the real locally measured outside temperature. The mean
deviation is corrected from 0.9 K to 0 K. At first glance this seems possibly disappointing. However, it has to be
stressed that this improvement could be automatically generated in a real application without dealing with any
tedious parameterization. Compared to many other prediction methods, it is somehow “for free”.

2.2. Prediction of Solar Yield of a Solar Thermal Installation
A second ANN has been used to do a one-hour prediction of the solar yield. The product of temperature
difference between collector inlet and outlet and the rotation speed of the pump was taken as an indicator of
solar yield. The reason for using such an indicator instead of real yield data is the availability of data. In a future
commercial application, data of real solar yield is not always available. Therefore, a control system has to work
with such an indicator.
Training of the network has been performed with historical weather forecast data and measured data from one
year. The appropriate ANN consists of two hidden layers with 12 neurons each. The input data given to the
network were date (1), time (2), storage tank temperatures at top (3) and bottom (4) and predicted data from a
weather forecast for radiation (5), ambient temperature (6) and cloud cover (7) as well as the measured solar
heat input during the previous hour (8). The data was split into a training set and a validation set. Figure 4 shows
quite reasonable agreement between prediction and measurement.
The accuracy of the predicted total daily solar yield is shown in figure 5. 80% of the daily solar yield data is
predicted with an accuracy better than 15.2 % when compared to the average daily solar yield.
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Fig. 4: Prediction of hourly mean solar yield indicator and comparison with measured data

Fig. 5: Accuracy of prediction of solar yield indicator

3. Discussion of the Results
The results shown in this paper have been created by training ANNs for one single local site for one individual
building in an urban environment in the city of Marburg, Germany based on real measured data and historical
weather forecast data. The accuracy communicated is only valid for these individual conditions. Accuracy under
different conditions is expected to be of similar magnitudes but have to be checked. In the case of the black box
model ANN, this can only be done by statistical methods. A limited comparison of the ANN method presented
with other statistical approaches for different sites and different types of training data showed comparable
accuracy, though.
Answering the question of “How accurate is the ANN approach?” in a general sense is not possible. The ANN
training approach can be regarded as a sort of sophisticated non-linear regression of input and output data. It is
the same as asking how precise is a least-square method for linear correlation of data. This depends on the data,
not on the method itself.
Unlike in simulations based on physical models, each site and building needs a new creation of an ANN model
by training with individual data. The advantage of ANN is, that this model building procedure can be realized in
an automatic way, whereas physical models often need tedious parameter identification for adjusting the model
to individual conditions.
An important feature of ANN is that inaccurate input data is less of a problem than for other approaches, since
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systematic inaccuracy is automatically compensated by the self-learning feature. The same holds for missing
data or physically incomplete data with regard to the physical model. Simple weather forecast data, which is
easily available for almost every place on earth, is sufficient to make the ANN approach work. For example
calculating the solar yield of a solar thermal installation by a physical model needs a precise array of irradiation
at any time. Such irradiation data is not easily available from simple weather forecast data. However, the ANN
approach is able to process successfully such simple data. By feeding not only the ANN with the irradiation data
from the weather forecast but also other inputs like time of the day, month, forecast of cloudiness, current
outside temperature, temperatures of the thermal storage and others if necessary (i.e. barometric pressure, wind
speed and direction, humidity etc.) the ANN is able to correlate these values with the individual output of the
installation. This correlation inherently includes technical characteristics of the heating installation, thermophysical properties of the building, passive heating, shading effects and others. As long as there is a systematic
correlation of input data and the desired output (solar yield in this case), the system is able to generate a black
box model describing this dependence. Accuracy depends on careful selection of input data, accuracy of input
data, ANN topology and training method, of course.

4. Conclusion and Outlook
A new control approach using Artificial Neural Networks provide a powerful concept that could significantly
improve energy efficiency and reduce cost at the same time. It is not expected, that ANN is more precise than
other modelling approaches. Its strength is its simplicity in application by relying on local measured and simple
weather forecast data, only. Parametrization as needed in physical models is not necessary. The ANN model
describing individual characteristics of the building and the heating installation under local weather conditions
can be created automatically. First results of using an ANN approach for predicting local outside temperatures
and solar yields of a real installation show, that it is possible to use such an approach in order to avoid costly
simulation methods. Future improvement is expected after more work on optimum ANN structures and training
methods. Current work on ANNs with back propagation shows that dynamic ANN structures are even more
appropriate for predicting future status several hours in advance. However, computational requirements and
calculation speed have to be carefully monitored.
Further steps will include the prediction of inside room temperatures of a building and the development of the
level of charge capacity in the thermal storage using the ANN approach and the implementation of complete
control algorithm for a solar thermal heating installation. First results on the prediction of the stratification in
thermal storage are also very promising (Kramer et al. 2017).
Further validation in order to provide information of the general applicability and limitations on different sites
and in different buildings is needed.
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Abstract
This study aims to determine the effectiveness of two methods of correction of diffuse irradiance measured with
shadowbands: LeBaron-Perez method and Dal Pai-Escobedo method. For the LeBaron-Perez method, we use the
original coefficients and adjusted coefficients for the atmospheric conditions of Botucatu. Global, direct and diffuse
solar irradiances were supplied by the Laboratory of Solar Radiometry of Botucatu. The period assigned for the study
comprised the years 1996 to 2005. The results showed that the LeBaron-Perez correction model with the original
coefficients are not suitable for correction of diffuse irradiance in Botucatu. Otherwise, the LeBaron-Perez model
with adjusted coefficients and Dal Pai-Escobedo model are indicated for the correction of diffuse irradiance in
Botucatu measured by shading ring with accuracy of 0.5%.
Keywords: Shading ring, diffuse irradiance, Correction Factors, anisotropy, Measurement Methods.

1. Introduction
Information of the solar potential are required in various industries and areas of society, with applications in
climatology, architecture, agriculture, passive lighting, satellite studies, among others. In general, the information
serves to supply solar energy conversion models, thermal comfort and energy balance.
Several weather stations, for practical reasons, measure, routinely, only the global radiation. Measures of direct and
diffuse radiation are less frequent due to the high financial costs. However, it is possible to establish a database of
global, diffuse and direct radiation with low financial investment. In this case, the global component is monitored by
a pyranometer positioned in the horizontal plane of the locality, the diffuse component is monitored by a pyranometer
placed under the shade of a shading ring and the direct component is obtained by the difference between the global
and diffuse components.
This method of measuring diffuse radiation is known as shading ring method. Different assemblies are described in
the literature and best known is the Drummond´s assembly (1956) (Fig. 1). In Drummond assembly, the pyranometer
remains fixed and the shading ring moves parallel to the polar axis to compensate the variations in the solar
declination. The Drummond assembly is currently the most widely used. An alternative assembly with low cost, easy
operation and maintenance, was proposed by Melo and Escobedo (1994) - MEO assembly (Fig. 1). In this system,
the shading ring is fixed with an inclined angle equal to the local latitude, and to compensate the solar declination,
the pyranometer moves parallel to the local horizon plane on a moving base to stay under the shadow produced by
the ring.
Despite having operational and financial advantage, shading ring method has the disadvantage of correction factors
(CF) to offset the portion (LF) of diffuse irradiance barred by shading ring (Drummond, 1956; Kasten et al, 1983;
Stanhill, 1985). 5% errors in the measurement of diffuse radiation can propagate up to 20% uncertainty in the estimate
of direct radiation to high zenith angles (Lebaron et al, 1990). Correction factors are based on isotropic radiation,
and consider only the use of geometric factors (radius and ring width) and geographic (latitude and solar declination).
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Figure 1 - Shading ring assembly: Drummond and MEO.

Several researchers have shown that the application of isotropic correction does not include atmospheric effects
(turbidity, cloudiness, pollution, water vapor) that are responsible for anisotropy in the diffuse radiation. Kasten et
al. (1983) and Pollard and Langevine (1988) introduced corrections based on anisotropic parameters such as K T
clearness index (ratio between the global irradiance I G by the extraterrestrial irradiance IO), zenith angle and
atmospheric turbidity associated with isotropic correction to improve the accuracy of the measurement of diffuse
irradiance by Drummond shading ring. Stanhill (1985) found that the anisotropic corrections showed spatial and
temporal dependence, caused mainly by the different sizes and concentration levels of aerosols in the atmosphere.
LeBaron et al (1990) proposed anisotropic correction models by combining three anisotropic parameters (zenith
angle and brightness index) and an isotropic parameter (geometric and geographic), highlighting the K T clearness
index as the most significant parameter in the representation of anisotropic conditions. In this way, Iqbal (1983)
recommends different anisotropic corrections to the ring as a function of K T clearness index (3% to 0 < KT <0.30;
5% to 0.30 < KT <0.65 and 7% to 0.65 < KT <1). Battles et al (1995) used the same parameters of LeBaron and
developed two numerical correction methods through multiple linear regression: the first method uses all the
parameters in a single equation, whereas the second uses geometric parameters, brightness and solar zenith angle
grouped by four intervals of the KT clearness index, a total of four numeric correction equations.
In this sense, the objective is to compare the efficiency of Lebaron-Perez and Dal Pai-Escobedo methods for
correction of diffuse solar irradiance measured by the MEO shading ring assembly.

2. Materials and Methods
The study is based on global, direct and diffuse irradiance measurements provided by the Laboratory of Solar
Radiometry, located at the Department of Bioprocess and Biotechnology, School of Agricultural Sciences / UNESP
/ SP (latitude 22º 54 'S, longitude 48º 27' W and altitude 716 m). There were used 10-years data (1996-2005), 75%
intended for modeling and 25% for validation purposes. A computational routine was developed to separate the data,
being three lines for modeling and 1 line for validation..
The city of Botucatu (Fig. 2) lies in a region of planting sugarcane and eucalyptus. It has about 130,000 inhabitants
and is surrounded by an asymmetric embossing called Cuesta de Botucatu and the watersheds of the Tietê and
Paranapanema. It has few industries and its economy is based on service delivery.
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Figure 2 - Map of Brazil with state divisions showing the location of the study (Botucatu in the state of São Paulo)

According to the Köppen climate classification, the local climate is Cwa (humid subtropical climate), with hot, humid
and rainy summers and dry winters and mild temperatures. The temperature and relative humidity values follow the
astronomical variations, with maximum values of temperature and relative humidity in February (23.12 ° C and
78.25% respectively) and minimum temperature values in July (17.10 ° C) and relative humidity in August (63.97%).
The rainy season occurs in the summer and spring, accompanied by high cloudiness. About 80% of the annual rainfall
occurs during this period, with a maximum in January (246.2 mm). In the winter and fall seasons, the average rainfall
is less than 100 mm per month, and minimum in August (36.1 mm). Regarding aerosols, industrial activity and motor
vehicles are the largest emitters of aerosols in the atmosphere. However, as the Botucatu is full of sugarcane crops,
the practice of harvest burning can emit large amounts of particulate matter in the atmosphere, especially in winter,
where the removal by rain is minimal (Codato et al, 2008).
The global solar irradiance IG was measured by an Eppley PSP pyranometer; the direct solar irradiance by an Eppley
NIP pyrheliometer equipped with a ST-3 solar tracking device; and diffuse solar irradiance by an Eppley PSP
pyranometer under the MEO shading ring (radius of 0.40 m width 0.10 m). Tab. 1 shows the operating characteristics
of the measurement devices.

Table 1 - Operational characteristics of the global, direct and diffuse solar irradiance measurements.
Irradiance

Global

Direct

Diffuse

Eppley Precision Spectral
Pyranometer

Eppley Normal Incidence
Pyrheliometer

Eppley Precision Spectral
Pyranometer

Sensibility

±7,45 μV/Wm²

7,59 μV/Wm²

±7,47 μV/Wm²

Spectral Range

295 – 2800 nm

295 – 2800 nm

295 – 2800 nm

Response time

1s

1s

1s

±0,5% (from 0 to 2800
W/m²)

±0,5% (from 0 to 1400
W/m²)

±0,5% (from 0 to 2800
W/m²)

Sensor-brand

Linearity

±1% (0º<Z<70º)

±1% (0º<Z<70º)
–

Cosine effect
±3% (70º≤Z<80º)
Temperature
Dependence

±1% (from -20ºC to
+40ºC)

±3% (70º≤Z<80º)
±1% (from -20ºC to +40ºC)

±1% (from -20ºC to
+40ºC)
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Figure 3 – Global, diffuse and direct solar irradiance measurements.

The values of solar irradiance were monitored by an automatic data acquisition system model Datalogger 23X
Campbell Scientific Inc with a 0.2 Hz frequency. Mean values were calculated every 5 minutes and stored in W/m2
format.
The diffuse irradiance data measured by the MEO shading ring (IdANEL) were corrected using the geometric
correction factors proposed by Oliveira et al (2002). True diffuse irradiance, called reference diffuse irradiance
(IdREF) was calculated as the difference between the global and direct irradiance. Of the 525 592 available data on
ten years of monitoring, 47725 (representing 9.09% of total) were removed due to the application of filters shown in
Tab. 2 (Kudish and Evseev, 2008). The cutoff values are due to misalignment, lack of electricity and internal
reflections occurred in the shading ring caused by low solar altitude.

Table 2 - Quality control filters and results (Kudish and Evseev, 2008).
Solar Irradiance

Filter

Global

IG < IO

Direct

Ib ≤ Io

Diffuse

0,1 IG ≤ IdANEL < IG

Diffuse Reference

0 ≤ IdREF ≤ Io

For LeBaron-Perez correction method (Lebaron et al, 1990), we calculated the zenith angle (Z), the clarity index
Epsilon (H) and the brightness index (').

ܼ ൌ  ିଵ ሾ ߶  ߜ   ߶  ߜ  ߱ሿ
ߝൌ

(1)
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ܫ
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where I is the local latitude, G the solar declination, Z the hour angle, IG the global irradiance Id the diffuse irradiance
uncorrected measured by the shading ring, m the optic mass and Io the extraterrestrial irradiance mass. The Dal PaiEscobedo correction method (Dal Pai et al, 2011) uses the atmospheric transmissivity parameter K T.
 ்ܭൌ
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The original method of LeBaron-Perez used the geometric correction factors for Drummond assembly. As in
Botucatu the diffuse irradiance measurement method uses the MEO assembly, the geometric correction factors were
adjusted for such assembly. Equations (5) and (6) show the loss of fractions of assemblies Drummond (Drummond,
1956) and MEO (Oliveira et al, 2002), respectively, and the equation (7) the calculation of the geometric correction
factors.

௪
ʹܾ
൰ Ǥ ܿ ݏଷ ߜ න  ܼ ݀߱
ߨܴ


ܨ௦௧ି ൌ ൬

(5)

ଶ

ܨ௦௧ିொை ൌ ൬

௪
ʹܾ
ሺ߶  ߜሻ
൰ Ǥ  ߜǤ ቈ
 න  ܼ ݀߱
ߨܴ
 ߶


 ீܨൌ

ͳ
ͳ െ ܨ௦௧

(6)

(7)

where b is the width of the ring and R the radius of the ring. The evaluation of the correction model is based on MBE
and RMSE statistical indicative (Stone, 1993) given by Eq. (8) and Eq. (9), respectively.

MBE

RMSE

§ N
¨ ¦ yi  xi
© i

§ N
¨ ¦ yi  xi
¨ i
©

·
N¸
¹
2

·
N¸
¸
¹

(8)
1

2

(9)

where yi represents the ring diffuse irradiance, xi the reference diffuse irradiance and N is the number of observations.
The MBE is the simple deviation and a positive value indicates an overestimate, while a negative value indicates an
underestimate. The RMSE is the standard deviation and is related to the dispersal of values from the average.

3. Results and Discussions
In this section are compared two methods of correction of diffuse solar irradiance measured by the shading ring. The
first method used is based on LeBaron-Perez correction method (Lebaron et al, 1990), using four parameters for a
sky conditions description (geometrical factor, zenith angle, clarity index and brightness index). The second
methodology is based on the correction method of DalPai-Escobedo (Dal Pai et al, 2011), and used two parameters
for description of sky conditions (geometric factor and atmospheric transmissivity).
The LeBaron-Perez correction model considers both isotropy and anisotropy conditions of the radiation. A geometric
factor was proposed for isotropy conditions based on construction features of the ring, while zenith angle, clarity
index and brightness index was assigned for anisotropy conditions. In this case, while zenith angle is responsible for
the position of the sun in the celestial hemisphere and the optical path taken by the sun's rays, clarity index and
brightness index are linked to measurements performed on surface and reflect the interaction of radiation with the
atmosphere. Tab. (3) shows the parameter values used in the LeBaron Perez-correction model divided into four sets,
which result in 256 sky categories. Two situations were present for geometric factors: one containing the values of
the original model for Drummond assembly and one adjusted for MEO assembly at Botucatu.
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Table 3 - Limit values used for the four parameters chosen to describe the corrections applied to the diffuse
irradiance measured by the shading ring. The combination of these parameters allow 256 sky coverage categories.
Groups
Parameters
i

Zenith angle

j

Geometric factor

1

2

3

4

0 to 35

35 to 50

50 to 60

60 to 90

(Original)

1 to 1.068

1.068 to 1.100

1.100 to 1.132

1,132 to ---

(Adjusted)

1 to 1.123

1.123 to 1.165

1.165 to 1.208

1,208 to ---

k

Epsilon

0 to 1,253

1.253 to 2.134

2.134 to 5.980

5.980 to ---

l

Delta

0 to 0,12

0.12 to 0.20

0.20 to 0.30

0.30 to ---

Once you have determined 256 categories of sky condition, corrections were calculated by the ratio of reference
diffuse irradiance to not corrected diffuse irradiance. The advantage of Lebaron Perez-model is that these 256 classes
represent a "scan" of more complex analytical formulas and, since these values are tabulated, the computational time
in processing is more efficient. Tab. 4 and Tab. 5 show the correction factors obtained for Lebaron Perez-correction
method. In Tab. 4 are shown the original coefficients developed using Drummond assembly. In Tab. 5 are shown the
adjusted coefficients for Botucatu for MEO assembly.

Table 4 - Correction factors for each parameter category. (LeBaron-Perez model with original coefficients)
Categories (i j k l)
(i = zenith; j = geometric factor; k = epsilon; l = delta)
categ
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fc

categ

fc

categ

Fc

categ

fc

categ

fc

categ

fc

categ

Fc

categ

fc

1111 1.051

1311 1.117

2111 1.051

2311 1.115

3111 1.069

3311 1.119

4111 1.047

4311 1.074

1112 1.051

1312 1.117

2112 1.051

2312 1.130

3112 1.073

3312 1.115

4112 1.058

4312 1.117

1113 1.051

1313 1.117

2113 1.051

2313 1.128

3113 1.076

3313 1.131

4113 1.060

4313 1.103

1114 1.051

1314 1.117

2114 1.051

2314 1.143

3114 1.085

3314 1.117

4114 1.069

4314 1.117

1121 1.051

1321 1.117

2121 1.051

2321 1.117

3121 1.161

3321 1.147

4121 1.076

4321 1.104

1122 1.051

1322 1.117

2122 1.051

2322 1.186

3122 1.086

3322 1.168

4122 1.074

4322 1.118

1123 1.051

1323 1.117

2123 1.051

2323 1.180

3123 1.135

3323 1.176

4123 1.092

4323 1.143

1124 1.051

1324 1.117

2124 1.051

2324 1.195

3124 1.132

3324 1.183

4124 1.118

4324 1.150

1131 1.051

1331 1.117

2131 1.051

2331 1.117

3131 1.051

3331 1.117

4131 1.187

4331 1.139

1132 1.051

1332 1.117

2132 1.051

2332 1.203

3132 1.080

3332 1.211

4132 1.140

4332 1.191

1133 1.051

1333 1.117

2133 1.051

2333 1.207

3133 1.169

3333 1.193

4133 1.150

4333 1.180

1134 1.051

1334 1.117

2134 1.051

2334 1.210

3134 1.144

3334 1.226

4134 1.117

4334 1.178

1141 1.051

1341 1.117

2141 1.051

2341 0.990

3141 1.015

3341 0.946

4141 0.925

4341 0.977

1142 1.051

1342 1.117

2142 1.051

2342 1.120

3142 1.182

3342 1.081

4142 1.057

4342 1.133

1143 1.051

1343 1.117

2143 1.051

2343 1.117

3143 1.051

3343 1.117

4143 1.089

4343 1.216

1144 1.051

1344 1.117

2144 1.051

2344 1.117

3144 1.051

3344 1.117

4144 1.024

4344 1.162

1211 1.082

1411 1.173

2211 1.104

2411 1.163

3211 1.082

3411 1.140

4211 1.063

4411 1.030

1212 1.082

1412 1.176

2212 1.095

2412 1.162

3212 1.089

3412 1.142

4212 1.076

4412 1.156

1213 1.082

1413 1.182

2213 1.082

2413 1.159

3213 1.088

3413 1.129

4213 1.085

4413 1.156

1214 1.082

1414 1.191

2214 1.105

2414 1.168

3214 1.093

3414 1.156

4214 1.082

4414 1.156

1221 1.082

1421 1.248

2221 1.082

2421 1.184

3221 1.161

3421 1.168

4221 1.078

4421 1.146

1222 1.082

1422 1.211

2222 1.082

2422 1.194

3222 1.130

3422 1.177

4222 1.102

4422 1.174
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1223 1.082

1423 1.221

2223 1.171

2423 1.213

3223 1.148

3423 1.197

4223 1.119

4423 1.182

1224 1.082

1424 1.238

2224 1.148

2424 1.230

3224 1.160

3424 1.210

4224 1.116

4424 1.185

1231 1.082

1431 1.156

2231 1.082

2431 1.156

3231 1.082

3431 1.156

4231 1.167

4431 1.191

1232 1.082

1432 1.237

2232 1.082

2432 1.212

3232 1.195

3432 1.185

4232 1.098

4432 1.181

1233 1.082

1433 1.238

2233 1.160

2433 1.230

3233 1.191

3433 1.210

4233 1.133

4433 1.156

1234 1.082

1434 1.232

2234 1.206

2434 1.238

3234 1.178

3434 1.216

4234 1.155

4434 1.167

1241 1.082

1441 1.181

2241 1.082

2441 1.104

3241 1.016

3441 1.027

4241 0.967

4441 1.150

1242 1.042

1442 1.217

2242 1.082

2442 1.180

3242 1.115

3442 1.111

4242 1.119

4442 1.033

1243 1.082

1443 1.156

2243 1.082

2443 1.156

3243 1.082

3443 1.156

4243 1.194

4443 1.064

1244 1.082

1444 1.156

2244 1.082

2444 1.156

3244 1.082

3444 1.156

4244 1.025

4444 1.142

Table 5 - Correction factors for each parameter category. (LeBaron-Perez model with adjusted coefficients)
Categories (i j k l)
(i = zenith; j = geometric factor; k = epsilon; l = delta)
categ

fc

categ

fc

categ

Fc

categ

fc

categ

fc

categ

fc

categ

Fc

categ

Fc

1111 1.061

1311 1.137

2111 1.063

2311 1.103

3111 1.065

3311 1.100

4111 1.045

4311 1.062

1112 1.061

1312 1.138

2112 1.068

2312 1.132

3112 1.066

3312 1.108

4112 1.047

4312 1.068

1113 1.061

1313 1.148

2113 1.068

2313 1.137

3113 1.066

3313 1.121

4113 1.054

4313 1.060

1114 1.061

1314 1.159

2114 1.086

2314 1.141

3114 1.076

3314 1.109

4114 1.040

4314 0.934

1121 1.061

1321 1.249

2121 1.174

2321 1.208

3121 1.173

3321 1.170

4121 1.102

4321 1.159

1122 1.061

1322 1.249

2122 1.220

2322 1.233

3122 1.205

3322 1.165

4122 1.087

4322 1.151

1123 1.061

1323 1.250

2123 1.209

2323 1.225

3123 1.187

3323 1.190

4123 1.096

4323 1.142

1124 1.061

1324 1.257

2124 1.189

2324 1.232

3124 1.170

3324 1.204

4124 1.097

4324 1.150

1131 1.061

1331 1.470

2131 1.460

2331 1.479

3131 1.061

3331 1.187

4131 1.211

4331 1.241

1132 1.061

1332 1.338

2132 1.326

2332 1.342

3132 1.343

3332 1.320

4132 1.257

4332 1.224

1133 1.061

1333 1.314

2133 1.284

2333 1.306

3133 1.281

3333 1.299

4133 1.277

4333 1.292

1134 1.061

1334 1.318

2134 1.244

2334 1.295

3134 1.218

3334 1.261

4134 1.132

4334 1.172

1141 1.061

1341 1.384

2141 1.357

2341 1.394

3141 1.257

3341 1.290

4141 1.064

4341 1.055

1142 1.061

1342 1.372

2142 1.293

2342 1.371

3142 1.229

3342 1.309

4142 1.063

4342 1.110

1143 1.061

1343 1.187

2143 1.251

2343 1.328

3143 1.218

3343 1.292

4143 1.019

4343 1.142

1144 1.061

1344 1.187

2144 1.061

2344 1.187

3144 1.165

3344 1.304

4144 1.014

4344 1.145

1211 1.112

1411 1.185

2211 1.103

2411 1.151

3211 1.091

3411 1.109

4211 1.058

4411 1.039

1212 1.119

1412 1.183

2212 1.104

2412 1.162

3212 1.103

3412 1.122

4212 1.058

4412 1.041

1213 1.120

1413 1.186

2213 1.111

2413 1.163

3213 1.097

3413 1.125

4213 1.060

4413 1.045

1214 1.125

1414 1.193

2214 1.117

2414 1.160

3214 1.100

3414 1.133

4214 1.004

4414 1.005

1221 1.144

1421 1.245

2221 1.222

2421 1.212

3221 1.176

3421 1.202

4221 1.134

4421 1.187

1222 1.228

1422 1.267

2222 1.237

2422 1.219

3222 1.171

3422 1.202

4222 1.117

4422 1.188

1223 1.224

1423 1.284

2223 1.222

2423 1.230

3223 1.189

3423 1.204

4223 1.122

4423 1.189

1224 1.231

1424 1.292

2224 1.219

2424 1.257

3224 1.191

3424 1.232

4224 1.120

4424 1.190

1231 1.345

1431 1.445

2231 1.379

2431 1.420

3231 1.144

3431 1.240

4231 1.216

4431 1.254

1232 1.315

1432 1.362

2232 1.311

2432 1.349

3232 1.313

3432 1.321

4232 1.187

4432 1.229

1233 1.261

1433 1.360

2233 1.296

2433 1.344

3233 1.264

3433 1.317

4233 1.256

4433 1.246
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1234 1.256

1434 1.344

2234 1.266

2434 1.337

3234 1.243

3434 1.316

4234 1.148

4434 1.207

1241 1.328

1441 1.426

2241 1.349

2441 1.405

3241 1.240

3441 1.312

4241 1.069

4441 1.177

1242 1.361

1442 1.355

2242 1.314

2442 1.360

3242 1.239

3442 1.310

4242 1.083

4442 1.161

1243 1.144

1443 1.230

2243 1.283

2443 1.322

3243 1.256

3443 1.305

4243 1.048

4443 1.155

1244 1.144

1444 1.230

2244 1.144

2444 1.230

3244 1.205

3444 1.287

4244 1.030

4444 1.169

The categories consist of the zenith angle parameters, geometrical factor, epsilon and delta, when combined, result
in 256 categories. The groups was carried out by the indices "i", "j", "k" and "l", which represent, respectively, the
zenith angle, geometrical factor, epsilon and delta, and each of these indices can take values from 1 to 4 depending
on their range (Tab. 3). Thus, the cluster was determined by means of a number consisting of four digits in the format
"ijkl". For example, the category 4321 describes a state with zenith angle ranging from 60 to 90, the geometrical
factor of 1.100 to 1.132, epsilon 1.253 to 2.134 and delta 0 to 0.12. Some categories were not filled with solar
irradiance data due to physical limitations of the parameters. In this case, the correction factor was adopted an average
of the geometrical factor.
Tab. 4 shows the original correction factors proposed by LeBaron et al (1990), developed for the assembly of
Drummond, ranging from 0.925 to 1.248. The largest corrections occurred for low cloudiness and high brightness
index (delta), typical of the days of high solar declination. Minor corrections occurred for high cloudiness, wherein
the isotropic behavior of the radiation is more evident.
We adjusted LeBaron-Perez’s methodology for Botucatu atmospheric conditions and MEO shadow ring’s assembly
(LeBaron Perez-adjusted model). Tab. 5 shows the adjusted coefficients. Corrections ranged from 0.934 to 1.470.
The largest correction also occurred for low cloudiness, showing great influence of the anisotropy. The lowest
correction value occurred for high situation zenith angle and brightness index, probably linked to reflections inside
the shading ring.
We also use the Dal Pai-Escobedo correction model, which is based on geometric factor (isotropy) and KT
atmospheric transmissivity (anisotropy). Tab. 6 shows the numerical factors used by the Dal Pai-Escobedo correction
model for four KT atmospheric transmissivity intervals.

Table 6 - Correction factors based on KT atmospheric transmissivity intervals (MEO shading assembly).
KT Interval

Correction Factors

0 ≤ KT < 0.35

0.975

0.35 ≤ KT < 0.55

1.034

0.55 ≤ KT < 0.65

1.083

0.65 ≤ KT < 1

1.108

To validate the correction models, corrected diffuse irradiance were compared with reference diffuse irradiance by
means of MBE and RMSE statistical indicators. MBE shows the long-term model behavior, with an underestimating
or overestimating by the model. RMSE shows the dispersion of the model around the measure. Tab. 7 shows MBE,
RMSE and slope, while Fig. 4 shows the graphs between reference diffuse irradiance and corrected diffuse irradiance
by the correction models (LeBaron-Perez (Original), LeBaron- Perez (Adjusted) and Dal Pai-Escobedo).

Table 7 - MBE, RMSE and slope for reference diffuse irradiance and corrected diffuse irradiance (LeBaron-Perez
(Original), LeBaron-Perez (Adjusted) and Dal Pai-Escobedo).
Statistical Indicators
Correction Model
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LeBaron-Perez - OR

-9,52

-5,93

22,87

14,24

1,053

LeBaron-Perez - AJ

-0,74

-0,46

17,32

10,79

1,005

Dal Pai-Escobedo

-0,02

-0,01

18,11

11,28

0,999

The worst performance was given to the model LeBaron-Perez correction with original coefficients, with an
underestimation of 6% and dispersion of 14.3%. This result was expected, since the original model coefficients were
developed for a different atmospheric condition of Botucatu, both aerosols, water vapor and clouds. This model was
significantly improved when setting the coefficients for atmospheric situation of Botucatu, causing a reduction in
MBE (~ 0.5%) and RMSE (~ 11%). A good performance was also attributed to Dal Pai-Escobedo correction model,
with low values of MBE (- 0.01%) and RMSE (11.28%). With respect to slope, Lebaron-Perez adjusted and Dal PaiEscobedo correction models had the same great performance, with slope closer to 1. Overall, LeBaron-Perez
(Adjusted) and Dal Pai-Escobedo correction models exhibit the same order of accuracy in correction of diffuse
irradiance measured by the shading ring. Dal Pai-Escobedo correction model takes a small advantage by presenting
less parameters to classify the sky.
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Figure 4 - Comparison between the diffuse irradiance reference and corrected diffuse irradiance by the
correction models: a) LeBaron-Perez (Original). b) LeBaron-Perez (Adjusted). c) Dal Pai-Escobedo.

4. Conclusion
Our results allowed the following conclusions:
a) Lebaron-Perez correction model with the original coefficients, is not suitable to correct diffuse irradiance measured
in Botucatu with the MEO shading ring method.
b) Lebaron-Perez correction model, when adjusted for Botucatu sky conditions, can be used to correct the diffuse
irradiance measured by the MEO shading ring method.
c) Dal Pai-Escobedo correction model is suitable to correct diffuse irradiance measured by the MEO shading ring
method.
d) Lebaron-Perez (Adjusted) and Dal Pai-Escobedo correction models has the same efficiency to correct diffuse
irradiance.
e) We recommend Dal Pai-Escobedo correction model to correct diffuse irradiance because it uses fewer parameters.
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Abstract
The Solis clear sky model is a spectral scheme based on radiative transfer calculations and the Lambert–Beer
relation. Its broadband version is a simplified fast analytical version; it is limited to broadband aerosol
optical depths at 700nm lower than 0.45, which is a weakness when applied in countries with very high
turbidity such as China or India. This paper aims to extend the validity of the model to higher aerosol optical
depth values. In 2014, Zhang published a modification of the scheme to extend its validity to aerosol optical
depth values up to 6.5, but this extension is only applicable for the beam irradiance component and presents
some weakness for very high turbidity values. In a first step, we tried to apply a correction to the Zhang
adaptation. In order to extend the use of the original simplified version of Solis for high turbidity, we
developed a new version of the broadband Solis, valid for the three components, global, beam and diffuse,
and for the four aerosol types defined by Shettle and Fenn.
Keywords: Solis scheme, clear sky, radiation model, radiative transfer, high turbidity, water vapor

1. Introduction
The clear sky Solis scheme was first developed within the Mesor European program whose subject was the
management and exploitation of solar resource knowledge. In 2008, Ineichen published a broadband
analytical version of the Solis model for rural aerosol type, and in 2010 a version in the form of an excel tool
for the four types of aerosols as defined by Shettle and Fenn. These versions were limited to aerosol optical
depth values aod700 lower than 0.45. The anthropogenic heating and transportation activities conducted to a
serious increase of the turbidity in countries like India or China. Looking into the limitations of the state of
the art clear sky models, it appears that none is applicable for high turbidity. Indeed, for example, Gueymard
CPCR2 model (Gueymard 1989) is limited to E turbidity values lower than 0.4 (which correspond to an
aod700 of 0.64 for rural aerosol type, D = 1.3), Gueymard REST2 (Gueymard 2003) is limited to E = 1
(aod700 = 1.6, rural aerosol), Bird’s model (Bird 1980) is defined for visibility values up to 23 km (which
corresponds to an aod = 0.27) and the ESRA clear sky scheme (ESRA 2000, Rigollier 2000, Geiger 2002)
was developed for Linke turbidity values TL not exceeding a value of 7 ( i.e. an aerosol optical depth aod700 =
0.44 for a 2 cm water vapor column). As the 2003 and 2008 versions of Solis diverge for high turbidity as
shown by Zhang (2014), an extension of the model for higher turbidity values is needed.
This paper presents a validation and an adaptation of the model for the beam component extended by Zhang,
and the development and validation of a new version of the analytical Solis scheme valid for the three
radiation components, the global, the beam and the diffuse, and the four aerosol types, urban, rural, maritime
and tropospheric.

2. The Solis scheme
The Solis scheme (Mueller 2004) is a model based on LibRadTran radiative transfer calculations (Mayer
2005, 2010). The basis of the model is the Lambert-Beer attenuation relation:
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Ibn

Io  exp ( M  W )

(eq. 1)

where Io is the extraterrestrial irradiance, Ibn the normal beam irradiance reaching the ground, M the optical
air mass and W the total atmospheric optical depth. This expression of the atmospheric transmittance is valid
for monochromatic radiation, and the optical depth is then constant over the air mass range. Due to the nonlinear nature of the exponential function, the Lambert-Beer relation has to be modified to extend the
expression to wavelength bands; it takes then the following form:
Ibn

Io  exp ( 

W
sinb h

)

(eq. 2)

where h is the solar elevation angle and b the fitting parameter obtained from RTM calculations at two
different solar elevation angles.
When dealing with global irradiance, the Lambert-Beer relation is no longer applicable because of the back
scatter effects, but remains a relatively good approximation, and
Io  exp ( 

Igh

W
sing h

)  sin h

(eq. 3)

is a good fitting function for the horizontal global irradiance (Mueller 2004).
The source of the incoming diffuse irradiance is the attenuation of the beam radiation due to scattering
process and it cannot be described in term of attenuation of the incoming radiation. Nevertheless, skipping
the sin h term, the modified Lambert-Beer relation also works well:
Idh

Io  exp ( 

W
sind h

)

(eq. 4)

At high aerosol load, Io has to be enhanced for the global and diffuse irradiance calculations, and a common
modified Io’ irradiance is defined for the three radiation components. The final expression of the model has
then the following form:
I'o  exp ( 

Ibn

Wb
sin h
b

)

Igh

I'o  exp ( 

Wg
sin g h

)  sin h

Idh

I'o  exp ( 

Wd
sind h

)

(eq. 5)

where Wb, Wg and Wd are respectively the beam, global and diffuse total optical depths, and b, g and d the
corresponding fitting parameters obtained from RTM calculations.

3. Zhang extension validation
To extend the range of the model application, Zhang added two terms in the extinction equation for the beam
component, one for the aerosol optical depth Kaod , and one for the water vapor column Kw. These two terms
are constant and defined in order to have a smooth behavior at aod700 = 0.45 which is the original Solis aod
limitation (i.e. a null derivative for aod700 = 0.45).
We made a validation of the extended model against data evaluated with the Radiative Transfer Model
(RTM) LibRadTran for a wide range of aerosol optical depths values, water vapor column and altitudes. As
the Zhang extension shows slight deviations for low water vapor column and high turbidity values when
plotting the modeled beam irradiance against the correspondent value calculated with the help of the
LibRadTran radiation transfer model (see Fig. 1, left), we adapted the Zhang extension coefficient Kaod by
making it aod dependent. This allowed to slightly better aligning the dots on the 1:1 diagonal as illustrated
on the right graph of Fig. 1.
For altitudes from sea level to 7000 m, water vapor from 0.05 cm to 10 cm and aod from 0 to 7, and a solar
elevation of 60°, the results are the following:
•

Zhang extension

mbd = 0.2%

sd = 4.7%

•

Zhang + Ineichen

mbd = 0.2%

sd = 2.8%.
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Fig. 1: Normal beam validation for the Zhang extension (left) and the Zhang-Ineichen correction (right)

4. Solis extension to high turbidity
The weakness of the Zhang extension is that it derives only the beam component. To circumvent this
problem, we developed a Solis-2017 version that is applicable for values of aod up to 7. This means that the
model goes up to very high atmospheric aerosol load, but one has to keep in mind that above aod = 2, it is
not clear that the turbidity can be considered as an aerosol optical depth, but a turbidity due to bigger
particles like sand, or in our countries, high altitude thin clouds. Nevertheless, it is important that in on-line
automatic production processes, the model does not diverge and still derive coherent values, even with some
discrepancies with ground measurements.

4.1. Model development
In a first step, we made spectral calculations with LibRadTran for the following parameters:
Tab. 1: aerosol types, altitudes, optical depths and water vapor columns values for the RTM calculations

aerosol type

altitude

aod550

w [cm]

urban
rural
maritime
tropospheric

sea level
500m
1000m
2000m
3000m
4000m
5000m
6000m
7000m

0.01
0.03
0.05
0.1
0.15
0.2
0.4
0.7
1
1.5
2
3
4
5
6
7

0.01
0.03
0.05
1
0.15
0.2
0.3
0.5
1
1.5
2
3
4
6
8
10

These RTM calculations permit to generate the seven coefficients that drive the model: Io’, Wb, b, Wg, g, Wd, and
d. The next step is to develop an analytical formulation for these coefficients with the 4 input parameters
given in Tab. 1.
The analysis of Io’, Wb, and Wg shows a similar behavior for these three parameters. The first analyzed
dependence is with the aerosols optical depth aod. A third order polynomial model is applicable for the three
parameters of the form:
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Io’/Io = a  aod3 + b  aod2 + c  aod + d

(eq. 6)

The behavior for Io’ and Ware represented on the Fig. 2 below.

Fig. 2: Normal beam validation for the Zhang extension (left) and the Zhang-Ineichen correction (right)

We then analyzed the dependence of each of the a, b, c and d coefficient of equation 6 with the atmospheric
water vapor content. The behavior of the four coefficients shows a water vapor dependence of the form:
n = n1  w0.5 + n2  ln(w) + n3

(eq. 7)

The best fits of two of these coefficients are given on the Fig. 3

Fig. 3: Behavior of two of the cubic equation coefficients with the water vapor column

Finally, the dependence of the three above coefficients with the altitude, respectively the normalized
atmospheric pressure p/po (the pressure p at a given altitude normalized by the corresponding sea level
pressure po) is analyzed. It appears that a linear regression gives the best results.
The model has then the following form:
a = a1  w0.5 + a2  ln(w) + a3
b = b1  w0.5 + b2  ln(w) + b3
c = c1  w0.5 + c2  ln(w) + c3
d = d1  w0.5 + d2  ln(w) + d3

(eq. 7a)
(eq. 7b)
(eq. 7c)
(eq. 7d)

and each of the ni coefficient is obtained with a linear function of p/po
ni = ni1  p/po + ni2

(eq. 8)

Finally, the inputs for the model for Io’, Wb and Wg, consist of the aerosol optical depth at 550 nm aod550, the
water vapor content of the atmosphere w and the relative atmospheric pressure p/po. The corresponding
coefficient are given in a 3x3x2 matrix.
For Wd, the best correlation we found is a relation with to Wb and Wg that has the form:

Wd = e + f  Wg + g /Wb + h / Wg 2 + i  Wg /Wb

(eq. 9)
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The exponents of the sin (h) in the Lambert-Beer function are respectively best fitted as follow:
g = ca1 + ca2  ln(w) + ca3  ln(aod) + ca4  ln(w)2 + ca5  ln(aod)2 + ca6  ln(w)  ln(aod)
b = cb1  w cb2  cb3 aod

(eq. 10)

(eq.11)

d = cd1 + cd2  ln(w) + cd3  aod + cd4  aod2 + cd5  aod3 + cd6  aod4 + cd7  aod5

(eq. 12)

4.2 Parameter validation
The validation of the seven parameters of the model is expressed as scatter plots between the modeled
parameter and the corresponding LibRadTran calculated parameter. The validation points should be aligned
on the 1:1 diagonal. On the graphs are also given the average parameter value, the mean bias difference mbd,
the standard deviation sd and the correlation coefficient R2. An illustration is given on Fig. 4 for Io’ and the a
coefficient, urban aerosol type.

Fig. 4: Io’ and g coefficient validation

The average, mbd and sd values cannot be taken as an absolute validation of the precision as all the values
calculated from the input matrix (altitude, aod and w) have the same weight. Nevertheless, it gives a good
idea of the roughness of the parameter best fit. These values are given in Tab. 2.
Tab. 2: Average, mbd, sd and R2 for the Io’, Wb, b, Wg, g, Wd, and d model.

4.3 Irradiance validation
In the same way, the validation of the irradiance components is expressed as scatter plots and the usual first
order statistics. Here again, due to the unweighted input matrix, the validation values obtained give not an
absolute precision of the model. The scatter plots given on Fig. 5 below illustrate the behavior of the model.
They represent the modeled values plotted against the corresponding values evaluated from RTM
calculations, urban type aerosols, for the three components.

1438

P. Ineichen / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 5 Irradiance model validation

To obtain the diffuse component, there are two possibilities: the use of the model coefficients Wd and d, or to
evaluate it from the global and the beam components with the use of the closure equation Idh = Igh – Igh. The
diffuse obtained from the closure equation looks slightly better on Fig. 5, but it presents negative values for
very low solar elevations.
The corresponding values are given in Tab. 3
Tab. 3: Average, mbd, sd and R2 for the irradiance components.

All the development and validation graphs for the urban aerosol type are given in the annex.

4.4 Components coherence
To visualize the behavior of the model and the coherence between the irradiance components, the model
trends are represented for four typical values of aerosols optical depths aod (0.5, 0.9, 1.5 and 6) and a value
of w = 1cm for the atmospheric water vapor column on Fig. 6. The ozone amount is taken constant at a value
of 340 Dobson units, the aerosol characteristics is of urban type, and the albedo coefficient at 20%. On the
left graph, the diffuse fraction Idh / Igh is represented versus the global clearness index Kt (Kt = Igh /Io sin h),
and on the right graph, the beam clearness index Kb (Kb = Ibn /Io) versus the global clearness index. The Linke
turbidity values TL, evaluated from the aerosol optical depth and the water vapor column are also indicated
on the graphs.
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Fig. 6 Trends for the diffuse fraction and the beam clearness index versus the global clearness index

4.5 Validation on ground data from Geneva and Jaipur
The model should be validated against ground measurements acquired in highly polluted conditions. At this
time, we had no access to such data (ground irradiances and aod); therefore, a preliminary validation is done
on data acquired in Geneva for the years 2004 to 2011 where the aod is pretty low, and Jaipur with aod
values up to 2.5 for 17 months in 2016 and 2017.
The average aerosol optical depth in Geneva is of order of 0.17 with a maximum of 0.5 during polluted
episodes. As no specific aerosol optical depth values are measured in Geneva, we used one of the best state
of the art model, REST2 (Gueymard 2004), to retrieve by retrofit the aod following the method described in
Ineichen (2016). The clear sky condition selection is also described in Ineichen (2016). The results,
illustrated on Fig. 7, are slightly better than for Solis 2008 (Ineichen 2016).

Fig. 7 Validation against ground data acquired in Geneva. The aod is retrofitted with REST2

For Jaipur, the aod550 values can reach 2.5, as this exceeds the REST2 limitations, we obtained values by
retrofit with the use of Molineaux bmpi model (1998). The graphs are given on Fig. 8.

Fig. 8 Validation against ground data acquired in Jaipur. The aod is retrofitted with bmpi model.

It can be seen that the dispersion is higher, especially for the beam irradiance. This is due to the higher
turbidity values, conditions for which it is difficult to determine the aerosol type. The extinction of the beam
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irradiance can also be due to high altitude thin clouds or variability in the atmospheric water vapor column
(evaluated from ground temperature and humidity).

5. Conclusion
When dealing with satellite images to derive the irradiance components on a wide space scale and every 15
minutes, the computer time should be as short as possible. The analytical Solis clear sky scheme was
developed to fulfill this requirement but had the weakness to be limited to aerosol optical depth values lower
than 0.45. The new analytical Solis scheme is valid for aod up to seven, even if very high values are not
realistic as an optical depth; it is probably more due to bigger particles like sand, or in our countries, thin
high altitude clouds. Nevertheless, in contrary to other clear sky models, this permit to produce coherent
irradiance values, even with questionable input values.
The new Solis clear sky scheme is valid for aerosol optical depths values aod550 from 0.02 to 7, atmospheric
water vapor w content from 0.01 to 10 cm, and altitude from sea level to 7000 m, and four aerosol types as
defined by Shettle and Fenn. For the urban, rural and tropospheric aerosol types, the validation against the
original RTM calculations presents no bias and a standard deviation lower than 1% for the global and the
beam component, and 3% for the diffuse. When dealing with maritime aerosol type, the standard deviation is
respectively 2.2%, 3.4% and 4% for the global, the beam and the diffuse components.
A preliminary validation against ground measurements acquired in Geneva and Jaipur gives a mean bias
difference of 2%, a standard deviation of 3-4% for the global component, and a mean bias difference of 1.3%
with a standard deviation of 2.6% and 10.7% for the beam component for respectively Geneva and Jaipur.

6. Nomenclature
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Abstract
The efficiency of solar tower plants is impacted twice by atmospheric aerosols. First, aerosols attenuate the
direct solar irradiance reaching the heliostats, and then reduce the irradiance reflected by these heliostats while it
propagates to the receiver. The aerosol transmittance from the top of atmosphere to the ground is well modeled
by many radiative transfer codes, but its counterpart for the heliostat-to-receiver slant path has only been
estimated for a very limited number of ideal atmospheric conditions. In this work, the solar losses for the
heliostat-to-receiver slant paths are extensively analyzed for different aerosol models, atmospheric conditions,
and mirror-to-tower geometries by performing detailed simulations with the MODTRAN radiative transfer code.
Reductions up to 30% of the solar irradiance incident on distant heliostats can occur under moderately turbid
situations, due to the concentration of aerosols near the ground. It is found that site elevation is not a significant
factor, contrary to what was anticipated, according to an old empirical model of the literature.
Keywords: Solar tower plants, transmission losses, aerosol models, atmospheric attenuation, CSP.

1. Introduction
The accurate evaluation of the irradiance reaching the receiver of a Tower Solar Power plant (TSP) is of primary
importance to prepare its design, and later evaluate its actual performance. The literature mentions numerous
radiative transfer models (e.g., SMARTS, libRadtran, or MODTRAN) that can derive the spectral aerosol
transmittance from the top of the atmosphere to the surface with sufficient accuracy for normal plant operation,
provided that the bulk aerosol optical properties are known over the vertical column. Most of these models,
however, are not suitable to easily predict the atmospheric radiation losses over the heliostat-to-receiver slant
path. Such calculations are complex, time consuming, and require specific inputs (such as vertical aerosol
profiles) that are usually not known. Moreover, most models (with the notable exception of MODTRAN, or its
predecessor, LOWTRAN) are not designed to calculate the radiation transmission over short slant paths in any
arbitrary direction. Some efforts were conducted several decades ago to derive simple empirical
parameterizations from detailed modeling and obtain such results in a more accessible form. Examples include
the empirical Pitman and Vant-Hull model (1981), as well as modules that are part of the DELSOL and
MIRVAL CSP design codes, for instance. The main drawback of this approach is the extremely limited number
of possible atmospheric conditions, i.e., lack of general validity. In this respect, the range of possible
atmospheric conditions that these simplified models can handle is limited to a few visibility values only
(typically 23 km and 5 km). Originally, such values were assumed to describe clear conditions and hazy
conditions, respectively.
In recent years, this topic has gathered renewed interest, so that new studies have been conducted to improve
this type of algorithm (Gueymard et al., 2017; Hanrieder et al., 2016, 2017; Sengupta and Wagner, 2012).
Previous investigations by the authors have shown that the attenuation specifically caused by water vapor near
the surface was significant, albeit small in comparison to that of aerosols (Gueymard et al., 2017; López et al.,
2016). In addition, the measurement of horizontal visibility for the specific needs of the TSP industrial sector
has progressed, with the development of several low-cost automatic devices, such as forward-scatter-based
visibilimeters (Hanrieder et al., 2017). Some of the first studies using the latter technology report that visibility
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values are commonly much higher than 23 km (López et al., 2017). These results constitute a motivation to
conduct more in-depth studies, with the goal of better understanding the effect of variable atmospheric
conditions on the attenuation of solar radiation after reflection by heliostats.
In this work, an extensive and detailed analysis of the aerosol transmittance is undertaken with MODTRAN for
heliostat-to-receiver slant paths of varied lengths. Five aerosol models are used along with four atmospheric
profiles and two different ground elevations. The combination of these aerosol models with the watertemperature-pressure profiles at each ground level generates a total of 40 different model atmospheres. The
resulting large range of atmospheric conditions is analyzed in this study, with the underlying goal of developing
a general simplified model.

2. Methodology
2.1 Slant atmospheric attenuation
The aerosol-induced irradiance attenuation A taking place along the mirror-to-receiver slant path is evaluated (in
percent) by means of the following expression:

  

 


(eq. 1)

where GbT0 is the reflected direct normal irradiance (DNI) reaching the receiver at the top of the tower assuming
no aerosol, GbT is the reflected DNI reaching the receiver but assuming the presence of aerosol, and GbM is the
DNI incident on the mirror (Fig. 1). The atmospheric conditions are assumed identical for both GbM and GbT. In
this way, eq. (1) represents the percent fraction of energy loss due exclusively to aerosol extinction along the
slant range considered. Additional extinction is expected, and would be caused primarily by water vapor
(Gueymard et al., 2017; López et al., 2016).

Fig. 1: Schematic description of a solar power tower plant, and nomenclature.

The irradiance incident on the mirror M, GbM, and the irradiance reaching the tower receiver T reflected by the
mirror (Fig. 1) may be obtained as:
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(eq. 2)

(eq. 3)

(eq. 4)
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where Gbλ0 is the extraterrestrial spectral irradiance, TλM is the atmospheric spectral transmittance for the Sun-toMirror path (which depends on the abundance of various atmospheric constituents, and thus varies over time),
TλM-T is the spectral transmittance for the Mirror-to-Tower slant path taking into account the aerosol load, TλM-T0
is also the spectral transmittance for the Mirror-to-Tower slant path but considering no aerosols in the slant path,
and ρλ is the mirror’s spectral reflectance (set to 1 here for the sake of simplicity in this work). The integration
limits are fixed to λ1 = 0.28 µm and λ2 = 10 µm. Following López et al. (2016), the solar zenith angle of the
DNI incident on the mirror is varied incrementally from 0º to 89º, as shown in Table 1. Although TSP plants do
not operate under large solar zenith angles, values higher than 80º are considered here in order to analyze the
trend of transmission loss under these extreme limits.
Tab. 1: Values of the MODTRAN inputs used to obtain the simulated database.

Inputs to MODTRAN

ΘZ (degrees)

Values
0, 10, 20, 30, 40, 50, 60, 70, 80, 85, 89

H (m)

100, 200, 250

D (km)

0.15, 0.5, 1, 2, 4

Z (km)

0, 1

Vis (km)
Aerosols Model
Atmospheric Model

23, 50, 75
Rural, Maritime, Urban, Tropospheric, Desert
MLW, MLS, Tropical, USSA

MODTRAN version 4v1r1 (Berk et al., 1989) is the radiative transfer code selected here for its remarkable
capability of computing short-range transmittances. MODTRAN is the successor of LOWTRAN, which was
used initially to demonstrate the impact of near-surface atmospheric constituents on the slant attenuation
(Vittitoe and Biggs, 1978). MODTRAN is used parametrically to calculate each irradiance value in eqs. (2-4)
for a number of specific atmospheric conditions. In particular, transmittances TλM-T and TλM-T0 are obtained using
MODTRAN’s slant-path option, which evaluates the high-resolution spectral transmission between two points
at finite distance—the mirror and the receiver, in the present case. MODTRAN considers the detailed effects of
any vertical variation in atmospheric constituents, as well as the optical effects caused by atmospheric refraction
and earth curvature..

2.2 Visibility and optical characteristics of aerosols
MODTRAN evaluates the radiative impact of aerosols as a function of their abundance. The latter is reported in
terms of “visibility”, whose definition needs to be clarified here. In meteorological terms, visibility is an old
subjective estimation technique based on a human observer’s evaluation of the maximum distance at which
distant objects can be distinguished against a contrasting background, usually the sky. Modern instruments, like
visibilimeters or transmissometers, now provide an objective evaluation of visibility, which is referred to as
“meteorological optical range” (MOR), according to Koschmieder’s law (Koschmieder, 1925):

 

  


(eq. 5)

where σ is the air extinction coefficient at 550 nm and ε is the threshold contrast between an object and the
background. According to the World Meteorological Organization (WMO, 2014), ε must be set to 0.05 to obtain
MOR. Another definition, referred to as “meteorological range” (MR) in MODTRAN, uses a more optimistic
threshold contrast ε = 0.02:

 

 


(eq. 6)
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It is straightforward to perform the conversion between these two definitions: MR = 1.306 MOR. The
relationship given by eq. (5) or (6) may be deceptively simple, however, since its derivation depends on a
number of serious assumptions (Middleton, 1952). Even though MODTRAN and its predecessor, LOWTRAN,
use the term “visibility” to describe the aerosol input, what is actually meant is MR, which is highly confusing,
since it is different from MOR. Kneizys et al (1980) acknowledged the difference between MR and observer
(subjective) visibility, Vobs, and indicated that MR ≈ (1.3 ± 0.3) Vobs. (The coefficient 1.3 simply represents the
ratio MR/MOR = ln(1/0.02)/ln(1/0.05).) Hence, MOR is just a technical term for what was previously known as
“observer visibility”, or Vobs. In what follows, the abbreviation VIS is used to conform to MODTRAN’s usage,
even though the intended variable name is MR.
One key issue of using VIS to describe the optical impact of aerosols is the limited number of monitoring sites,
mostly at airports. Hence, access to actual local data is difficult in practice. In comparison, there are many more
sources of data that provide the aerosol optical depth (AOD), based on ground measurements with
sunphotometers, chemical transport models (and derived reanalysis models), or space borne remote-sensed
observations. Additionally, visibilimeters installed at airports have a very limited range, typically 20 km
(Gueymard, 2012), which is not enough to provide the precise inputs needed here. A relationship between VIS
and AOD is thus desirable, so that VIS can be estimated from AOD observations, or vice versa. Experimental
studies have shown that the two variables are only weakly correlated in practice, due to a number of difficulties
(Wilson et al., 2015). For the present study, what is important is the theoretical correspondence between VIS
and AOD, as specifically applicable to MODTRAN. This desired relationship is built in SMARTS (Gueymard,
2001) to allow the conversion of VIS to AOD or vice versa. Table 2 provides the needed information to allow
comparisons between the results presented here (based on VIS) and those provided in other studies that are
rather based on AOD (Sengupta et al., 2012).
Tab. 2: Approximate equivalence between Meteorological Range (as used in MODTRAN), Visibility, and Aerosol Optical Depth at
550 nm, based on SMARTS simulations.

Meteorological
Range (km)
5
10
15
20
23
25
50
75
100
150
200

Observer/Subjective
Visibility (km)
3.8
7.7
11.5
15.4
17.7
19.2
38.5
57.7
76.9
115.4
153.8

AOD at 550 nm
1.1730
0.6667
0.4744
0.3686
0.3251
0.3014
0.1596
0.1126
0.0901
0.0667
0.0549

Various aerosol loads are considered in this study by means of three surface visibility values: 23, 50 and 75 km
(higher visibilities correspond to lower aerosol optical depths, as shown in Table 2). Various aerosol models are
available in MODTRAN, and can be selected in order to analyze the effect of the optical properties of each
possible aerosol type on transmission losses. Five common aerosol models are selected here: rural, maritime,
urban, tropospheric, and desert (Tab. 1). The desert aerosol model is an important aerosol type since it is
representative of arid and semiarid regions, which are favorite emplacements for TSP plants due to the high DNI
resource there. The desert aerosol model is dependent on wind speed, leading to the expectation that the slantpath attenuation will increase with wind speed. This is mainly due to the hematite contained in sand particles,
which leads to selective absorption at visible wavelengths, becoming more pronounced when it is entrained as
wind speed increases (Longtin et al., 1988). In this first analysis, wind speed is fixed to 10 m s-1, corresponding
to the reference value given in MODTRAN.

2.3 Other variables
Since the concentration and mixture of aerosol particles have variable vertical profiles, the potential influence of
ground elevation on transmission losses is explored by considering two site elevations, Z = 0 km and 1 km
above mean sea level. For elevated sites (e.g., Z = 1 km), MODTRAN´s modeling is more elaborate than at sea
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level. The aerosol densities below 6 km are subjected to vertical compression, in such a way that the aerosol
sources are moved up to that altitude. Hence, the energy loss computation may be performed using visibility
observations at the elevated site, which eliminates the need for additional calculation (scaling between sea level
and the actual site elevation). In other words, MODTRAN transparently takes into account the fact that the
aerosol concentration near the surface at an elevated site is normally larger than in the free atmosphere at the
same altitude.
In addition to the above variables, which are explicitly related to the aerosol effect, the impact of different
atmospheric water-temperature-pressure profiles on the transmission losses by aerosols is also analyzed by
means of four built-in standard atmosphere models: Mid-Latitude Winter (MLW), Mid-Latitude Summer
(MLS), Tropical, and U.S. Standard Atmosphere (USSA). The spectral distribution of DNI both at the mirror
and at the receiver is modified according to the atmosphere model. Consequently, the transmission loss by
aerosols can also be expected to differ. All the gaseous concentrations (such as water vapor) are set to the
reference values imposed by the selected atmosphere model.
Finally, different slant ranges are considered between mirror and receiver. The geometries selected here attempt
to mimic the typical configurations encountered in current or future TSP plants. Three tower heights, H, are
used (100, 200 and 250 m), as well as five values for the horizontal mirror-to-tower distance D (0.15, 0.5, 1, 2
and 3 km). The resulting combinations of H and D represent a large range of possible geometries, which is
needed to generalize the results.

3. Results
3.1 Effect of zenith angle
Figure 2 shows the transmission losses, A, or “energy losses” due to aerosols alone, as a fraction of GbM for a set
of atmospheric conditions: eleven zenith angles between 0º and 89°, three slant ranges, S, corresponding to the
combination of a single tower height (H = 100 m) with three mirror-to-tower horizontal distances (D = 0.15, 1,
and 4 km), ground at sea level (Z = 0 m), and three visibilities (23, 50, and 75 km). All five aerosols models are
used here, combined with the MLS atmosphere.

Fig 2. Energy losses in the mirror-to-receiver slant path versus zenith angle for five different types of aerosol, using the
MLS Atmosphere, three visibilities (23, 50 and 75 km), a tower height of 100 m, three horizontal mirror-to-tower distance
(D = 0.15, 1 and 4 km) and a site at sea level (Z = 0 m).

For short distances (D = 0.15 km), the energy losses are almost constant for any visibility and any aerosol
model. The impact of zenith angle is also found negligible over the normal operation range of TSP plants. In
contrast, when slant range increases (using D = 1 and 4 km), the energy losses corresponding to the rural, urban
and tropospheric aerosol models show a higher dependence with zenith angle, and get stronger when D
increases. When the sun rises and ΘZ decreases from 75º to 30º, energy losses increase by 2% in the case of rural
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and urban aerosols, and even more for tropospheric aerosols. This relationship with zenith angle is also observed
for the energy losses that are specifically due to water vapor (López et al., 2016). The type of aerosol mixture is
important here, since desert or maritime aerosols do not produce this marked zenith angle dependence, at least
for ΘZ < 80º. The results shown in Fig. 2 are representative of those corresponding to the other tower heights,
horizontal mirror-to-tower distances, ground elevations and atmospheric profiles.

3.2 Effect of atmosphere model
Similar to Fig. 2, Fig. 3 shows the calculated energy losses as a function of zenith angle for a slant range
corresponding to a tower height H = 100 m, a mirror-to-tower horizontal distance D = 1 km, ground at sea level
(Z = 0 m), and two different visibilities, 23 and 75 km. The five aerosols models and all four atmosphere models
are used here to evaluate their combined effects.

Fig 3. Energy losses in the mirror-to-receiver slant path versus zenith angle for five different types of aerosol and four
atmosphere models, using two visibilities (23 and 75 km), a tower height of 100 m,
a horizontal heliostat-to-tower distance D = 1 km, and a site at sea level.

In general, it is found that the atmosphere model has little impact, if not negligible. With the desert aerosol
model, for instance, all four atmosphere models provide the same energy loss for each of the two visibilities (23
km and 75 km), with maximum energy losses of about 13% and 3%, respectively. This means that the desert
aerosol model appears insensitive to changes in meteorological conditions such as temperature, pressure,
relative humidity, or water vapor content. This tendency is also observed with the remaining four aerosol
models when used under very clear conditions (VIS = 75 km). Moreover, under such ideal conditions, all types
of aerosol mixtures yield a similar energy loss of ≈3%, except for the maritime aerosol (≈3.5%). When visibility
reduces to 23 km, the energy losses exhibit a weak dependence on the type of atmosphere model, with
differences lower than 0.5%. The only exception is when the USSA atmospheric model is used along with the
maritime aerosol, which leads to energy losses lower than 1% compared to what is obtained with the MLS,
MLW or Tropical atmospheres. This is likely caused by the high sensitivity of the optical properties of maritime
aerosols to variations in relative humidity. As a matter of fact, the aerosol mixtures of oceanic origin have
significantly different properties compared to continental aerosol types, in particular (Shettle and Fenn, 1979).
In the lower atmosphere, the MLS, MLW and Tropical atmospheres have vertical profiles of relative humidity
that are similar between each other, but significantly different from the USSA model.

3.3 Effect of ground elevation
Site elevation has been identified as a critical factor by Pitman and Vant Hull (1982), and thus deserves
attention. Its effect is analyzed here by evaluating the energy losses for two surface elevations (Z = 0 and 1 km),
while parametrically varying the sun’s zenith angle and using the MLS atmosphere for various conditions: H =
100 m, D = 1 km, the five aerosol models, and two visibilities. The results appear in Fig. 4a for VIS = 23 km
and Fig. 4b for VIS = 75 km. It is observed that the elevation effect seems negligible in all cases, since the
energy losses are almost identical for any input configuration at a specified Z. This is contrary to the Pitman and
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Vant-Hull (1982) conclusions, which was not expected. A likely explanation for this discrepancy is that
MODTRAN (used here) and LOWTRAN (used by Pitman and Vant Hull, among others) differ on how they
consider visibility at an elevated site. This is directly related to the vertical aerosol scaling that is performed
transparently by MODTRAN (but not in LOWTRAN), as mentioned above. It is also possible that the
assumptions and results provided here, which are relative to aerosol-induced losses only, are not exactly
compatible with those of Pitman and Vant Hull. This will require further scrutiny.

Fig 4. Energy losses versus zenith angle for five types of aerosol and two visibilities: (a) VIS = 23 km, and (b) VIS = 75 km.
The MLS atmosphere, a tower height of 100 m, a horizontal mirror-to-tower distance D = 1 km, and two ground altitudes
(Z = 0 and 1 km) are selected in both cases.

3.4 Effect of slant path range
The last parameters to be analyzed are those determining the length of the slant path S followed by the reflected
sun rays from the mirror up to the receiver at the top of the tower: the horizontal mirror-to-tower distance D and
the tower height H. Figure 5 displays the energy loss for a fixed zenith angle (Θz = 30º) and various
combinations of D and H, per the values listed in Table 1. Under very clear conditions, corresponding to VIS =
75 km, the energy loss is not sensitive to variations in tower height, even though the aerosol concentration
normally decreases with elevation in the free atmosphere. It is possible that this lack of sensitivity reflects the
crude vertical resolution (1 km) of aerosol and atmosphere models in MODTRAN.
Desert, rural, tropospheric and urban aerosol determine similar energy losses, ranging from < 1% for D = 0.15
km, up to 7% for D = 4 km. The attenuation due to maritime aerosols is slightly higher, reaching a maximum of
9%. When a lower visibility (23 km) is considered, the influence of H on A is weak for large distances (D > 2
km), and becomes imperceptible for short distances (D < 2 km). Only the attenuation due to maritime aerosols
shows any dependence on tower height. The results for the other atmospheres are similar to this.

Fig 5. Energy losses vs. horizontal mirror-to-tower distance for five different types of aerosol. All cases use the MLS atmosphere,
two visibilities (23 and 75 km) and three tower heights (H = 100, 200 and 250 m). In addition, the red, blue and green lines
correspond to Z = 0 km, whereas the orange line is for Z = 1 km.
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3.5 Generalized results
The results provided above show how energy losses depend on a number of variables. Some of these variables
have more impact than others. Because of the intricacies of all the implied relationships, it is desirable to derive
a simplified, generalized model. Results for the desert and maritime aerosols are similar, but differ from those
obtained with the other three aerosol models. A simplification thus consists in considering only two distinct
groups of possible aerosols: Either desert/maritime or rural/urban/tropospheric. In each group, the energy losses
do not vary much with aerosol type, so that an aerosol-independent average can be used for simplification.
Moreover, since tower height, atmosphere model, surface elevation and zenith angle have no significant effects,
the only remaining critical factors are VIS and D. Plots providing the energy loss A as a function of VIS and D
for each aerosol group appear in Fig. 6. As could be expected, A is a strong function of both VIS and D. A is
also affected by the aerosol group, but to a lower extent—particularly for high visibilities. In theory, these plots
can also be used to rather relate A to AOD and D, using the data in Tab. 2. As noted above, however, the
relationship between VIS and AOD is not an exact one under real conditions. Hence, additional studies would
be needed to better establish the relationship between A and on-site AOD observations, for instance.

Fig. 6. Generalized results relating the energy lost between a mirror and the tower receiver to VIS and horizontal distance D
for two distinct groups of aerosols.

4. Conclusions
For Tower Solar Plants (TSP), the energy losses for the mirror-to-tower slant path caused by the presence of
aerosols near the ground have been analyzed as a fraction of the DNI incident on the mirror. Many different
configurations of possible TSP geometries and atmospheric conditions were employed to generate the
transmission losses, using the MODTRAN spectral atmospheric code with its slant-path option. A first result
obtained here is that the energy loss does not appreciably depend on the specific atmosphere model that can be
selected in MODTRAN (e.g., mid-latitude winter, mid-latitude summer, tropical or USSA). This leads to an
important simplification, since the energy loss caused by aerosols can be properly calculated for any site using
only one atmospheric profile. Similarly, the energy loss is virtually independent from the sun’s zenith angle (up
to ≈75°), and does neither depend on ground elevation, nor on the TSP’s tower height. The main atmospheric
variable driving the energy loss caused by aerosols is visibility (or more precisely, “meteorological range”, per
MODTRAN’s definition). Selecting various types of aerosol (rural, urban, tropospheric, maritime, or desert)
leads to different energy losses and different dependences on the sun’s zenith angle. However, the five aerosol
models may be reduced to only two categories: (i) ‘optically thin aerosols’, consisting of the rural, urban and
tropospheric aerosols, which yield maximum energy losses lower than 25% for a 23-km visibility and 4-km
horizontal distance; and (ii) ‘optically thick aerosols’ composed of the desert and maritime aerosols, generating
maximum energy losses of 30% for the same visibility and distance.

1452

G. López / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Taking some possible simplifications into account, all results can be synthesized into two plots (one for each
aerosol group) that provide the aerosol-induced energy losses at any site as a function of visibility and horizontal
mirror-to-tower distance. A theoretical correspondence between visibility, as defined here, and aerosol optical
depth is also provided, in case visibility measurements are not available. Finally, the present results will allow
the development of future parameterizations of the transmission losses, based on only a limited number of
essential variables. In addition, the proposed results can be used as benchmark values for assessing the
performance of other models of the literature, such as those used in various CSP design codes.
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Assessment of Hydrokinetic Potential in the Umbeluzi Basin, Mozambique
Summary
Hydrokinetic turbines can play a pivotal role in providing electricity access to remote areas in Mozambique,
as stand-alone isolated mini-grids. However, the suitable sites for application of Hydrokinetic Turbines
throughout the country are not known, hence the need for this research. The study was done to evaluate
electricity generation based on hydrokinetic turbines in the Umbeluzi basin. For this purpose, the following
methods have been applied: 1) Frequency analysis using historical data of river stream velocity to generate
velocity duration curves (VDC); 2) comparison of stream flow velocity to the design velocity of the
hydrokinetic turbine and comparison of the rotor diameter of hydrokinetic turbine to the depth of the river to
enable the evaluation of the feasibility of installation of the turbine in the basin. The results show that low flow
velocities characterize the Umbeluzi River, hence no considerable potential sites for installations of
hydrokinetic turbine. However, 444 W can be extracted in station 638 using dual axial turbine (Under Water
Electric kit).
Key-words: Hydrokinetic Turbines, Resources, Assessment

1. Introduction
Mozambique has 27.2 million inhabitants and only about 20.2 % have access to electricity. Almost 97% of
the total household energy needs are still met by traditional biomass fuels (wood and charcoal). Biomass meets
78% of the country’s energy needs, followed by hydro (13%), oil products (7%) and 2% from other resources
(IRENA, 2012; Mahumane, G. & Mulder, P., Nadaud, 2012). Total installed hydropower capacity is 2187 MW
of which 2075 MW is from Cahora Bassa hydropower plant (IHA, 2015). Hydropower generation potential is
estimated at 12,000 MW of which only 2,200 MW (Uamusse, Tsamba, Matsinhe, & Persson, 2015) has been
exploited. The potential of small hydropower plants (<10 MW) is 1000 MW (Klunne, 2013) of which only
2.63 MW has been exploited. In fact, small hydropower compares well with other supply technologies;
however, over 36 years large-scale hydropower projects dominated Mozambique’s energy plans targeting
neighboring countries market, especially South Africa.
Mozambique is a large country with widely dispersed; mostly rural population (70%) and no ambitious grid
extension plans can reach the entire country in the short and medium term (IRENA, 2012).Other options such
as small hydro therefore have to be explored to increase access to electricity. One of the options for harnessing
kinetic energy from river currents is by using hydrokinetic turbines. However, the suitable sites for application
of Hydrokinetic Turbines throughout the country are not known, hence the need for this research.
Hydrokinetic systems harness energy from natural water movement (kinetic energy) to generate electricity or
provide mechanical power. The systems have been successfully powering rural communities such as 1.2 kW
in Brazil (Els, 2008; Souza, j., Els & Diniz, J. & Wehrman, 2008); 5 kW in Ruby(Sornes, 2010), 200 W in
Peru(Sornes, 2010)and pumping water for irrigation system in Sudan (M. J. Khan, Bhuyan, Iqbal, & Quaicoe,
2009). In Mozambique, the potential of hydrokinetic turbines is being studied at Eduardo Mondlane University
(UEM) in partnership with University of Brasilia (UnB).
Traditionally, one way to validate water resources as adequate energy alternative is to evaluate its power
potential available at the sites. For the case of hydrokinetic systems, the important parameter for this evaluation
are: flow velocity and water depth of the rivers. This is the basic information required for system design and
energy planning, especially to ensure that energy supply and demand decisions are compatible with overall
goals for national sustainable development while diversifying energy resources.
1.1 Principle of Hydrokinetic Power
Through conservation of energy, the power existing at a point in the cross-sectional area of a stream of water
flowing at a given speed can be obtained using Equation 1.
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(eq. 1)
Where Pk is available kinetic power, ρ is density of water (1000 kg/m 3), Ac is the cross-sectional area of the
extraction and, V is the flow velocity (m/s). Hydrokinetic power is often reported as a power density, which is
the power normalized to unit are:
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Computation of the kinetic power depend on the cross-section area, which is either the river cross-sectional
area for assessment of the total energy in then river, or the area of the device that will be used to extract the
kinetic energy (NRC-CHC, 2010). For the purpose of this study, the cross-sectional area of the river is used to
estimate power potential.
1.2 Extractable Hydrokinetic Power
When considering the use of a device to extract the available power, the cross-sectional area of the device that
intersects the flow is taken as the area of interest and the total efficiency of the device and associated power
system in converting the kinetic power into electrical power has to be considered. Thus, the generated power
(Pg) given as:

Pg

Cp

As

S

U
2

AsV 3

(eq. 3)
Where Cp is power coefficient of the turbine and AS is the swept rotor area of the turbine given as:

D2
4

(eq.

4)

Where D is the rotor diameter of the turbine, Л=3.14
Considering the Betz limits as the maximum turbine efficiency, the power extractable from a turbine is given
as:

Pg  Max

0.593

U
2

AsV 3

(eq.

5)

1.3 Hydrokinetic technology and rural electrification
This section describes—in brief—the hydrokinetic turbines used for feasibility evaluation of hydrokinetic
power with the river. Detailed technology review can be found in (Verdant Power Canada, 2006), (M. J. Khan
et al., 2009)and (Lago, Ponta, & Chen, 2010).
The Amazon aquacharger shown in figure 1 has ability to charge up to five 12 V or 24 V batteries
simultaneously (Anyi & Kirke, 2010). The EnCurrent turbine shown in Figure 2 is a vertical axis Darrieus
cross-axis turbine available in both ducted and non-ducted. The non-ducted configuration uses a 1.6 m
diameter and 0.8 m tall turbine, it requires a minimum water velocity of 2 m/s to provide effective power
output. However, as stated by (J. Khan, 2006), the turbine has ability to generate 0.4 kW power output at 0.9
m/s. In their website, (New Energy Corporation, 2014)), announce the use of Encurrrent turbine in powering
rural community in Ruby at central Alaska.
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Figure 1: Amazon AquaCharger

Figure 2: EnCurrent HydroTurbine

The Axial flow turbine (figure 3) was designed by University of Brasilia to attend specific rural electrification
projects with installed capacity from 300W up to 2000W(Els, R. & Junior, 2015) and was installed in Suriname
village. The system provide power to school, health centre and hybrid solar dryer (Els, 2008). Under Water
Electric Kit shown in figure 4, is designed to operate in river, tidal and ocean currents. The turbine with rotor
ranging from 2 to 5 m operates in extremely low velocities of 0.20 m/s or less (Verdant Power Canada, 2006).
However, Anyi & Kirke(2010) discuss that the axial flow turbine with diameter ranging from 0.8 – 2.7 m can
be used to generate a practical amount of electrical power from water between 0.5 - 2 m/s up to 100 kW.

The Garlov-Darrieus Helical Turbine, shown in Figure 5 consists of a rotor with 2 to 4 blades, whose
extremities are fixed to disks, forming only one set that rotates together with generator. The turbine is available
in several diameters: 1.25 m, 1.5m, 2.5 m, 3.0 m, and 6.0 m. The smallest turbine developed by Alternative
Hydro Solutions is 1.25 m diameter and 0.5 m height (Verdant Power Canada, 2006). The turbine starts
producing power at approximately 0.60 m/s, according to studies done in 2004 (Sornes, 2010; Verdant Power
Canada, 2006).
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Figure 3: Axial Cross flow –UnB (Viana, 2014)

Figure 4: Under Water Electric
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Figure 5: Garlov Helical Turbine

Turbines specification and their operation requirement are shown in table 1.
Table 1: Output Power of Axial and Cross-Flow Hydrokinetic Turbines

Minimum River
Depth
requirement

Rotor
diameter (m)

Power Output
Capacity

(m)

Stream Flow
Velocity
requirement range
(m/s)

Amazon Aquacharger
turbine

1.75

0.45- 1.5

1.8

500 W at 1.5
m/s

Under Water Electric
Kit Turbine(twin unit)

2

0.20

2-5

100 kW

Garlov Helical Turbine

2.5

0.6-1.3

EnCurrent Hydro
Turbine

0.8

1.5-2.5

1.6

10 kW at 1.5
m/s

Axial-Flow (UnB)
Turbine

1

1.5

0.8

20 kW

Device

0.7 kW at 1.3
m/s

2. Methodology
This study was based on frequency analysis of historical data, survey on hydrokinetic technologies for river
application, hydrokinetic resources studies approaches and field survey. Preliminary data for desk analysis
were collected from Department of Water Resources under National Directorate of Water in Mozambique.
2.1 Area of study
Umbeluzi is an international river shared by Swaziland, Mozambique and South Africa; it originates in
Swaziland close to the border with Mozambique. It covers a total area of 5,400 km 2, of which 40% in
Mozambican, 58% in Swaziland and the remaining 2% in South Africa (Joel das Neves Tembe and Aristides
Baloi, 2001). The basin and Umbeluzi river main course are shown in Figure 6.
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Figure 6: Umbeluzi Basin and its tributaries rivers. Source: CENACARTA (2016)

The main course of the Umbeluzi River runs in the East direction and discharges into Indian Ocean through
Espirito Santo estuary at the southern Maputo bay. The main course consists of two tributaries, Mbuluzane
River in Swaziland and Movene River in Mozambique (Juizo, D.,Liden, 2008). The table below indicates the
sites (stations) were the study took place.

Table 2: Stations studied

Station number

Latitude

Longitude

Altitude

8

26:5:41 S

32:19:30 E

3

11

26:11:46 S

32:7:17 E

63

395

26:5:15 S

32:14:32 E

17

638

26:2:11 S

32:23:1 E

99

2.2 Stream Flow Velocity flow Characterization of the Main Maputo’s Hydrological Basins
The study has used Frequency Analysis using historical data of velocity of river streams to generate velocity
duration curves (VDC). VDC are graphical plot of stream velocity against the corresponding percent of time
that the stream velocity is same or is exceeded. It describes the variability of the stream velocity. VDC were
generated arranging velocity data in descending order and the percentage probability, Pp, of any magnitude,
V, being exceeded calculated using Equation 6.

Pp

m
u100%
N 1

(eq. 6)
Where PP is percentage probability (%), m is number of the velocity (rank), N is number of the data in the list.
2.3 Evaluation of the feasibility for Installation of hydrokinetic turbines in the Umbeluzi main course
The evaluations of the feasibility for installation of hydrokinetic turbine in the Umbeluzi basin was done
through comparison of the velocity of the stream versus the design velocity of the hydrokinetic turbines, and
comparing the rotor diameter of the hydrokinetic turbines to the depth of the river, then evaluate the feasibility
for installation of hydrokinetic turbines in the Umbeluzi River.
2.4 Hydrokinetic and Extractable Power
Assuming hydrokinetic turbines maximum efficiency 0.593 stated by Betz limit, extractable power was
computed using Equation 5. However, this was done for stream section which equally had the minimum water
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depth matched with the specific turbine requirement, such as station number 638. The turbines used for energy
evaluation at these stream sections are respectively Under Water Electric kit (UEK), the ducted cross-axis by
UnB and EnCurrent.
The energy evaluation was based on the stream flow velocities which is more than 90% of time available
throughout the year.
2.5 Field Measurements and Equipment
River depth and flow velocity through main Umbeluzi channel was carried out at Goba and Mafavuca
communities. The flow velocity of the river was directly measured using Gurley 572771 current meter shaft.
Area of each sub-section was determined by directly measuring width and depth and computed using Equation
7.

Ai

Wi u Di

(eq. 7)
Where Ai is sub-sectional area, Wi, Di area the correspondent width and depth of each subsection. The flow
velocity in each sub-section was estimated at selected vertical locations in the water column.
3. Results and Discussion
3.1 Characterization of Umbeluzi River Flow Velocity
Umbeluzi basin consists of 37 hydrometric stations most of them built in 1950s. For the purpose of this study,
four Gauging Stations have been used to characterize Umbeluzi River flow velocity. Figure 7 up to Figure 14
show Umbeluzi River Flow Velocity hydrographs and velocity duration curves from Goba Village (where the
river enters Mozambique from) up to Boane Village.
The observations of stream flow of Umbeluzi at Station 11, downstream Goba Village is shown in figure7.
The curve was plotted using monthly averaged values of 5 years (1981-1985).

Mean monthly velocity of Umbeluzi River at statio 11-Goba
Village. The hydrograph account for 5 years of observations
(1981-1985)

Stream Velocity(m/s)

0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00
Jan

Feb Mar Apr May Jun

Jul

Aug Sep Oct Nov Dec

Month
Figure 7: Umbeluzi Mean Monthly Velocity-Station 11 at Goba Village

From the hydrograph (mean monthly flow velocity variation) in figure 7, it can be noted that the maximum
flow velocity of 0.64 m/s is reached in February. The minimum stream flow is 0.23 m/s observed in July
However, with the exception of February, the stream flow velocity of Umbeluzi at this site is in the range of
0.23 m/s to 0.4 m/s. Figure 8 shows the time each stream flow is available throughout the year.

1461

Stram Velocity(m/s)

T. Nhabetse / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)
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0.40
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0.00

Station 11 VDC-Umbeluzi River at Goba Village.The curve
account for averaged values over 5 years (1991-1995)

15% 23% 31% 38% 46% 54% 8% 62% 69% 77% 85% 100%

Proportion of time being exeeced
Figure 8: Umbeluzi Velocity Duration Curve-Station 11 at Goba Village

Looking at velocity duration curves (Figure 8) it can be drawn that (with reference to period 1981-1985), the
stream velocity of 0.20 m/s is 92% of time available, and 0.64 m/s is 15% of time available throughout the
year. However the firm velocity for energy generation should be available 100% of time all days of the months.
From 1982 to 1983, the river depth is in average of 0. 7 m. In 1984, the river reached 2.4 m of minimum water
depth. At Station 638, the fluctuation of flows velocity through the years is very high. Such behaviour is shown
in the hydrograph of figure 9.

Mean monthly velocity of Umbeluzi River. The hydrograph
account for (1995-1999, 2006-2010) years
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Figure 9: Umbeluzi Mean Monthly Velocity-Station 638

The Flow velocity data, taken as averages for the time in analysis (1995-1999, 2006-2010) show that the stream
flow velocity ranges from 0.28 to 0.74 m/s where the maximum was registered in August.
The availability of firm velocity for hydrokinetic turbine installation in the last ten years (1995-1999, 20062010 ) of observation shows that 0.28 m/s is 92% of the time available, while above stream velocity of 0.6 m/s
is only 8% time available (Figure 10). This means that, the river flows at 0.28 m/s from January to December
and 0.6 m/s during less than one month.
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Stream Velocity(m/s)

0.8

Station 638 VDC-Umbeluzi Riverat Boane Bridge Village.
The curve account for avaraged values of (1995-1999, 20062010) years
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0.4
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Proportion of time being exceede
Figure 10: Umbeluzi Velocity Duration Curve-Station 638

According to figure 10, at this stream section 638, Umbeluzi registers 5.91 m and 2.64 m maximum and
minimum water depth respectively.
Toward downstream, at Station 395, the maximum and minimum river depth of Umbeluzi are 1.0 and 0.55 m
respectively. The stream velocity throughout the month can be seen from hydrograph curves of figure 11.
Mean monthly velocity of Umbeluzi River at statio 395. The
hydrograph account for 5 years of observations (2007-2011)
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Figure 11: Mean Monthly Velocity Over Umbeluzi River-Station 395

During four years of observations (2007, 2008, 2009, 2010 and 2011 curves) Umbeluzi reached the maximum
flow velocity during March and August being 0.42 m/s and 0.40 m/s respectively. The minimum stream flow
velocities occurred in January and February. From May up to August, the stream flow increases from 0.38 m/s
to from 0.40 m/s. From August to December, it drops from 0.40 m/s to 0.38 m/s. Figure 12 shows the time
such range of stream flow can be harnessed for hydrokinetic application.
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Stream velocity (m/s)

Station 395 VDC- Umbeluzi River at Saline Intrusion. The curve
account for averaged values over 5 years (2007-2011)
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Figure 12: Umbeluzi Velocity Duration Curve-Station 395

As it can be seem from figure 12, Velocity Duration Curves above 0.36 m/s is 100% of time of the year
available (From January to December) while 0.47 m/s is 8% of time available throughout the year. It means
that the firm stream flow available for energy generation and provide power all months is 0.37 m/s.

Stream Velocity(m/s)

The last stream flow observation was done at Station 8, whereby Umbeluzi River observes maximum and
minimum water depth of 5.3 and 0.55 m respectively. Its mean monthly stream flow velocity it is shown in
figure 13.
Mean monthly velocity of Umbeluzi River at statio 8-Boane
Bridge Village. The hydrograph account for 18 years of
observations (1983-1987,1987,1991,1996-1998,20010.650
2001,2006-2011)
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Figure 13: Mean Monthly Velocity over Umbeluzi Main Course-Station 8, Boane Village

Stream Velocity(m/s)

The hydrograph curve of figure 13 shows that the stream velocity ranges from 0.3 m/s to 0.60 m/s from March
to July. In February, has reached 0.44 m/s while October, Umbeluzi reaches 0.6 m/s. Figure 14 shows the
analysis of stream flow velocity availability at station 8.

Station 8 VDC-Umbeluzi Riverat Boane Bridge Village.
The curve account for avaraged values of 18 years
(1983-1987,1987,1991,1996-1998,2001-2001,20060.65
2011
0.6
0.55
0.5
0.45
0.4
0.35
0.3
0.25
0.2

Propotion of time being exceeded
Figure 14: Umbeluzi Velocity Duration Curve-Station 8 at Boane Village
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From Velocity Duration Curves shown in Figure 14, it is figured out that 0.244 m/s of flow velocity is 100%
of time available throughout the year while 0.60 m/s is 8% of time available. Thus, similar to the station 395,
0.24m/s is the firm flow available for energy generation during all months at this section.
3.2 Feasibility for Installation of Hydrokinetic Turbines in the Umbeluzi River
The following analysis was done with reference to turbines operation requirements in natural current river
flows provided in table 1. The parameters analyzed are: river flow velocity and river depth compared to
operational flow velocity of the turbines and their rotor diameter (for axial type) or the height of the turbine
(in case of cross-flow turbines type).
In Goba Village (station 11), the velocity duration curves plotted from 1981 to 1985 show that the river flow
velocity of 0.20 m/s is 100% of time available (Figure 8). The minimum water depth observed from 1981 to
1985 is 0.69 m. In such flow velocity, Under Water Electric Kit (Figure 4), could be used to extract kinetic
energy. However, the turbine requires 2 m of minimum river depth, which is not available at the site.
At Station 638, the last five years of observation (2007,2008, 2009, 2010 and 2011) show the stream velocity
of 0.28 m/s is 100% of the time available and the stream velocity of 0.40 m/s is available 85% of the time
throughout the year (see Figure 10). At this stream section, Umbeluzi River registered 5.9 m maximum and
2.64 m minimum of water depth.
The maximum and minimum river depth at Station 395 is 1.0 and 0.455 m. Stream flow velocity 100% of time
available throughout the year is 0.36 m/s (see Figure 12).
At Station 8 located in Boane Village, Umbeluzi River observes a maximum and minimum water depth of 5.3
and 0.55 m respectively. Figure 14 shows that less than 0.244 m/s of flow velocity is 100% of time available
throughout the year.
Looking at the turbines specification in table 1 and compared to the river flow velocity, it is found that the
river meets operating flow velocity of Under Water Electric Kit at stations 11, 638 and 395. However, when
the river depth is brought into comparison with the turbines specification, only Under Water Electric Kit could
be used to extract kinetic energy at station 638, as the minimum river depth is 2.64 m, matched with 2 m rotor
diameter.
3.3 Evaluating Extractable Power by Under Water Electric Kit Turbine
Under Water Electric Kit (UEK) is claimed to operate under extremely low velocities (Verdant Power, 2006).
Therefore, it will be used to evaluate the hydrokinetic potential in station 638. At this section, the natural
stream flow conditions are: 0.42 m/s is 85% of time available (see Figure 10); the stream cross-section area is
4.24 m2 and minimum river depth of 2.64 m.
The hydrokinetic power available in the river computed using Equation 1 is 157.07 W and the extractable
power by the turbine with 2 m rotor diameter computed by equation 5 results in 69.01 W (see Table 2). If the
cross-section area of the river is strangulated from 4.24 m 2 to 2.12 m2, the stream flow increased up to 0.84
m/s. The hydrokinetic power available in the river, calculated using equation 1 is 628.27 W and the extractable
power by the turbine, using Equation 5 result in 552.09 W, which is enough to meet the basic needs of 10
households at World Bank standards for rural electrification using solar energy.
Table 3: Increased Flow Velocity and Output Power by the use of Under Water Electric Kit

Cross-section Area (m2)

Flow Velocity (m/s)

Hydrokinetic Power (W)

Ac0

4.24

V0

0.42

PK0

Ac1

2.12

V1

0.84

PK1

157.07
628.27

Extractable Power (W)
Pg-max0
Pg-max1

69.01
552.09

4. Conclusion
Hydrokinetic technology are designed to supply power for low demand communities living close to the rivers,
hence increase the provision of energy services in rural areas. However, its exploration is dependent on
availability of the water resources at the site, which are the river flow velocity and river depth. In that context:
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Umbeluzi flows at 0.60 m/s maximum velocity, which is 8% of time available. Flow velocity ranging from
0.23 to 0.36 m/s is 100% of time available throughout the year. In addition, almost all stations have registered
the minimum river depth in a range from 0.55 to 0.7 m.
Comparing the range of flow velocities to the turbines requirements, it is found that low flow velocities for
hydrokinetic technology characterize Umbeluzi River. However, kinetic energy can be extracted at station 638
if augmentation device is used to strangulate the river channel. The river flow at 0.42 m/s is 100% of time
available throughout the year in an average cross-section area of 4.24 m2.
The extractable power using Under Water Electric Kit is 69.01 W. However, if the cross-section area is reduced
from 4.24 to 2.12 m2, the flow velocity increases from 0.42 to 0.84 m/s. The corresponding extractable power
is 552.09 W, useful to charge some batteries.
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Abstract

Solar fruit drying has the potential to reduce food insecurity in developing nations. One possible technique for
drying fruit is to use solar dryers. This technique is easy to use without requiring high investments. However,
the drying technique can be challenging. One problem is that the drying rate could be different depending on
where in the dryer the process takes place. At the beginning of the dryer, the air is dry and warm while at the
exit it has picked up moisture from the products and has cooled down. This could result in severe problems for
the user. One possible solution is to have an arrangement that inverts the direction of the airflow periodically.
This means that the entrance and the exit of the air are shifted. Thus, the drying rate evens out. Results from
the performed simulations shows that the difference in drying rate comparing the fastest with the slowest drying
rate in the dryer can be reduced from approximately 110 % to 10 % with this approach. Furthermore, this paper
also describes how weather condition for a design day was established. This weather condition can be used for
more accurate estimates regarding drying rates and temperatures in the solar dryer.
Keywords: Solar drying, food processing

1. Introduction
Even though absolute/extreme poverty and starvation has decreased over the latest decades (UN 2010; The
World Bank), there is still food shortage and malnutrition in many developing nations. This is despite a fast
economic growth in some developing countries. One of these countries, Mozambique, had a Human
Development Index (HDI) ranking of 180 out of 188 countries despite the HDI value being 75 % higher than
in 1980 (UNDP, 2015). Food security is lowest in the south of the country where almost one third of the people
suffers from food insecurity (World Food Programme, 2016). At first sight, this appears strange as there is
plenty of food grown in the country. However, large amounts of the grown food are either not harvested or are
lost after the harvest due to spoilage (FAO, 2011). As much as 25 % to 40 % of the harvested fruit is estimated
to be lost, mainly due to a lack of small-scale preservation techniques that do not require infrastructure (Feed
the Future, 2011).
Preservation techniques such as aseptic filling and canning would in principle be possible solutions, however,
this would require large investments and infrastructure which are often not available in these areas today.
Freezing and other techniques that require large amounts of electricity are not an option due to the lack of an
electric grid in rural areas. In Mozambique, approximately 80 % of the population is not connected to the
electric grid (SIDA 2014). Unfortunately this problem is the same for fruit drying using electrical heaters.
Drying of, for instance, fruit is otherwise an attractive technique as it needs no energy after the actual drying.
The fruit can also be stored for long periods of time ranging up to several years, depending on the type of fruit
and final moisture content after drying (Rahman & Perera, 2007). Drying could become a viable solution in
developing nations if the electricity problem could be overcome. Furthermore, in order to have a preservation
technique that plays a role for a large part of the society, the technique must be scalable as well as easy to use,
cheap and reliable.
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One possible solution for this is to use solar driven dryers. The technique uses little to no power to run, is cheap
and is simple to use. The work presented in this paper is part of a larger project where an interdisciplinary
research group is focusing on finding suitable technical and social solutions for this drying technology. The
main objective in this project is to find solutions for drying fruit juices made from juicy fruits like tangerines
and oranges that have high spoilage rates (Affognon et al., 2015). The technique that has been developed for
drying juices is called Solar Assisted Pervaporation (SAP). It involves the use of semi-permeable membrane
bags which are filled with juice, clamped shut and then placed horizontally in the sun to dry. With adequate
solar irradiation and ventilation, water vapour is able to pass through the semi-permeable membrane layer of
the bag resulting in a shelf-stable dried product after two to three days (Phinney et al., 2015). Solar drying has
traditionally been seen as unhygienic since the product is fully exposed to the open air, but with the SAP
technique, microorganisms and larger pests are not able to penetrate the bag which greatly reduces the food
safety risk (Phinney et al., 2015). Earlier work within the project has shown that even if the bags are directly
exposed to solar radiation, a cooler wind passing over the bags can drastically reduce the drying flux. This
result supports the need of a solar dryer that can pre-heat the air that passes over the bags in order to maintain
the highest drying flux possible. The pre-heat of air would increase the temperature to a level not favourable
to microbial. In addition, not radiating the fruit directly could be beneficial as the sun light could activate the
degradation of vitamin or pro-vitamin in the fruits. Direct irradiation could potentially also form a crust on the
inside of the bags, which would then lead to lower drying rates (Mills-Gray, 2015). By using an indirect drying
technique, the heating of the fruits become more adjustable and less fluctuating over time as the dimensions
and materials of the solar collector will determine the drying conditions (Kumar et al., 2015).

The initial indirect solar dryer design that was developed for SAP is shown in Fig. 1. The air is heated in the
solar collector and this hot air passes to the drying tower.

Fig. 1: The solar dryer with the solar collector and the drying tower.

Earlier reports have shown that the drying rate of the product (i.e. bag) is dependent on at least air temperature,
air speed and the relative humidity of that air (Blanco-Cano et al., 2016; Phinney et al., 2015). Furthermore,
Olsson (2016) showed that the drying rate in a passive drying tower, illustrated in Fig. 1, is strongly dependent
on where the bag is placed in the drying cabinet. As the air is dryer and warmer at the entrance of the cabinet,
the drying rate is also higher here. As the dry air picks up moisture from the bags at the entrance region, the
relative humidity increases. Furthermore, as this process is energy demanding the temperature will also
decrease. As a consequence of this, the drying rate is reduced for bags placed at the top of the cabinet. This is
a serious problem for the successful implementation of this technique. The target group for the technique, i.e.
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farmers in rural Mozambique, are too busy to spend time shifting bags around in the drying tower in order to
reduce the uneven drying rates. Furthermore, keeping track of the time for when to shift the bags will also add
problems for the user. A high drying rate reduces problems relating to mould growth and the evenness is
important for a homogeneous quality of the dried products. It is therefore very important that the drying rate
is both high and even.
Understanding the process of solar drying needs understanding of the physical boundaries and the driving
forces, i.e. the weather conditions. Running simulations with full weather data is time consuming and often
inconvenient during a development phase of a new collector type. In this type of process, rough estimates are
often more suitable. In order to do this, a typical weather situation for the process is needed. This is not well
established today. Earlier work presented is based on reasonable guesses for typical weather situations Olsson
(2016).

Investigated problems:
Shifting the bags in the drying cabinet has the potential to increase the evenness in the drying rate. Furthermore,
using real weather data rather than assumed values will affect the calculated drying rates in the cabinet. The
research questions are therefore;
x

To what extent can the evenness in drying rate be increased by either shifting the positions of the bags
in the cabinet or reversing the flow in the dryer tower?

x

To what extent is the drying rate affected by using real weather data? And, can a characteristic weather
situation be identified?

The evenness is measured as a relative difference in drying rate between the bags that dry the fastest and the
slowest.

2. Method
The performed simulations are based on a program described in Olsson (2016). The program is built in Maple
2015 (Maple) which is a software mainly used to analytically solve and evaluate mathematical problems, but
can also be used as a programming tool. The model consists of two parts; the solar collector and the drying
tower, see Fig. 1. The solar collector has a constant airflow going through it, user defined insulation on the
sides and bottom and a single layer of glazing on the top which can let through sunlight. The absolute humidity
and the air temperature calculated at the outlet of the collector will then act as input values for the drying tower
and thus determine the initial drying conditions. The drying cabinet consists of four walls impermeable to
sunlight and has an airflow going from its bottom to its top. Inside the cabinet, a certain amount of shelves are
located on which SAP-bags can be placed. The drying rates of the SAP-bags are then calculated for each shelf
depending on the air velocity and the relative humidity at each shelf.
The program was used in order to calculate the drying rate for bags placed at seven different shelves in the
drying tower. The placement is indicated in Fig. 1. The drying rate was used in order to calculate the evenness
depending on shelf position in the tower. Furthermore, the consequences of shifting around the bags in the
drying tower were also calculated. For this shifting simulation: the bags placed on shelf 7 were shifted with
the bags on shelf 1 after 30 minutes. Bags on shelf 6 were shifted with bags on shelf 2 and the bags on shelf 5
were shifted with the bags on shelf 3. The bags on shelf 4 were left without being shifted.
The characteristic weather for fruit drying in Mozambique was found by creating a constant weather condition
that results in the same total drying over a three months period as would be the result using the real measured
weather over the same three months. The point in doing this is mainly to have a typical design condition for
the solar drying technology. Using the characteristic weather will result in better estimations for drying
capacities. Included in the characteristic weather is radiation, temperature and relative humidity. As can be
seen in Fig. 2 the temperature and the relative humidity varies considerably less than the irradiation. Therefore
these two parameters where calculated to be the arithmetic mean value during the period. After these values
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were established, the irradiation level for the characteristic weather situation was calculated. This was carried
out by means of iteratively running simulations changing the characteristic radiation. When the total drying
over the three month period was the same using the characteristic weather situation as using the real weather
data the characteristic radiation was found. Fig. 2 shows a typical weather situation during two days. The black
line shows the irradiation on a horizontal surface, the blue line shows the ambient temperature and the red line
shows the relative humidity. The dashed blue and red lines are the arithmetic mean values of the temperature
and the relative humidity during the active time of operation, in this case from 8:00 to 16:00. The dashed black
line is the irradiation used in the calculation program in order to get the same total drying during operation (i.e.
running a simulation using the fixed values shown with dashed lines or running a simulation using the weather
data will produce the same total drying effect). The grey shaded area indicates the time that the solar dryer is
assumed to be in operation. The figure is used only as an illustrative example of the method.
The drying of the SAP bags in not a linear function of the irradiation or the temperature or even the relative
humidity Olsson (2016). Therefore, a change in for instance the relative humidity in the drying tower will lead
to a compensation of the irradiation in the calculated characteristic weather. In order to evaluate how important
this none linearity is the characteristic weather was calculated for two different versions of the solar dryer. The
two different versions of solar dryers will create two different drying conditions and therefore two different
characteristic weathers. One with a drying tower with a cross section measuring 0.2 m · 0.2 m with 2 SAP bags
per shelf. The other tower with a cross section that measures 0.4 m · 0.4 m and has 10 SAP bags per shelf.
Both cases use a 2.4 m² large solar collector unit. This creates two different conditions in the dryer. In the
larger tower, the air will move with a lower speed and the air will also become more humid in the upper layer.
Other details on the dryer are discussed in Olsson (2016). This test was carried out in order to see how sensitive
the characteristic weather is to changes in the solar collector.
The simulations were performed assuming a horizontal collector. Furthermore, the characteristic weather was
evaluated for two operation times, 8 hours per day and for 4 hours per day. Fig. 2 is an illustration of the
characteristic weather for the 8 hour case.

Fig. 2: Illustration of the characteristic weather for the 8 hour drying case during a two day period. The black line shows the
radiation, the red line shows the relative humidity and the blue line shows the ambient temperature. The dashed lines shows
the characteristic weather during this period.

Hourly weather data was obtained for Maputo, Mozambique using Meteonorm 7.0. Data was selected from
beginning of May to end of July as this is the period for tangerines in Mozambique.
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3. Results
Fig. 3 shows the results from a simulation where the drying rate per square metre of SAP-bag per hour was
calculated over one week in the beginning of May. The results are based on a simulation that uses real weather
data. The drying tower was set to be 0.4 m · 0.4 m and there was 10 bags placed per shelf. The left figure
shows the drying rate for the SAP bags placed on the different shelves. The placement of the shelves is shown
in Fig. 1. The results show the highest drying rate at the first shelf and a decreasing drying rate moving up in
the tower. During the peak hour on the first day, the difference in drying rate between shelf 1 and shelf 7 is
approximately 110 %, i.e. bags on shelf 1 dry more than twice the rate of bags placed on shelf 7. To the right
is a calculation where the bags have been shifted every 30 minutes. The mixed mode, i.e. the right figure,
shows that this difference in drying rate is reduced to 10 % between bags placed on shelf 4 and bags placed
and shifted on shelf 1 and shelf 7.

Fig. 3: The drying rate at different shelves during one week. The left figure shows constant position (shelf) for the bags. The
right figure shows drying rate where the bags are shifted continuously over the week.

The characteristic weather found for the two different solar dryers using the 4 hour and the 8 hour daily drying
period is presented in Table 1. By using the values presented in Table 1, the same total drying as using a full
weather file in the simulation tool is obtained.

Tab. 1: Characteristic weather for two types of dryers and for two drying times

Calculated value

Temperature / °C

Low concentration of SAP bags
in the dryer

High concentration of SAP
bags in the dryer

4 hour period

8 hour period

4 hour period

8 hour period

25

25

25

25

Relative humidity / %

50

50

50

50

Irradiation / (W/m²)

700

530

740

575

4. Discussion
The calculations performed in order to evaluate the effects of shifting the positions on the bags in the dryer
showed great potential in order to get a more even drying rate. However, shifting the bags manually will be
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very time consuming and this will likely not be carried out by the user. This could lead to accidental spoilage
of fruit. Instead, it would be preferable if the dryer was built in such way that this was carried out automatically.
One alternative could be to build a collector that has double collectors, one before the drying section and one
after the drying section. The airflow can then be controlled with a fan to change the direction of the flow every
30 minutes. Doing so will give the same result as continuously shifting the bags, i.e. shelf 1 will be shelf 7 as
the airflow direction changes. The price for such a product will be higher but it will likely allow for operation
without causing unnecessary work for the user. Alternatively, a small fan can be installed inside the drying
tower in order to mix the air. Other techniques could be possible.
The characteristic weather was concluded from an analysis based on using all the days during May, June and
July. Doing so also includes cloudy cold days. During such days the user is not as likely to start drying fruits.
Therefore it might be more reasonable to establish a characteristic weather not based on days including such
weather. Such selective picking of suitable drying days would lead to a higher characteristic radiation for the
collector. However, if the drying process is longer, for instance a couple of days, then the cloudy day might
come in the middle of the drying process and there is no chance to abort the drying and start over. Instead the
cloudy days will be included. This analysis can be stretched further for a more complete conclusion.
Furthermore, the analysed weather data comes from Maputo in the south of Mozambique. Using weather from
the central or the northern parts might result in a different characteristic weather. Nevertheless, it was decided
that the reached values are accurate enough for the purpose of preliminary design considerations.
However it is also important to understand that there are many characteristic weather situations that will result
in a specific total drying over the three months. For instance reducing the temperature but increasing the solar
radiation simultaneously will keep the drying constant. Therefore it’s impossible to find one specific weather
situation that is the only solution to the given problem.

There is a small difference in what characteristic weather should be used depending on the setting of the dryer.
More SAP bags and thus higher relative humidity combined with a lower airflow in the tower results in a
somewhat higher characteristic irradiation. However, this difference is very small, in the order of 5 % to 10 %.
This is seen comparing the irradiation levels in Table 1, 700 W/m² compared to 740 W/m² and 530 W/m²
compared to 575 W/m². Thus, this difference can be neglected.

5. Conclusion
The uneven drying rate can be drastically reduced if the SAP bags are shifted within the drying tower. Shifting
the bags every 30 minutes, or more realistically changing the airflow direction, was shown to reduce the
difference in drying rate from approximately 110 % to 10 % between the highest and lowest drying rates.
A characteristic weather could be determined and are presented in Table 1. For longer drying periods, i.e.
longer than 8 hours, the characteristic weather is typically 25 °C a relative humidity of 50 % and approximately
550 W/m² of solar radiation. For shorter drying periods where only the peak hours of the day is used the solar
radiation can be assumed to be somewhat more than 700 W/m². The none-linearity in the drying process
discussed in the method section was indicated to have only small effects. Varying the drying tower cross
sectional area and number of SAP bags per shelves within the above stated limits will not affect the
characteristic weather to a significant degree and this effect can be ignored.
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Summary
Injera is a traditional staple pancake and it is part of the daily dish to most of the one hundred million population
in Ethiopia and Eritrea. The conventional baking method uses either biomass in rural areas or Electricity in
majority of urban areas. A direct solar fryer for Injera baking application is developed as an alternative to the
conventional baking methods. The solar fryer system uses a 1.8m rim diameter dish covered with aluminum
reflective sheet. The system employs an aluminum baking plate of 550 mm diameter, 12.5 mm thickness and
is equipped with two axis manual tracking. The direct solar fryer model has two possible operational modes;
the continuous heating-baking mode and the alternating heating-baking mode. The experimental result show
that the initial heating up time in both modes was in the range of 30 to 45 minute and this initial heat up time
was comparable to the conventional baking process. In the initial heat up period, the plate has reached an
average temperature of 120 to 130 Ԩ 160 to 180 Ԩ
, which was sufficient surface temperature to initiate a baking activity. The baking process in the
continuous type model has taken an average of 5 minutes while the subsequent additional heat up time was 2
minutes giving an average baking time of 7 minutes per Injera. The alternating type model has slower heating
time at each consecutive baking activity. The direct solar fryer will provide a baking power of 563W with a
system thermal efficiency, including the collector efficiency of 37 %.
Key words: Injera, solar baking, Solar Fryer, baking time, baking power, baking energy

1. Introduction
Injera also written as enjera is an endemic staple food in Ethiopia and Eritrea. Injera is made from the flour of
tiny grain locally called teff (Eragrostis tef), a species of in the genus Eragrostis, native to Ethiopia and Eritrea
[Mekonnen et al, 2014; Aptekar, 2013; Demissie, 2000]. The teff flour is mixed with water, on average of 30
% to 70 % proportion respectively on mass basis and a sourdough as starter. The mixture in the form of runny
dough is left to ferment for few days, usually 3 to 5 days. The sourdough starter and the fermentation process
makes the Injera to be mildly sour taste. The fermented dough is then baked into large flat pancake by pouring
into a hot clay pan. The dough then stays in the hot clay until the water boiling temperature is reached and as
a result, water bubbles scape the pancake forming thousands of tiny craters, traditionally referred as ‘eyes’
giving it spongy honeycomb like structure while the bottom surface, which comes in contact with the baking
hot surface, is relatively smooth. The fully cooked injera then becomes thin, soft and slightly spongy.
Injera is part of the daily dish to most of the one hundred million population in Ethiopia and Eritrea. The Injera,
placed on flat serving utensil, is consumed with different toppings or stews, traditionally called “wat”. There
are similar variants to Injera worldwide. Such variant include “canjeero” (also known as “lahooh” or “lahoh”
in Somalia and Djibouti [Abdullahi et al, 2001], “kisra” in Sudan and South Sudan, “mandazi” in Kenya,
“Lahuhua, pita and falafel” in Yemen and the middle east, “Baghrir” or “beghrir” in the Maghreb region,
“chapatti” and “puri” in India, pan fried cakes, paratha, vada and mutuan in Asia and tortilla and navaho fry
bread in North America [Gallagher, 2011].
Similar to the worldwide pancake frying process, Injera making process is an energy intensive activity. The
household sector in Ethiopia accounts for about 89% of the total energy consumption and with 96% of this
energy contributed from biomass (firewood, cow dung and agricultural residue) (Energypedia, 2017; Asfafaw
et al, 2014; GiZ, 2011). Majority of the domestic energy requirements is for baking and cooking purposes,
accounting for about 60% of energy consumption (Gebreegziabher, 2004, 2007; RPTC, 1998). This makes the
injera making activity as the most energy-consuming process in every household in Ethiopia.
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Nomenclature
ܳ
݉ௗ௨
ܥǡௗ௨ 
ܶ௧
ܶ
݉௪
ο݄௩
ݔ௪ 
ܥǡ௪
ݔ௧
ܥǡ௧
ܳ௧
ܲ௧
ݐ௦௦
ݍ௦
ܩ
ߩ
ሺ߬ߙሻ
ߛ௦
ܥ
ܳሶ
ܣ
ܣ
ߟ௧
ܳ
݄
ߟ௧ǡ௧
ߟ௧ǡ

Baking energy [kJ]
Mass of dough [Kg]
Specific heat capacity of the dough [kJ/(Kg. K)]
Baking temperature [K)
Initial temperature of the dough [K]
Mass of the evaporated water [Kg]
Enthalpy of vaporation of water [kJ/Kg]
Moisture content of the dough (water mass fraction) [ ]
Specific heat capacity of water [kJ/(Kg. K)]
Teff mass fraction in the dough [ ]
Specific heat capacity of teff [kJ/(Kg. K)]
Plate stored energy [kJ]
Plate heating power [kW]
Time taken for the whole baking process [sec]
Heat flux supplied to the receiver [W/m2]
Beam irradiance [W/m2]
Reflectance of the concentrating dish [ ]
Effective transmittance and absorptance of the receiver surface [ ]
Receiver shading factor [ ]
Area concentration ratio [ ]
Heat supply to the receiver [W]
Receiver aperture area [m2]
Concentrating satellite dish aperture area [m2]
Optical efficiency of the parabolic dish [ ]
Input solar energy [kJ]
Overall heat transfer coefficient [W/M2.K]
Thermal efficiency of the receiver [ ]
Thermal efficiency of the of the overall baking process [ ]

The conventional baking process mostly employs a traditional large size clay plate (locally called ‘mitad’) with
500 to 600 mm in diameter and 20mm thickness. This traditional baking clay has relatively low thermal
property hence it requires higher amount of heat than for typical for boiling. The conventional baking method
uses either biomass in rural areas or Electricity in majority of urban areas. Biomass based baking process is
inefficient, poses pollution hazard and it is becoming expensive due to limited biomass resource in the country
while electricity access is very low as majority of Ethiopians live off grid. Therefore, the development of
alternative technology for Injera baking application will have significant contribution in the energy
consumption profile and socio-economic aspect of the country.
From Ethiopian perspective, a solar energy-based technology is the most promising alternative to the existing
energy resource for Injera baking application. Injera baking is high-energy intensity application. The baking
process occurs in the temperature range of 130 Ԩ to 220 Ԩ at an energy consumption of approximately 1MJ/kg
of Injera and with a baking time of 180 seconds to 240 seconds. Ethiopia is endowed with abundant solar
energy, with daily average solar radiation of 5 kWh/m2 [Anwar et al, 2014]. Solar energy can be converted into
thermal energy as per the baking process energy consumption requirement more easily and in a sustainable
way than other alternative energy sources such as biomass, wind, hydropower and geothermal energy.
Solar energy based Injera baking technology can be either a direct system [Gallagher, 2011] or an indirect
system [Asfafaw et al, 2014; Maxime et al, 2013]. The direct system uses direct illumination of the solar
radiation into the illumination surface (bottom surface) of a baking pan while the Injera is baked at its baking
surface (the top surface). Such direct system is suitable for outdoor baking activity. The indirect system uses
heat transfer fluid (HTF) to transport thermal energy from the solar energy collector and/or absorber to the
application, in which case again the HTF may heat the baking plate directly or the thermal energy in the HTF
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is transferred and stored in other thermal energy storage materials, such as solar salt or thermal oil. The direct
system is simpler and cost effective while the indirect system will be more complicated and with high cost.
The intention of this study is to develop simple and cost effective direct solar fryer for Injera baking application
and analyze the performance of the solar thermal technology.
The Injera baking process would pose two main challenges for any type of solar energy based Injera baking
technology. The first challenge is due to the size of the traditional Injera, which is about 50 to 60 cm in
diameter. This implies that the baking process demands the provision of uniformly distributed heat on larger
size baking pan. This would be a challenge as the solar radiation is reflected into a larger area baking pan while
the radiation is being focused from the larger solar concentrators. Furthermore, while Injera is prepared softer
and thinner, other variant of pancakes seems to be made thicker and taken drier at the end of the baking process.
Due to that, Injera baking process will require relatively more uniformity in temperature distribution over the
larger size baking plate. The second challenge is the requirement of high intensity of heating of the baking
process. This challenge requires the availability of sufficient beam irradiance and an employment of an
appropriate solar collector size.
While many designs of the direct system type exist for cooking application or baking of smaller size staple
foods; a solar fryer of large size specifically for injera baking application is designed and reported by Gallagher
[Gallagher, 2011]. In this system, a 1.2 m diameter solar collector with quasi focus is employed to heat a 0.46m
diameter baking pan, which is designed for cooking 0.42 m diameter slices of injera bread. A mirror below the
pan directs the radiation to the pan bottom, which is coated with a low-emissivity black absorber. The mirror
uses flat, hexagonal panels of aluminized polyester (Mylar) to provide relatively uniform illumination across
most of the pan bottom. The baking pan can be stationary at the quasi focus of the mirror assembly (i.e.
simultaneous heating and baking) or it can be taken in or out of the dish in north-south direction while pouring
the dough and while removing the baked injera and put back into the dish for heating in the remaining time of
the baking process (i.e. discontinuity of heating during the baking process).
One of the main challenges in applying the Gallagher prototype to developing country like Ethiopia is the
difficulty and challenge of making the quasi focus solar collector which is comprised of flat and hexagonal
mirrors. Therefore, due to manufacturing difficulty, such collector will literally be subjected to significant
radiation loss if adapted and redeveloped. In this regard, the core design condition of attaining relatively
uniform illumination on the backside of the baking plate will be affected, if not it will be significantly
expensive. The second challenge is the upscaling of any concept by itself. In upscaling, the challenge of
attaining relatively uniform temperature distribution over the baking surface of the plate has to be addressed
either by attaining uniform illumination or by employing baking plate material and optimized plate thickness
that will ensure optimum conduction process, in turn that will lead to relatively uniform temperature
distribution over the baking surface of the plate.
Traditionally, Ethiopia’s Injera is with the size of 500 mm to 600mm in diameter. Therefore, the social
acceptance of the traditional staple food demands the development of a solar fryer prototype that will enable
to bake an Injera of the above size, while the Gallager prototype is designed for 420 mm slice of Injera. The
work by Gallagher is used as a basis for the design and development of a direct solar fryer as reported in detail
in this research. This newly developed system is an up scaled and an alternative version while addressing the
possibility of conducting solar baking with larger size direct solar fryer. An extensive experimentation of
baking process is also conducted and the performance of the system is evaluated. This direct solar fryer system
for baking application is with the largest fryer size and no other such large area-frying panel has been reported
so far.

2. Design of the direct solar fryer
2.1 Geometrical design of the solar fryer system
The solar fryer system uses a dish, cheap and widely available in the market with 1.8m rim diameter (focal
length 0.684 m and dish depth 0.296 m) and by gluing aluminum reflective sheet (Miro high reflective 95) on
the dish. The solar fryer is designed for an outdoor application, hence here called a “direct solar fryer”. The
direct solar fryer is made with a baking pan or plate made of aluminum (through casting process at local
workshops). The optimum thickness and the high heat conductivity property of the Aluminum plate ensures
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there exists relatively uniform temperature distribution on the baking surface of the plate.
The solar fryer model is designed with a baking pan size of 550 mm in diameter and 12.5 mm in thickness.
The solar fryer has two possible operational modes. The first operational mode is the configuration that enables
simultaneous heating and baking process here referred as “solar fryer with continuous heating and baking
mode” while the second mode is the configuration that enables heating and baking to be conducted
alternatively, here referred as the “solar fryer with alternating heating and baking mode”. These two modes of
the solar fryer are illustrated in figure 1 and figure 2 respectively.
The baking plate can be placed at a distance of 5 to 8 cm distance above or below the focal point, illuminating
major part of the heating surface, about 40 to 70% of the plate surface, which gives 25 to 15 concentration
ratio respectively. This focusing is done by using the telescopic adjustment structure on the dish support. The
plate support structure is also provided with additional rotational motion to allow small inclination during
initial heat up period and at consecutive heating and baking periods thus to increase the efficiency of the
radiation absorption at the illumination surface of the plate. In the continuous type model, the telescopic
adjustment will also help to compensate the seasonal declination of the sun, combined with seasonal
translational adjustment of the plate support about orthogonal direction to the axis of rotation of the dish
collector.
The system uses two axis manual tracking. The first manual tracking (i.e. the dish rotation about an axis of
rotation which pass through the focal point of the dish coupled with the plate rotation during initial heating
period) is intermittently adjusted throughout the day. The second manual tracking (i.e. the wheel rotation
attained by the roller support coupled with the rotation at the bearing) needs to be adjusted at an average of 10
minutes or at the interval of every baking. In this model, the baking process is conducted under no shading,
giving some level of discomfort to the user as a result of the radiation exposure while baking.

2.1.1 Continuous heating and baking mode
The solar fryer with continuous heating and baking mode is indicted in figure 1. In this solar fryer, the baking
plate is heated from its bottom surface (i.e. the illumination surface) while baking is conducted at its top
surface. The plate can be constantly placed near the focus, enabling simultaneous heating and baking or be
moved in and out of the dish for short period during dough pouring and baked Injera removing activity, while
in the remaining time the plate will be in heating and baking mode. The choice of these two modes basically
depends if the user would like to access the baking plate inside the dish or by moving out of the dish for dough
pouring and baked Injera removing activity.

Figure 1: The direct solar fryer with continuous heating and baking mode

1478

M.H. Hailu / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

2.1.2 Alternative heating and baking mode
The solar fryer with alternative heating and baking mode is indicated in figure 2. In this model, heating and
baking occurs alternately and on the same surface of the plate, while the backside of the plate is covered with
insulation. The plate-dish assembly can easily be rotated at the rim of the dish, which is close to the mass
center of the whole assembly. This system provides the baking process to be conducted under the shading of
the dish, giving some comfort to the user. In this system, the baking energy requirement is obtained from the
stored thermal energy of the plate.

Figure 2: The direct solar fryer with alternative heating and baking mode

2.2 Thermal design of the system solar baking application
The thermal design of the solar fryer is based on the Injera baking energy requirement. An average Injera of
550 mm to 600 mm in diameter is made from 550 g dough, which in turn is made of 70% and 30% proportion
(by mass) of water and teff flour respectively. Upon completion of the baking process, the dough is heated
from room temperature 25 Ԩ to water boiling temperature of 100 Ԩ as a result about 25% of the moisture
content of the dough is evaporated at the end of the baking process. The baking energy requirement is therefore
the thermal energy consumed for raising the temperature of the dough and the latent heat of vaporization of
the 25% water content. Mathematically, this baking energy [kJ] can be given by;
ܳ ൌ ݉ௗ௨ ܥǡௗ௨ ሺܶ௧ െ ܶ ሻ  ݉௪ ο݄௩

(Eq. 1)

During the baking process, the mass (mdough) and specific heat capacity (Cp,dough) of dough varies with time.
Therefore an average value for the mdough and Cp,dough shall be taken, considering the value of these parameters
at the beginning and end of the baking process. The average specific heat capacity of the dough can be given
by;
ܥǡௗ௨ ൌ ݔ௪ ܥǡ௪   ݔ௧ ܥǡ௧

(Eq. 2)

The baking plate is a receiver or an absorber and it acts as a buffer storage during the baking process. This
stored energy [KJ] is given by;
ܳ௧ ൌ ൫݉ܥ ൯௧ ൫ܶ െ ܶ ൯

(Eq. 3)

The solar fryer average capacity in terms of heating power can be given by
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ܲ௧ ൌ

୕ೌ 

(Eq. 4)

୲ೝೞೞ

The useful energy of the baking process is the thermal energy consumed for the baking activity, i.e. Q baking.
But sometimes, the stored thermal in the baking plate itself can be considered as part of the useful energy. In
such case, the total thermal energy from the system will be the sum of the baking energy and the thermal energy
stored in the baking plate.
ܳ௧ ൌ ܳ   ܳ௧

(Eq. 5)

The input energy is the solar radiation falling on the collector. This solar radiation is reflected into the fryer,
illuminating major part of the bottom surface of the aluminum plate. The heat is then transferred through
conduction radially and vertically to the top surface of the baking plate (3D heat transfer). The optimum
thickness and the high heat conductivity property of the Aluminum plate ensures there exists sufficiently
uniform temperature distribution on the baking surface of the plate. The heat flux, q s [W/m2] and the heat flow
rate, ܳሶ [W] supplied to (received by) the receiver surface is given by;
ݍ௦ ൌ ܩ ߩ ሺ߬ߙሻ ߛ௦ ܥ

(Eq. 6)


ܳሶ ൌ ݍ௦ ܣ ൌ ݍ௦ ೌ

(Eq. 7)



The receiver shading factor, γrsf and the optical efficiency of the parabolic solar collector, િopt are defined as;
ߛ௦ ൌ

ೌ
ೝ

ൌͳെ

ଵ

(Eq. 8)



ߟ௧ ൌ ߩ ሺ߬ߙሻ ߛ௦

(Eq. 9)

The thermal energy efficiency of the solar fryer is determined as a ratio of the useful energy to that of the input
solar energy. Temperature measurement is taken on the heating and baking surface of the plate in order to
determine the heat transfer of the overall baking process.
The input energy to the solar collector, Qin, the useful energy delivered by the collector and gained in the
receiver plate, Qplate and the thermal efficiency of the receiver, િth, plate and the thermal efficiency of the baking
process, િth, baking are given by;
ܳ ൌ ܩ ܣ ߛ௦

(Eq. 10)
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(Eq. 12)



(Eq. 13)

The solar fryer mode with continuous heating and baking mode will have lower heating and baking time hence
relatively higher efficiency while in the alternative heating and baking mode the heating and baking time will
be larger resulting reduced efficiency.

2.3 Solar tracking and application time
The solar fryer is designed and provided with two application modes. The continuous type model is more
preferable for applications areas and time in which the sun is in relatively overhead position thus the dish
inclination angle is in the range of ±150 from the vertical position. Such conditions can be easily obtained in
Ethiopia when the local time is in the range of 10:00 to 15:00. The alternating type model provides more
flexible in terms of solar inclination, as heating and baking are conducted alternatively. Therefore, while the
alternatively type model is equally applicable in the above time, it is more preferable if an application is
required for the remaining time of the day i.e. early morning and late afternoon, provided if there is sufficient
solar radiation.
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2.4 Injera quality assessment
The performance of the direct solar fryer is also determined qualitatively based on the quality of Injera as
compared to quality of Injera baked by conventional baking process, such as electrical baking. The quality of
the baked Injera is determined qualitatively by physical inspection of its size (thickness), colour, eye formation,
underside appearance, texture and taste. This physical property is qualitatively evaluated with the respective
physical property of Injera baked by conventional baking methods, such as electrical mitad.

3. Experimental methods and materials
A prototype developed for the direct solar fryer model is shown in figure 3, with the prototype in a) indicates
for the continuous heating and baking mode of operation while the prototype in b) indicates for the alternative
heating and baking mode of operation.

a)
b)
Figure 3: the direct solar fryer model a) with continuous heating-baking mode b) with alternative heating-baking mode

Extensive experiments on the two models were carried out, thereby to evaluate the thermal performance of the
system by conducting temperature measurement on the different points on the baking plate, mass and solar
radiation measurement. The experimental setup is shown in figure 4.

Figure 4: schematics of the experimental setup for temperature, solar radiation and mass measurement

Eight thermocouple (k type) were used to measure temperature at the surface of the baking plate. For the
continuous mode, the temperature measurement on the illumination side is denoted as T1, T2, T3 and T4 and the
baking surface as T5, T6, T7 and T8. Similarly, for the alternative mode, the temperature measurement on the
illumination (or baking) side is denoted by T 1, T2, T3 and T4 while the backside (insulated side) of the plate is
denoted by T5, T6, T7 and T8. During the analysis, an average of these temperature measurements were
calculated, indicated as Tav, baking surface, Tav,illumination surface and Tav, plate. Solar radiation measurement using the
Delta T instrument (SP1 sunshine pyranometer) were conducted, measuring global (G) and diffuse irradiance
(Gd). Mass measurement of the dough and the baked Injera were also taken.
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4. Result and discussion
In this research, the thermal performance of the direct solar fryer with two mode of operation i.e. the continuous
heating and baking mode and the alternative heating and baking mode is analyzed and presented. The
performance of the direct solar fryer is presented in terms of heating-baking temperature profile, power, energy
consumption and thermal efficiency, as discussed in the following sections.

4.1 Heating and Baking Temperature Profile
The temperature profile of the heating-baking process for the direct solar fryer model with continuous heating
and baking mode is indicated in figure 5. The initial heating up of the plate has taken an average of 30 minutes
until it reaches a baking temperature of 120 Ԩto 130 Ԩǡ   
 . The heat distribution was also relatively within acceptable uniformity, with an average
temperature difference          of 3 Ԩ while the
instantaneous difference was between 0 to 10 Ԩ.
For the solar fryer with the alternating heating baking mode, the plate has reached an average temperature of
160 to 180 Ԩǡ   ǤThe average temperature drop per each
baking was about 40 ԨሺͳͲǦͳ͵ͲԨ), which indicated the thermal energy storage requirement of the baking
plate.
In comparison to the conventional baking process, the temperature profile of the heating and baking process
was similar as this temperature profile was independent of the type of energy utilized, rather the baking energy
requirement of the process.
Tav, baking surface

Tav, illumination surface

Tav, plate
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Figure 5: Heating and baking temperature profile for the alternative solar fryer model with continuous heating and baking mode
[Note: the result here is from an experiment taken on March 16, 2017 at Mekelle Ethiopia. Similar result has been obtained on
experiments taken on 10th and 11th of February; 15th and 17th of March; 11th, 12th and 13th of May; 16th 17th and 19th of June 2017]

4.2 Heating and Baking Time
As indicated in figure 5, each baking activity using the continuous heating and baking mode fryer has taken an
average of 5 minutes while the subsequent additional heat up time is 2 minutes, giving an average baking time
of 7 minutes per Injera. The direct solar fryer with the alternating heating and baking mode requireslarger
heating time at each interval of baking process, as the plate needs to store thermal energy for the subsequent
baking process.
In comparison to the conventional baking process, both modes of the direct solar fryer have the same degree
of initial heating time. The subsequent heating-baking time for both models is slower than the conventional
baking process while the solar fryer with the alternating heating-baking mode is even slower. The conventional
baking process usually requires an initial heating time of about 30 minutes while the subsequent heating-baking
time is about 3-5 minute per Injera.

4.3 Baking Power and Energy
The heating and baking power requirement for the direct solar fryer model with continuous heating and baking
mode is indicated in figure 6. The area under the power curve in figure 6 will give the total thermal energy
from the sun, the thermal energy stored in the baking plate and the energy consumption for the baking process.
The average plate stored energy was about 153kJ per Injera and this was equivalent to 563W of baking plate
power.
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The average direct solar intensity has been 932W/m2 and considering the collector size, this is equivalent to
2kW available energy from the solar radiation. Considering an aluminum material reflectivity of 95 % and
other factors (i.e. pan surface reflectance, pan shading effect and dish estimated defect) combined effect of
72% will give 1538 W capacity of incoming radiation from the solar collector, thus about 37 % of the solar
radiation reaching the illumination surface was converted into the baking plate power.
The overall energy consumption of the direct solar fryer model with continuous heating and baking mode is
indicated in figure 7. The baking energy was determined to be 1150 kJ/Kg of Injera or 450 kJ per Injera. The
solar fryer thermal efficiency (િth,baking) including the solar collector efficiency, was determined to be 37 %
while the thermal efficiency (િth,plate), by including the plate stored energy as a useful energy was about 65%.
The low thermal efficiency was attributed as the baking plate is very large (550 mm in diameter and 12.5mm
thickness) in order to meet the traditional Injera size, prompting higher surface convective and radiative heat
losses. The solar fryer would have been more efficient if it was smaller size but that will have social acceptance
problem because of its smaller Injera size. Large size solar fryer compromises efficiency and baking time; the
larger the size the less efficient and the larger baking time but it satisfies the traditional Injera size requirement.
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Figure 6: Heating and baking power for the direct solar fryer model with continuous heating and baking mode
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Figure 7: Overall energy consumption of the direct solar fryer with continuous heating and baking mode
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4.4 Quality of the Injera
The quality of the baked Injera is as indicated in figure 8. It can be seen that the quality of the Injera with
respect to the physical property of size (thickness), color, eye formation, underside appearance, texture and
taste is very good and it is the same as any Injera baked with the conventional baking system.

Figure 8: quality of the Injera from the direct solar fryer with continuous heating and baking mode

5. Conclusion
This research has demonstrated solar injera baking using a large size direct solar fryer. The solar fryer was
designed to address simplicity in the system and its application. The solar fryer is effective, with 37% thermal
efficiency while enabling to harvest cost-free solar energy. The system can be used for injera baking
application in a single household, small group rural households or small scale Injera baking business
individuals or groups. The only limitation of the application is when there is no sufficient solar radiation such
as in cloudy days or if a baking application is required during off sunshine hours, such as at night. For such
cases, a backup alternatives should be provided.
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Abstract

This work investigates sustainability as a characteristic of renewable energy systems with the goal of improving
the rigor of how it is applied. This work is based upon 20 years of developing and deploying sustainable
solutions to villages in the Nepal Himalayas and particular to the village of Moharigaun (near Jumla) since
2002. Sustainability has been used in at least four different ways when applied to renewable energy systems
which are described and contrasted. In addition, sustainability is analyzed using a systems engineering approach
so they are recognized as non-functional properties impacting stakeholder value. Stakeholders of these systems
include users, system developers, various relevant government entities and investors. A set of more rigorous
definitions are then given along with suggestions on how the definitions can be applied. The work concludes
with suggestions for additional work on sustainability.
Keywords: Renewable, Pico Hydro, Sustainability, Energy Systems

1. Introduction
As described in [1,2,3], the Rural Integrated Development Services (RIDS) has been developing methods to
enhance the living conditions of remote mountain communities in Nepal since 1996. The approach taken by
RIDS is holistic and contextualised to geographical region, local cultural values and belief systems, meteorology
and governmental policies. This approach improves the long term success of the deployed systems. Those
solutions include:
1) Pit Latrines: Used for individuals and communities to improve overall village hygiene and sanitation.
2) Smokeless Metal Stoves: They are used for cooking the local available dishes, room heating and heating of
water for tea and personal hygiene (through a separate attached stainless steel water tank).
3) Basic Indoor Lighting: Local energy resources such as water, solar energy or wind are used for pico-hydro
power plants, solar photovoltaic systems based on the local context and small scale wind turbines, to generate
electricity for basic access to indoor lighting with low wattage while LED lights.
4) Clean and sufficient Village Drinking Water Supply: Water supplies from the communities’ owned water
sources are designed and built for safe and sufficient drinking water for all.
The development of these four solutions, called the “Family of 4” (http://www.ridsnepal.org/index.php/Family_of_4.html) has resulted in a new understanding of sustainability that has important,
synergistic benefits. This is due in part to a recognition that the needs of all stakeholders, especially of the endusers’ expressed verbally, must be taken into account when considering sustainability.
Prior workers have investigated sustainability. In [4], for instance, the authors provide several examples of how
sustainability is applied such as economic, energy, agriculture and then attempt a common definition. However,
their definition does not account for long term continuance of systems and neglects critical stakeholders such as
investors. In [5], the authors take a systems approach and investigate sustainability across multiple levels of
complex systems. While this is a valuable contribution, the authors emphasize environmental engineering and
focus only on systems themselves. As a result, they don’t account for stakeholder needs.
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This work is a unique contribution since it recognizes sustainability of renewable energy as a non-functional
system property, often called “quality attributes” of a system, of particular importance to stakeholders. As a
result the needs of the stakeholders are paramount. This approach is critical for deployment of renewable energy
solutions to remote villages since it allows other stakeholders to listen to their self-identified needs, enabling a
better understanding of the local stakeholder essential requirements through long term local engagement. This
work also considers other stakeholders such as financial backers of renewable energy solutions. This group of
stakeholders is a critical partner required for long term success. However, financial stakeholders often have a
different perspective and motivations for requiring “sustainable” solutions, though based on current and “ear
tickling” development theories rather than on detailed baseline surveys and long term understanding of the end
users’ context and self-identified needs. In addition, this work proposes a sustainability measurement system so
that it can be optimized. Emphasis upon sustainability as a non-functional system property and upon stakeholder
needs is the focus of this work.

2. Sustainability as a Non-Functional Requirement
It is common in systems engineering to use ‘ilities’ to describe non-functional system properties. Examples are
reliability, portability, quality, maintainability, and durability [6]. One benefit of using “ilities” is that they allow
the system designer and user community to perform system architecting trade studies with a focus on a balanced
solution with the potential to meet stakeholder needs [7]. From this perspective, sustainability is one of many
different stakeholder needs that must be met to ensure value delivery over the life cycle of the system. Once a
full set of “ilities” and their relative importance has been established, trade studies can be a useful tool for
choosing the preferred system architecture as described in [8].
One trade study method is to use a quality function deployment matrix as described in [9]. This method uses
criteria (ilities in this case) which are assigned a weighting, W k. Each system architecture option is evaluated
against the criteria (ilities) and assigned a value, Vk, which represents the capacity of the architecture to achieve
the criteria. The score for each architecture option is then calculated using.
n

Score

¦W V
k

k

(1)

k 1

The result of this approach is a system architecture baseline that can be further developed.
The importance of system architecting using “ilities” for this work is that shows that sustainability is one of
many system level non-functional properties that must be considered when developing highly contextualized
green energy solutions.

3. Four Uses of Sustainability In Highly Contextualized Renewable Energy
Systems
There are at least four different uses of sustainability when applied to green electric power systems for remote
villages. While each of the definitions may have common stakeholder interests as a concern, each of the
definitions also address interest of specific stakeholders.
The first is Investor Centric Sustainability. The deployment of renewable energy solutions requires financial
backing which is just as true for large multi-mega Watt solar power systems as it is for pico-hydro electric
systems. Most financial backers want to supply a onetime investment (or investment over a fixed time frame)
and after the investment period is over, they expect the system to continue without any further investment.
True enough that future expansion may require additional funding, but the goal of the financial backer is a
system that continues to perform its function without additional investment. This is the case for investors in forprofit power generation ventures with an expectation of a return on their investment and it is true for financial
backers in non-profit power generation systems. The investor in a non-profit power generation system expects
their investment to continue to deliver value to the users after the investment period has ended.
Financial backers of non-profit power generation systems expect that the deployed system will continue well
after they have invested. Moreover, non-profit power system investors will often expect the system the system
to sustain expansion to new users without additional investment. This is due, in part, to the fact that some nonprofit investors desire their investment to continue to deliver value as a personal legacy. Investor Centric
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Sustainability is an important driver to proper system architecting since it can mean the difference between
attracting and not attracting investment.
The second is Environmental Sustainability. This understanding is what most individuals think of when they
hear the word sustainable. It means that the deployed system will deliver value to users with minimal or zero
negative impact to the environment.
The third is Physical Sustainability. The concept is that the deploy system can be sustained and maintained by
the resources gathered as revenue from the operation of the system. This requires a maintenance plan and
financial plan (often user payment for energy services/units) which funds required maintenance as required.
The fourth is Growth Sustainability. This type of sustainability refers to the capacity of the system to sustain
value delivery as the system itself grows and increases in scope. This requires a long term plan (≥20 years) for
how the system will be expanded over time. Growth sustainability includes the idea that the solution can serve
as an example for others to implement. In this case, the system is sustainable when its energy services can be
delivered as the user community grows over the decades and when the system can be replicated by others.

4. Measurement of Sustainability
Sustainability can be measured. For instance, the long term financial sustainability of the system can be
analyzed according to income sources once the system is deployed. Some percentage of the local population will
be able to contribute to Maintenance Sustainability and some percentage of new residents will be able to
contribute to Growth Sustainability. Contribution (financial, human resource, land, etc.) goals can be established
and compared to actual levels to understand trends and lessons learned for future deployments.

5. Conclusions
Sustainability has been analyzed as a non-functional system property of rural green power systems. The method
of using “ilities” to architect the solution was described. Four uses of sustainability were also described. Finally,
a method for measurement of sustainability has been proposed.
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Abstract

Pulp and paper mill effluent treatment and detoxification methods have been extensively investigated resulting
to varying efficiencies and capital and operational costs. The main toxic component in the mills’ effluent is
modified lignin, which is difficult to degrade by convectional effluent treatment systems applied by most mills.
This study aimed at using natural photo catalytic degradation of methylene blue using anodised pigmented and
non-pigmented titanium plates to optimise anodising time and voltage. Titanium plates were anodised at varying
voltages and times in a mixture of sulphuric and hydrofluoric acids. Irradiation of aqueous solution of methylene
blue was done using varies anodised pigmented and non pigment plates in a batch reactor cell. Absorbance of
each photo catalysed solution was determined every five minutes after a dark phase of fourteen minutes using a
laser light source. Absorbance was then converted to transmittance, which gave photo catalytic reactivity of
plates. The study revealed that photo catalytic reactivity of pigmented titanium plates was higher than nonpigmented. Photo catalytic reactivity also increased with increase in anodising time and voltage. Anodised plate
at 200volts for 120 seconds and pigmented with photo catalytic reactivity of 62.325 x 10-3 was found to be the
best to degrade methylene blue. Application of this optimised plate on Kraft Pulp mill effluent showed reduction
in COD, BOD, turbidity, colour and total suspended solids. However effluent pH and electrical conductivity
increased. COD, BOD, turbidity and colour removal efficiency improved on introduction of wood ash leachate
(electrolyte) in photo catalytic activity. The study recommended the use anodised titanium plates using natural
ultra violet energy aid by an electrolyte to treat Kraft pulp and paper mill effluent.
Keywords: pulp and paper, methylene blue, Photo-catalytic degradation, titanium oxide

1. Background
Pulp and paper industry started during ancient times and since then it has remained to be a very important
industry in the development of many countries (Hossain and Rao, 2014; Raj et al., 2014). The pulp and paper
industry is important as a result of its major roles of paper and paper products in many areas of human activities.
It has contributed immensely to gross domestic products of both developing and developed economies over a
long period time (FAO, 1998, Kamali and Khodaparast, 2015). The Pulp mill sector utilizes a huge amount of
lignocellulosic materials and water during its operations and processes. In the recent past the sector has been
faced with ever changing and stringent regulations of its effluent discharge standards with high possibilities for
the same to continue in the future. Pulp and paper production has long been recognised as a significant point
source of contaminants and toxic components to aquatic life (Gupta, 1994; Sumathi and Hung, 2006; Monte, et
al., 2009; Hossain, and Ismail, 2015). Several compounds with varying toxicological significance have been
identified in pulp and paper liquid effluent. Effluent from the mills contain chlorinated lignosulphonic acids,
chlorinated resin acids, chlorinated phenols and chlorinated hydrocarbon among others (Mahida, 1981;
Thompson, et al, 2001; Chandra et al., 2007; Mehta, et al., 2014; Barapatre and Jha, 2016).
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Treating and detoxifying effluent is a significant challenge to pulp and paper mills, and is an integral part of
their operation in order to meet ever changing discharge standards for several pollutants and toxic materials
(Kamali and Khodaparast, 2015). Several effluent treatment methods have been investigated extensively and
they include use of activated carbon, membrane adsorption, cationic coagulation, polymer addition,
ultrafiltration, biological and chemical oxidation, electrochemical, electro-coagulation, photo-catalysis among
many more (Hilleke, 1991; Bellew, 1978; Orori, et at, 2007; Etiegni, et al, 2010; Chandra et al., 2012; Cong,et.
al., 2012; Chandra et al., 2013; Hossain and Ismail, 2015, Saez et al., 2013; Zongo et al., 2009; Barapatre and
Jha, 2016).

2. Material and Methods
2.1. Study Area
Effluent samples for this study were obtained from Mufindi Paper Mills (MPM) situated in Mgololo valley close
to Mafinga town in Mufindi District, Iringa province, in the United Republic of Tanzania. The mill is located
about a latitude of 08º55'S and longitude of33º32'E on an altitude of1600 meters above sea level. The area has a
mean temperature of 21-25oC (Massawe, et al, 2016). MPM produces 35000 metric tonnes of pulp and 28000
metric tonnes of paper, with approximately 70 percent of its rated capacity. The main raw materials for the mill
are from pine and eucalyptus plantations owned by company (Sutton and Olomi, 2012). MPM has three Kraft
pulping digesters each with a capacity of 40m3. MPM has two fourdrineer paper machines running on different
revolutions per minute depending on the paper grade being manufactured. Its main products are packaging
materials of various grades and specifications, including Kraft Liner, Sack Kraft, Bag Kraft, Deckle and
Grammage (Sutton and Olomi, 2012)
MPM mill has instituted measures to reduce pollution to receiving water by chemical recovery system in which
pulping chemicals are recovered through combustion of organics. The mill has not installed a closed white water
system, which is very important in the reduction of fibers losses and chemicals. There is need for MPM to install
micro-screens on paper machines to cut down fiber loss. The brown coloured combined mill effluent from pulp
washing and papermaking sections is passed through trash screens to remove large suspended solids. The
screens are designed with effluent volume of 1800m3/hr of 50mm and 15mm manual and mechanical bars
spacing respectively. The effluent is passed through a single primary clarifier (turbo circulator) employing an air
flotation principle. The clarifier is designed with a flow of 1080 m3/hr with a maximum flow of 1800 m3/hr. The
diameter of the clarifier is 43m and 4m peripheral water depth with inlet suspended solid load of 5500kg/day
with a total suspended solid removal efficiency of 88-98% (Sutton and Olomi, 2012).
After clarification the supernatant effluent flows into specially designed aeration lagoon fitted with four of 45watt electrically operated surface aerators. The detention time in the aeration lagoon is approximately 7 days.
After aeration the supernant effluent flows to settling pond where it takes approximately 5 days. Thereafter the
effluent drains slowly through a swamp into river Kigogo Ruaha. River Kigogo Ruaha drains into River Luhuji
that drains into River Kilombero, which drains into River Rufiji that into Indian Ocean.

2.2 Anodising and pigmenting of titanium plates
Titanium grade two foil of 0.3mm thick (TiGr2-FL-230-01-02) was obtained from William Gregor Limited
shop. The foil was cut into pieces measuring 20mm by 80mm (plates). The plates were degreased in acetone for
five minutes and thereafter thoroughly rinsed in distilled water. Before anodizing, each plate was further cleaned
by immersing it in a mixture of Nitric acid (1 molar), Hydrofluoric (1molar) and distilled water in a ratio of
13:1:7.5 for 15 seconds and quickly rinsed using a lot of distilled water. Anodizing of titanium was carried out
in a one litre cell with varying times and voltages. Anodising time varied from 30, 60, 90 and 120 seconds
Anodizing voltage also varied from 60, 80, 100, 120, 140, 160, 180 and 200 volts. Anodising electrolyte was
made of double distilled water, sulphuric acidic (18M) and Hydrofluoric (1M) in the ratio of 972:27:1
respectively. The distance between the electrodes and anode was kept at 1cm and was held constant for all
anodising reactions. The electrolyte was continuously stirred using a magnetic starrier. Anodized plates were
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pigmented using 0.1M solution of copper (II) sulphate electrolyte at 12volts for 5 seconds. The anode was made
of copper plate fixed at distance of 3cm from titanium cathode plate. Each plate was pigmented separately using
a fresh electrolyte in orders to obtain similar pigmenting results. Annealing of titanium plates was accomplished
in a furnace at a temperature of 450oC ±5oC for three hours.

2.3 Optimum anodizing conditions
Plate 1 show a fabricated reactor used in this study. Each of the plate was used at a time in the reactor with 60ml
of 1.5×10-5M of methylene blue. Optimization of anodizing variables was achieved through a fabricated cell
reactor utilising the principle of laser light absorbance by methylene blue. Methylene blue was chosen because
of its close chemical structure and bonding to that of lignin, which is the main component found in the pulp
paper mill effluent. Two anodizing variables (anodizing voltage and time) were investigated that mainly affect
catalytic efficiency of phenyl compounds. The reaction was run for 14 minutes of dark and 46 minutes of UV
phase. Absorbance was measured at an interval of 2 minutes during dark phase and 5 minutes during UV phase.
The dark phase was important to allow the solution to be homogenous and any adsorption to take place.
Absorbance was used to determine the level of degradability of methylene during the experiment. Absorbance
was obtained from the concept of laser light intensity before and after going through the solution.

Plate 1: Fabricated reactor unit for optimization of anodised titanium plates

Natural solar ultra violet was used with all experiments carried out between 11.30am and 2.30pm when the UV
was between 360-400nm. Absorbance was then converted to transmittance using the Beer Lambert relationship.
The best linear relationship between time and transmittance was then determined. The gradient of a linear
relationship gave reactivity of each plate that was used to optimise the two variables of interest in the study.
Optimised conditions were then used to prepare titanium plates that were used to treat effluent from Kraft mill
of Mufindi Paper Mills.

2.4 Effluent treatment efficiency
Plate 2 shows a set-up of photo catalytic effluent treatment unit used in the study. A photo catalytic unit was
fabricated with an equal width and length of 24cm and 20cm depth using 4mm clear transparent glass. Twenty
four (24) optimized titanium plates measuring 30mm by 80mm were prepared and carefully stuck on a 4mmthick glass substrate using silicon. Three litres of the effluent was used for each photo catalytic effluent
treatment. One side of the stuck titanium plates were held 2cm above effluent surface with a gentle slope ending
in the effluent to complete the current flow with the effluent. Using an electric pump (magi-200) a thin layer of
effluent was continuously circulated over the plates while exposing it to direct natural ultra violet rays for 6
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hours. Regularly the set up was tilted towards direct sun rays for higher light intensity. Effluent from the Kraft
pulping mill was subjected to a combination of different photo catalytic effluent treatment combinations.
Combined treatments included, photo catalytic alone (PHCALON) and photo catalytic with wood ash leachate
as an electrolyte (PHCASH). A control effluent treatment was set by allowing the effluent to circulate over a
plain transparent glass (PHOALON). Treated effluent samples were then allowed to settle overnight and the
supernant was analysed for colour, turbidity, pH, biochemical oxygen demand, chemical oxygen demand, total
solids, total suspended solids and electrical conductivity.

Plate 2: Fabricated photo

catalytic effluent treatment unit

3. Results and Discussion
3.1 Methylene Blue Degradation
Rate of degradation, Absorbance, transmittance of methylene blue gave the reactivity varies titanium anodized
pigmented and non pigmented titanium plates. The titanium plate with highest reactivity on methylene blue was
then use in treatment of a Kraft pulp and paper mill effluent.

3.2 Absorbance of Methylene Blue
Plate 3, 4, 5, and 6 show selected absorbencies of methylene blue with time. Generally, absorbance decreased
for all anodised titanium plates experimented in this study. Absorbance decreased but transmittance increased
because some bonds causing colour may have been broken. When more bonds were broken then methylene blue
underwent further decolourization. Decrease in methylene blue absorbance is attributed to its degradation by
natural UV catalysed by anodised titanium plates, which consequently reduced the ability of the solution to
absorb more UV light. The higher the rate of degradation the better the catalytic activity of anodised plates
employed.
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Plate3: Degradation of methylene Blue without titanium plate

Plate 4: Degradation of methylene Blue with titanium plate anodised at 200 volts for 120 seconds and pigmented

Plate 5: Degradation of methylene Blue with titanium plate anodised at 180 volts for 120 seconds and non-pigmented
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Plate 6: Degradation of methylene Blue with titanium plate anodised at 180 volts for 120 seconds and pigmented

3.3 Transmittance of Methylene Blue
Figure 7 show selected transmittance during methylene blue degradation by natural UV catalyzed by anodized
titanium and non pigmented plates. The best relationship between transmittance and degradation time of
methylene blue for various plates were linear relationships with values for R-squared ranging from 0.9564 to
0.9802. R-squared values closer to one indicated a very good relationship between transmittance and
degradation. The relationship takes the first order reaction equation in which the gradient is the rate of reactivity
of anodized titanium plates while transmittance is the intercept and degradation time varying.

Figure 7: Transmittance of methylene blue using Natural UV catalysed by anodised titanium plate at 160 volts
for 120 seconds and non-pigmented

3.4 Degradation Rate of Methylene Blue
Table 1 show means reactivaties of various anodised titanium plates during methylene blue degradation at
different using natural Ultra Violet solar radiations. Highest degradation of methylene blue was noted with a
plate that was anodised at 200volts for 120 seconds and pigmented using copper solution. The lowest reactivity
was noted in non pigmented titanium plates anodised for 30 seconds. There was a significant difference
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(P≤0.05) among reactivity of plates anodised at different voltages and times. Further there was a significant
difference (P≤0.05) in reactivity between anodised pigmented and non pigmented plates. Furthermore, result
indicted that there is significant (P≤0.05) interaction between anodising time and voltage.
Table 1: Mean Reactivity of titanium plates anodised at various voltages and time

Reactivity × 10-3
Volts

30SP

60SP

90SP

120SP

30S

60S

90S

120S

60

2.646

7.291

8.624

9.800

3.170

5.636

6.630

7.800

80

3.873

9.675

14.528

16.100

3.920

7.870

8.670

10.200

100

4.799

13.960

23.954

28.890

4.055

9.908

12.600

15.600

120

6.324

21.765

31.896

39.500

6.332

13.923

17.470

19.200

140

9.858

24.997

37.320

45.950

8.656

15.389

18.105

21.300

160

14.285

31.857

42.979

54.840

9.649

16.265

22.135

25.500

180

16.893

35.786

47.328

58.100

13.796

19.363

22.780

26.800

200

19.896

38.379

51.936

62.300

12.879

19.703

27.180

29.800

3.5 Reactivity Trends of Anodized Titanium plates
Further analysis of relationship among reactivity, time and voltage for pigmented and non-pigmented plates is
shown on figure 8 for selected plates. The best relationship of reactivity with voltage of titanium anodised and
pigmented plates for degradation of methylene blue were logarithmic relationships apart from plated anodised
for 30seconds. For all plates with logarithmic trends gave R-squared ranging from 0.9871 to 0.9565. These
implied that rate of degradation of methylene blue increases with increase in anodising voltage and time but
diminish for pigmented plates.

Reactivity of titanium Plates

0.07
0.06

80vp

R² = 0.9909

120vp R² = 0.9985

0.05

160vp R² = 0.9897
0.04

200vp R² = 0.9948
80v

0.03

R² = 0.9721

120v R² = 0.9888
0.02

160v R² = 0.9915
200v

0.01

R² = 0.982

0
20

40

60

80

100

120

Anodizing time (s)

Figure 8: Reactivity trends of selected titanium plates

Only plates anodised for 30 seconds and pigmented showed that the best relationship was linear with R-squared
being 0.9818. It therefore imply that better reactivity of plates can be achieved through longer anodizing times.
It is also probable that reactivity rate for plates anodised at low voltage for instance that of 60, 80 and 100 volts
might follow a logarithmic trend if anodising time was increased beyond the end point time (120 seconds) used
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in this study. Reactivity increased with increase in anodising time but the rate slowed as anodising time
increased. The best relationship between reactivity and time for non pigmented plates was logarithmic. Obtained
R-squared values range between 0.9685 and 0.9685 for all plates tested, which indicates a good relationship.
However, a good liner relationship (R-squared of 0.9822) was obtained for anodising time of 30 seconds.

3.5 Effluent Treatment Efficiency
Table 2 shows the treatment efficiency of optimised titanium plate applied in treatment of a pulp and paper mills
effluent. Effluent COD reduced by 24.8%, 74.2% and 48.3% for PHOALON, PHCASH and PHCALONE
respectively. The obtained COD final values were significantly different (P≤0.05) among all the treatment
combinations. Effluent BOD was also reduced by all treatment combinations by 15.3%, 76.7% and 61.6% by
PHOALON, PHCASH and PHCALONE respectively. Treated effluent colour increased for PHOALON
(16.7%) but reduced by 80.7% and 58.5% for PHCASH and PHCALONE respectively. PHOALON does not
involve titanium plates therefore is more of aeration of the effluent without degradation. Therefore, the probable
reason for increase in colour for PHOALON could be that lignin compounds were oxidised resulting into more
coloured compounds than before treatment. This finding conger with Haslam (1987) assertion that explained
why biological degradation of the pulp mill effluent results in increase in effluent colour. Effluent turbidity
reduced by over 23.8%, 82.7% and 86.5 by PHOALON, PHCASH and PHCALONE respectively. The final
turbidity values for PHOALON, PHCASH and PHCALONE were significantly different (P≤0.05).electrical
conductivity reduced of lecheate. PHALON and PHCALONE but increased for PHCASH. The increase in
electrical conductivity increased for PHCASH because of dissolved mineral introduced to the effluent by the
wood ash Total suspended solids (TSS) reduced by 34.4%, 70.8% and 45.5% for PHOALON, PHCASH and
PHCALONE respectively. Total Dissolved Solids reduced for PHOALON (46.5%) and PHCALONE (8.5%)
but increased by 19.5% for PHCASH. For PHCASH the increase might have been due to introduction of the
wood ash leachate with more chemical constituents. Total Solids (TS) reduced for PHOALON (44.3%) and
PHCALONE (15.4%) and increased for (PHCASH)
Table 2: Effluent treatment efficiency by PHOALON, PHCASH and PHCALONE

Properties

Original

PHOALON
Reduction
Final
%

PHCASH
Reduction
Final
%
212.4
74.2

PHCALONE
Reduction
Final
%
426.2
48.3

COD(mg/l)

824.2

620

24.8

BOD(mg/l)

352

298

15.3

82

76.7

135

61.6

Colour (Pco)

1200

1400

16.7*

232

80.7

498

58.5

63

48

23.8

11

82.5

8.5

86.5

EC (μS/cm)

1085

812

25.2

1420

30.9*

628

42.1

pH

7.06

7.02

0.6

8.2

16.1*

7.12

0.8*

TSS(mg/l)
TDS(mg/l)

154

101

34.4

45

70.8

84

45.5

673

360

46.5

804

19.5*

616

8.5

TS(mg/l)

827

461

44.3

849

2.7*

700

15.4

Turbidity(NTU)

* Percent increase

4. Conclusions and Recommendations
The study revealed that photo catalytic reactivity of pigmented titanium plates was higher than non-pigmented
titanium plates. Titanium plates anodised at various voltages and times had different photo catalytic reactivity.
Reactivities of titanium plates anodised increased as anodising time and voltage increased. The study revealed
that a pigmented plate and anodised at 200volts for 120 seconds with photo catalytic reactivity of 62.325 x 10 -3
was the best to degrade methylene blue. The plate was then used to treat and detoxify Kraft pulp and paper mills
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effluent. The study revealed that effluent treatment efficiency was higher for photo catalytic aided by wood ash
leachate compared with photo catalytic alone using anodised pigmented titanium plates. However, effluent
treatment efficiency was low for photo degradation alone for most physical chemical characteristics such as
COD, BOD, colour and turbidity. Percent electrical conductivity, pH TDS and TS increased for photo catalytic
aided by wood ash leachate. Therefore, it was recommended that application of photo catalytic aid by wood ash
leachate in treatment of Kraft pulp and paper mill effluent is viable and can be applied.
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Abstract
In this article, the performance analysis of a medium-temperature solar thermal installation integrated at the Colas
Suisse SA industrial site in Yverdon-les-Bains (CH) is presented. The innovative collector system supplies energy
for the temperature maintenance of bituminous products and provides part of the heating needs of the
administrative building in the industrial site. The initial objective of Colas Suisse SA was to cover approximately
60% of the thermal energy demand of the site with solar energy. Field measurements provided an insight into the
overall operation of the installation during 2015 to 2017. Despite improvement of the system, the performance of
the collector field both in terms of energy and financial aspects was found below the expected values. On the other
hand, simulations have shown the potential for improvement offered by the current installation. Despite nonoptimal operation of the solar installation, a life cycle impact assessment have indicated interesting potential
primary energy savings and greenhouse gas reductions.
Keywords: solar thermal, medium temperature collectors; industrial applications; bituminous storage; numerical
simulation; measurements

1. Introduction
In Europe, the industrial sector accounts for one fourth of the total final energy consumption (Eurostat, 2015) of
which more than two-thirds is used for heating purposes (IRENA, 2015). Moreover, 26% of these process heating
concerns low temperatures (< 100°C) while 19% uses heat between 100 and 400°C (Krummenacher & Muster,
2015). A huge potential exists to provide low to medium temperature processes with heat from existing
conventional and advanced collector technologies. It is, therefore, very important to capitalise on this technical
potential as today solar energy is reported to cover less than 0.1% of current industrial heat demand (Mauthner et
al., 2016).
In 2012, as part of its emission reduction plan, Colas Suisse, a Swiss subsidiary of Colas International, world
leader in construction and maintenance of transport infrastructure, decided to overhaul the heating system of its
industrial site in Yverdon-les-.Bains so that 60% of its thermal energy demand is met through solar energy. A real
application of solar thermal integrated in the road construction industry is presented here, where heating needs for
bitumen and emulsion storage can be met by temperatures below 200 °C. The thermal and environmental
evaluation of this real solar thermal installation is described based on field measurements and numerical
simulations.
Bitumen and emulsions are used in road construction, an industry largely relying on fossil fuels, to provide low
to medium temperature heat demands. The operating temperature for bitumen emulsion ranges from 60 to 75°C
while for bitumen it ranges from 160 to 200°C. These hot products must be stored, transported and used hot to
maintain their workability. Conscious of the important potential of solar heating in the industrial context, but also
of the economic and environmental issues related to fossil energy use, COLAS Switzerland, has implemented a
medium temperature solar thermal system to maintain its bituminous products tanks at the required temperature.
The objective was to maximise the share of heat provided by solar heating and optimise the overall energy system.
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2. System description
The industrial site located in Yverdon-les-Bains (CH) is composed of a building and the bituminous storage
installation situated next to the building. The advantage of this sector is that road construction in Switzerland
operates only in the summer season from April to September when solar energy is most available.
A solar collector field was integrated to this industrial site during 2012, but several problems related to wrong
hydraulic setups and failures of the control system were identified and therefore important modifications of the
installation were performed at the beginning of 2015. The new hydraulic scheme is shown in Fig.1.
Thirty-five solar collectors type C2 (175 m2 aperture area) manufactured by SRB Energy were installed on the
site to cover an important share of the thermal energy demand of the industrial site. These collectors are flat plate
collectors placed in front of two cylindrical mirrors and requires no solar tracking device. They present a very
high efficiency at temperatures above 200 °C due to the ultra-high vacuum inside the collector (10-8 mbar at
ambient temperature). Thermal oil is used as heat transfer fluid for this system.

Solar field
Bitumen storage

Gas boiler
Emulsion storage

Water storage
Building

Fig. 1: Picture of the solar installation (up); Simplified representation of the solar thermal installation at COLAS SA after
technical modifications (down)

For this particular site, energy is supplied at two different temperature levels:
x Between 50 and 90°C for space heating and domestic hot water for the building as well as to keep
emulsions (mixture of water and bitumen) at a specific temperature.
x

Between 160 and 190°C for bitumen storage, also depending on the bitumen’s characteristics.

Four storage tanks are also present on the site (see Fig. 1): two 50 m 3 emulsion storages, one 70 m3 bitumen
storage and one 27 m3 water storage. The latter is used for both building and emulsion heat demand. With the
exception of the water storage tank, all other tanks have a variable filling level as the tanks are daily loaded and
unloaded depending on the demand.
The solar energy deliver priority is to the water tank in order to lower the operating temperatures of the solar
collector field and implicitly maximise collectors’ efficiency. If this storage reaches the set point temperature,
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solar energy is delivered to the bitumen storage at higher temperature level. Whenever solar energy is not
available, a 250 kW back-up gas boiler supply the required energy. For further details on this solar thermal
installation, please refer to Bunea et al. (2016).

3. Field measurements results
Follow-up field measurements and monitoring of the installation have shown the operation of the system as a
whole from April 2015 to September 2017.
Bunea et al. (2016) have shown detailed analyse of the system for one year operation. It has been highlighted that
the solar yield is strongly influenced by the overall system management. Therefore, it is very important to supply
solar energy for low temperature applications (space heat and emulsion needs) in order to optimise collector’s
efficiency.
Measurement of the collectors’ efficiency have shown an important discrepancy between the accredited test values
and the measured ones, see Fig. 2. Differences observed for the optical efficiency (15%) can be partly explained
by eventual dust or bituminous particles deposits on the collector glasses and mirrors. A thermographic analysis
of the solar collectors’ field has further suggested that the thermal insulation of the UHV is also not fully ensured
for some collectors. Consequently, global efficiency of the collector field is compromised. Differences may also
appear as the curve from the certification tests (blue) is given for a fixed irradiation of 800W/m2 while the
measurements are done considering real time fluctuating conditions.
For high operating temperatures, the difference with the theoretical efficiency of the collector exceeds 50%. This
highlights the fact that extrapolation of certified tests results beyond 100°C is not appropriate for evaluating these
solar thermal collectors.

Fig. 2: Comparison of SRB type C2 collector efficiency from certification testing and field measurements

This section presents the evolution of the system operation during three full bitumen seasons from April 2015 to
September 2017. Globally it can be seen that the bitumen loaded and unloaded activites in the tank are constantly
decreasing every year, which means less activity for Colas and implicitly lower energy consumption, see Fig. 3.
The reason for this low activity is the large number of roads built and/or repaired before 2015 that imply no
important road work after that. This points out the strong irregularity of the consumption profile over the different
years.

Fig. 3: Quantity of bitumen loaded and unloaded in the bitumen tank
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This low activity has also an impact in the solar field production due to a decreasing energy demand, but Fig. 4
shows that the solar yield is relatively constant over the years. This happens because the control management
gives priority to the low temperature heat demand and therefore most solar energy is delivered to the water storage
with only 10 to 21% of solar energy delivered to the bitumen storage yearly.

a)

b)

c)

d)

Fig. 4: Solar energy delivered to the system. a) in 2015, b) in 2016, c) in 2017 and d) yearly

Fig. 4 also indicates that the solar production profile over one year is also very different not only because weather
conditions vary, but particularly because of the high irregularity of the demand profile due to the different
construction sites and their specific demand for a given year. The control strategy and the eventual breakdowns
occurred at different points of the system can also affect considerably the solar efficiency. For example, a
breakdown in the emulsion system in August 2015 caused a drastic decrease in solar production, with sensibly
the same weather conditions as July. Under this configuration, solar collectors delivered energy mainly to the
bitumen storage, operating at higher temperatures, which greatly reduced the efficiency of the solar thermal
system. Another breakdown of the system forced the operator to completely shut off the solar pump from March
to early May 2016, reducing to 0 the solar energy delivered to the system during this period.
The year 2017 was characterised by the non-utilisation of the emulsion products stored on site, a strategic decision
taken by Colas. Consequently, the reduction of the low temperature energy demand during the bitumen season
decreased the solar yield during the summer of 2017. This points out, once again, the tremendous influence of the
heat demand on the heat supply for low exergy production devices like solar thermal collectors.
As the solar collectors supply energy to the water tank, their performance changes from that when energy is
delivered to the bitumen tank due to their different operating temperature. To illustrate this Fig. 5 shows a
comparison of the performances under these two supply configurations against the daily radiation.
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a)

b)

Fig. 5: Performance distribution of solar collectors. a) for 2016, b) for 2017

Overall, the performance is below expectations under all operating modes. The distributions indicate that the
collectors’ performance decrease when charging the bitumen tank (blue dots) with values below 10%. However,
when delivering energy to the water tank (red dots) the performance is improved and could reach 25%. In this
case, scattering of the data is more pronounced because of the different utilisation modes of the water tank. Data
points at 0% performance correspond to days where the collectors’ pump was operating but no heat was delivered
to any of the two tanks. This happens because the operating temperature is lower than the storage tanks
temperature. Consequently, 35% of the total energy used by the solar pump was spent for circulation only, clearly
revealing a controller malfunction.
An evolution of collector’s efficiency can be observed between the two years of operation and this for both
operation modes. In 2016, when delivering energy to the water storage, the collector field operated with a mean
efficiency around 20%, while in 2017 the efficiency decreases at around 15% for this application. Additionally,
when delivering energy to the bitumen tank a decrease from ~7% in 2016 to less than 5% in 2017 is observed.
The main reason for this decrease could be related to the vacuum loss inside the solar collectors, increasing the
thermal losses of the collector itself.
Another point highlighted during this project was the important energy consumption needed for heating a few
meters of hydraulic ducts used for loading and unloading the bitumen tank. These pipes are constantly maintained
at 220°C to enable sufficient fluidity and proper workability of the bitumen. Fig. 6 shows that in the first years of
operation the energy consumed for this circuit was in the range of the energy used for maintaining several tons of
bitumen in temperature. Advised by LESBAT, different measures were applied in 2017 by Colas, acting both on
the control management and on the thermal insulation of the pipes. These measures enabled a reduction of this
consumption to less than 50% of the energy needed for bitumen maintain in temperature during 2017.

Fig. 6: Breakdown of energy delivered by the gas boiler
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4. Numerical simulation results
Numerical simulations of the installation performed with Polysun, showed the potential for energy management
improvement. A parametric study was carried out to study the effect of different operating and design parameters
on the overall installation performance. For example, improving emulsions processing with heat provided by solar
energy or gas boiler through the water storage could result in 25% increase of the annual solar production, see
Fig.7. In addition, improvements of the collector efficiency could double the current annual solar production.
+92%

+25%
Reference

Fig. 7: Simulated annual solar production through system optimisation

Other simulations to predict the effect of other parameters such as collector surface area or type, on the annual
solar production, demonstrate that the installation as a whole could absorb much more solar energy, see Fig. 8.
+99%

+85%
+38%

Reference

+41%

+4%

Fig. 8: Comparison of the predicted annual solar production for different configurations

It can be seen that optimisation of the orientation and tilt of current installed collectors do not significantly increase
the annual solar production. However, doubling the collector surface area could potentially double this production
mainly because the share of solar heating in the reference, optimised installation, is still minimal. Interesting to
notice is the 85% increase in solar production by replacing the SRB collectors with evacuated tube collectors with
equivalent aperture area. This type of collector is, nevertheless, not able to provide heat in the temperature range
of bitumen processing, the primary reason for considering solar thermal integration in this industrial process.
The use of solar concentrators also indicates an increase in solar production (up to 38%). In all these simulations,
most of the solar energy harvested is supplied to the water tank but solar heating of the bitumen tank presents a
better efficiency when compared with the two other collectors. Disadvantages of this technology are the additional
investment and operating costs as well as the increase of the effective space occupied by the system. Finally,
following observations that the heat exchanger performance in the tanks was not optimal, simulations were used
to investigate the effect of varying the heat exchanger surface area on the annual solar production. As the heat
exchanger area is increased the solar production increases considerably, demonstrating that the actual heat
exchange surface is largely undersized.
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5. Financial analysis
In order to estimate the financial efficiency of the solar system installed by Colas in Yverdon-les-Bains and to
evaluate the solar energy cost, a short financial analysis was conducted taking into consideration costs given by
the industrial partner and measurements operated on site.
The total system investment cost was evaluated at 365 kCHF (1’984 CHF/m2 – aperture area). Data and
assumptions made for cost evaluations are given in Table 1 and the breakdown of these costs is given in Fig. 9 a).
This shows the low share (39%) of the solar collector field compared to the system integration (60%). The
imposing stainless steel structure designed to hold the collector field was very costly and significantly increases
the overall system cost. Moreover, this structure required some modifications after its installation in order to meet
local standards in terms of aesthetics.
Tab. 1 Financial analysis – Data and assumptions
Data/assumption

Value

Investment cost

380'200 CHF

Subsidies

15'000 CHF

Operation & Maintenance costs

8'000 CHF/y

System life span

20 years

Interest rate

3%

Annuity factor

6.72 %

The price of this system is therefore much higher than conventional prices for solar thermal installations
(Mauthner et al., 2016), but it must be considered that this was a pilot project, first of its kind, and almost
everything was custom made. Of course, there is a lot of room for cost optimisation, starting with canceling the
holding structure and improving the maintenance of the system. The solar collector manufacturer should also try
to reduce the collector costs for a better competitiveness on the market.

a)

b)

Fig. 9: Solar system cost breakdown for the Colas industrial site: a) Investment costs, b) costs over the life span

Energy costs were evaluated using the uniform capital recovery method. By adding the operating and maintenance
costs to the total investment cost and taking into account the interest rate, the cost of solar energy is obtained and
can be compared to other conventional energy sources. These costs were calculated for both the real operation of
the system and for an optimised system as presented in the previous section (numerical simulations).
The results give 1.80 CHF/kWh in the actual operation mode which is far from being satisfying and the reason
for this high energy cost is mainly the investment cost, but also the non-optimal system operation. With an
optimised system, the price is reduced to 1.18 CHF/kWh which is much better, but it is still 10 times higher than
the actual price of natural gas paid on site. Therefore, an estimation of this price was calculated with an optimised
investment cost, not taking into account the holding structure, and reducing by 50% the operating and maintenance
spending. The result gives 0.47 CHF/kWh, which can be acceptable for this kind of pilot project.
Furthermore, if evacuated tube collectors were used instead of the SRB collectors the price could be reduced to
0.11 CHF/kWh considering an investment cost of 500 CHF/m2. This price could be easily reached for important
collector fields, without special holding structure (Mauthner et al., 2016). In this case, solar energy can be
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considered as competitive with any other energy source, but once again, this system could only provide low
temperature level energy demand and could not supply the bitumen storage tank.

6. Life cycle impact assessment results
A life cycle impact assessment was carried out to quantify the environmental impacts of the solar installation.
Methodology details and indicators considered in this study have been described elsewhere; please refer to Bunea
et al. 2016 for additional information.
5.1 Impact of the solar installation
The analysis aims to estimate the environmental impact of the solar installation (solar collectors, pipework
components and supporting structure) to compare to the potential energy savings it could possibly bring. Energy
consumption of the installation was defined based on monthly simulations. Fig. 10 shows that impacts from the
supporting structure are the major contributor from the overall solar installation.

Fig. 10: Calculated environmental impacts of the solar installation, CEDNRE

5.2 Potential environmental savings
The potential environmental savings of using a solar thermal installation in this type of heating process are
compared to a solar-free installation. Three installation configurations are considered:
-

No solar thermal system
Solar thermal system (current installation)
Solar thermal system (optimised case)

The impacts related to energy use in the form of gas and electricity as well as impacts from material components
of each configuration are presented in Fig. 11.
Reference

Fig. 11: Comparison of CEDNRE for different configurations
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Integration of a solar thermal system in this type of industrial process potentially contributes to primary energy
savings. This value is quite low for the case of an installation operated under current real conditions. The reasons
are twofold: emulsion heating is primarily electric which greatly contributes to increase of the CED NRE; secondly,
under these conditions solar production is penalised because of the low water tank energy demand. In contrast,
primary energy savings are more pronounced in the case of the optimised system since emulsion heating is now
entirely supplied either with solar or gas. This configuration also results in an increase of the solar production,
which directly affects gas consumption.
An environmental cost-benefit analysis showed that the energy savings brought by the solar installation could be
compensated the additional material impacts within twelve years. This time is reduced to two years if the
installation operates under optimal conditions, see Table 2.

Tab. 2 Payback time of the environmental cost of modifications
Configuration

CEDNRE

Current solar thermal system

11.5 ans

Optimised solar thermal system

1.2 ans

7. Conclusion
The behaviour and performance of a medium–temperature solar industrial process for bitumen storage was
investigated based on measurements and simulations for subsequent optimisation of the process. Measurements
over 30 months of operation revealed a very variable consumption profile over the year, but also from one year to
another. Important differences, up to 50% at 220°C, between the certified performances of the solar thermal
collectors and measured were observed during this project and consequently low specific solar production, around
100kWh/m2. The reason for this low productivity is not only the poor performances of the collector itself, but
also the non-optimised control management of the system.
Simulations show that there is room for improvement and that the solar production could be roughly doubled if
the system operates as designed. Furthermore, simulations prove that the heat exchangers designed for both
thermal storages are undersized. Increasing solar collector area results in higher solar productivity, but still
relatively low annual collector field efficiency. Evacuated tube collectors are shown to be a cost-effective
configuration for this system, but these collectors could only supply energy at low temperature level and not to
the bitumen tank, as the system was designed initially.
The financial analysis shows a cost of solar energy supplied to the system at 1.80 CHF/kWh. This value could be
reduced to 1.18 CHF/kWh in the case of an optimised system, but it is still very high when compared to
conventional energy prices. The highest share in the investment cost is not generated by the collector field, but by
the system integration and mainly by the supporting structure. Therefore, with a lighter system integration and a
better operation and maintenance management, the energy cost can achieve 0.47 CHF/kWh, which can be
acceptable for a pilot project.
The life cycle impact assessment of the solar installation showed that, as for the investment cost, the infrastructure
impacts predominate over the entire life cycle, accounting for over 60% of the total CED NRE. Energy savings
brought along by the solar installation more than compensate the additional material and energy related impact of
integrating such a system. Less than 2 years environmental return on investment periods were found in the case
of an optimised solar bitumen storage system.
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Abstract
A solar heating household biogas digester system (System C) coupled with auxiliary heating source and operational
control system is proposed in this paper. The mathematical model and TRNSYS simulation model of the system
were established. Firstly, the heating effect of System C was compared with that of System A (without auxiliary
heating and temperature control system) and System B (with auxiliary heating system and without temperature
control system). Secondly, the influence of the insulation thickness and the collector area on solar fraction was
analyzed. The results show that System C could keep the temperature fluctuation range of manure at f1°C under
the setting condition. Besides, the solar fraction of the system C is higher than the system B, the daily energy net
production of System C is higher than that of the system A and B with the value of 19.2 kWh. The solar fraction
increased with the insulation thickness increased as logarithmic function, which has the most significant growth rate
when the collector area is 14 m2. In addition the solar fraction increases with the increase of the collector area in the
form of sigmoid function. The research results provide a basis for the optimization design of solar heating household
biogas digester system.

Keywords: Solar heating; Household biogas digester; TRNSYS simulation; Solar fraction

1. Introduction
The household biogas digesters can provide residents with the necessary energy (biogas) for cooking, lighting,
heating and deal with the manure waste of people and livestock. Household biogas digesters are widely used all over
the world, especially in developing countries such as China and India (Surendra, Takara, & Hashimoto, 2014). In
recent years, the biogas industry of China has developed rapidly. China had possessed 41.93 million household biogas
digesters by 2015 (Academy of state administration of grain, 2017).
Temperature has a significant influence on biogas production rate. Three fermentation processes exist, corresponding
to different fermentation temperatures, namely, thermophilic fermentation (45-60 °C),mesophilic fermentation (2540°C),and normal temperature fermentation (10-25 °C) (El-Mashad, Zeeman, & van Loon, 2004a).When the
temperature of the manure is lower than 10°C, the biogas production of the digester is very little (Kocar and Eryasar,
2007). During the winter in northern of China, a large number of digesters have been idled due to less biogas
production. However, the insufficient energy supplied by the biogas digester and the energy demand of heating and
hot water in winter increases rapidly form a sharp contradiction with. Therefore, it is the key to solve this problem
that increase the biogas production of the digester by improving the temperature of digester.
At present, many heating methods for the digester such as coal fired boiler heating, electro thermal membrane heating,
biogas boiler heating, solar heating and heat pump heating were proposed (Li, Guo, & Qin, 2011). Some heating
methods are not suitable for the household biogas digester due to the constraints of economical and environmental
conditions. The solar heating for biogas digester has become the research focus with the advantages of less pollution,
lower manufacture and operation cost. Hassanein et al. (2015) proposed a passive heating technique to increase the
temperature of the biogas digesters using two solar greenhouses, one surrounding the digester and the other heating
the digester inlet. The simulation results showed that the digester with the modifications could reach adequately high
temperatures in the winter. Although the cost of solar passive warming technology is low, the range of manure
temperature increasing is limited, so the biogas production of biogas digesters is still little, which can only meet the
needs of cooking.
The system consists of high efficiency solar collectors and other equipment is also the main research direction of
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solar heating digesters. Axaopoulos, et, al. (2001), proposed an active solar heating biogas digester system, and
established the corresponding system mathematical model. The performance of the system is studied both by
simulation and experiment, and the results show that the system could efficiently increase the manure temperature
and reduce the heat loss of the digester envelope at the same time. The energy required for the digester heating in the
system is directly supplied by solar collectors, so that the temperature of the manure is subject to fluctuations in the
solar radiation. However, the biogas production rate will decrease when the manure temperature changes more than
3 °C (Zhang, et al., 2016). El-Mashad et al. (2004b) and Pollard & Blanchard (2014) have designed a solar heating
digester system with auxiliary heater. When the energy supplied by solar collector is insufficient, the auxiliary heat
collector is worked to ensure that the digester runs under relatively stable conditions. But the system above may run
abnormally for them without any monitor and control system of manure temperature, auxiliary heating source and
the solar collector, which leads to the lower system efficiency and solar fraction and larger conventional energy
consumption.
In this study, a solar heating digester system with auxiliary heater and heating control system is proposed. The heating
effect for the biogas digester and net energy production performance of the system under different system forms were
compared through TRNSYS simulation. Besides, the influence of the insulation thickness and the collector area on
solar fraction was analyzed.

2. System description and Modelling
2.1 System description
As shown in Fig. 1, the solar heating household biogas digester system is composed of heating collection and heating
utilization loop, the above loop were connected by heat storage water tank. The heating collection loop is consisted
of flat plate collector, circulation pump-1, expansion tank and pipeline. The heating utilization loop is consisted of
underground biogas digester, heating coil, heat storage tank and auxiliary heater. The energy collected from solar
collector is used to heat the digester and the extra heat is storaged in the heat storage water tank in the day time. The
heat in the water tank is transferred to heat the digester and the insufficient energy is supplied by the auxiliary heater
in the nighttime. The control system automatically controls the opening and closing of the components according to
the pre-set control strategy by monitoring the temperature parameters in the system loop.

2.2 Assumptions
There are several assumptions used for establishing mathematical model of the solar heating household biogas
digester system:
(1) Physical properties of the soil, digester material, and insulation material are uniform (Perrigault, Weatherford, &
Martí-Herrero, 2012).
(2) During biogas fermentation, microbial heat generation is neglected (Hashimoto, & Chen, 1979).
(3) The heat carried by the biogas flow during biogas fermentation is neglected.
(4) Liquid manure in the digester is assumed to be water.
(5) The temperature of the manure in the digester is uniform.

2.3 Mathematical model description
The mathematical model of the solar heating digester system consists of the system energy balance equation and the
mathematical expressions of the subcomponent. The energy balance equation of the system could be written as:

UmVmcm

dTm
dW

Qheating  Qcover  Qfloor  Qwall  Qfeed

(eq.1)

Qheating Qcol  Qaux  Qloss

(eq.2)

Qloss Qloss, aux  Qloss, tank  Qloss, pipes

(eq.3)

where; cm is the manure specific heat capacity, J kg-1 K-1; ρm is the manure density, kg m-3; Vm is the manure volume,
m3; Tm is the manure temperature, °C; τ is the time, s; Qheating is the heat supplied by the heating system, W; Qcover is
the heat losses through the digester cover, W; Qwall is the heat losses through the digester wall, W; Qfloor is the heat
losses through digester floor, W; Qfeed is heat required to raise temperature of the influent manure to the operating
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temperature, W; Qcol is the heat supplied by the solar collector, W; Qaux is the heat supplied by the auxiliary heater,
W; Qloss is the total heat loss of the system, W; Qloss, aux is the heat loss from heater to environment, W; Qloss, tank is the
heat loss from water tank to environment, W; Qloss, pipes is the heat loss from pipes to environment, W.

Fig 1. Schematic of the solar heating household biogas digester system

2.3.1 Energy delivered from solar collectors and auxiliary heater
The heat gain from the solar collector can be calculated using following equations (Duffie & Beckman, 1991):

Qcol

Acol I TKcol mhmchm (Tco  Tci )

(eq.4)

where Acol is the solar collector area, m2; IT is the solar radiation rate on the collector surface per unit area, W m-2;
ηcol is the collector efficiency, dimensionless; mcol is the mass flow through the collector, kg s -1; chm is the specific
heat capacity of heat medium, J kg-1 K-1; Tco is the temperature of the fluid flowing out of the collector, °C; Tci is the
temperature of the fluid flowing into the collector, °C.

K FR (τα)n  FRUcol (Tci  Tamb )

(eq.5)

where FR is the overall collector heat removal efficiency factor, dimensionless; (τα) n is the cover transmittance and
the absorber absorptance of the collector at normal incidence, dimensionless; Ucol is the overall thermal loss
coefficient of the collector per unit area, W m-2 K-1; Tamb is the ambient temperature, °C.

FR =mhmchm [1  exp( AcolU col F '/ mhmchm )] / ( AcolU col )

(eq.6)

where F˃ is the collector fin efficiency factor, dimensionless.
The heat gain from the auxiliary heater can be calculated using following equations:

Qfluid mw cw (Tset  Tai )

(eq.7)

Qloss, aux Ua (T  Tamb )  (1 Kaux )Qmax

(eq.8)

Qaux Qmax

(eq.9)
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Qaux Qfluid  Qloss, aux

mw cw (Tset  Tai )  U a (T  Tamb )
Kaux

(eq.10)
where Qfluid is the rate of heat addition to the water, W; mw is the mass flow rate of water flowing into the auxiliary
heater, kg s-1; cw is the water specific heat capacity, J kg-1 K-1; Tset is the set temperature of heater internal
thermostat, °C; Tai is the inlet temperature of auxiliary heater, °C; Ua is the overall loss coefficient between the heater
and its surroundings, W; T̅ is the average temperature of fluid in heater, °C; ηaux is the efficiency of auxiliary heater,
dimensionless; Qmax is the maximum heating rate of heater, W.
The solar fraction is calculated by (Deng et al. 2016):

f

Qsolar
Qsolar  Qauxiliary

(eq.11)

where Qsolar is the heat supplied by the collector, W; Qauxiliary is the heat supplied by the auxiliary heater, W.
2.3.2 Heat transfer between digester and soil
Household biogas digesters are usually buried underground, and those heat transfer process are affected by the
surrounding soil temperature and soil thermal properties. Therefore, the function of soil temperature field and soil
physical parameters are needed to establishing the heat transfer model of the digester (Liu, Chen, & Li, 2017).
The soil initial temperature field can be calculated by (Zhang, Ren, & Mei, 2007):

§
§ 2S
S ·
S ·
Ts ( z,W 0 ) Tave  Aw exp ¨¨  z
W0  z
¸¸ cos ¨¨
¸¸
ak
k
ak
©
¹
©
¹

(eq.12)

where Tave is the annual average temperature of ground surface, °C; Aw is the annual temperature fluctuation of
ground surface, °C; k is the annual fluctuation period, h; a is the soil thermal diffusivity, m2 s-1; and τ0 is the initial
time, s.
The amount of heat loss from digester to the soil can calculated by:

Qcover

Qwall

Qfloor

(Tm  Ts ) Acover
§ 1 G1 G 2 ·
¨   ¸
© h1 O1 O2 ¹

(eq.13)

(Tm  Ts ) Awall
§ 1
d ·
d
1
1

ln 2 
ln 3 ¸ H
¨
© h2S d1 2SO d1 2SO d 2 ¹

(eq.14)

(Tm  Ts ) Afloor
§ 1 G1 G 2 ·
¨   ¸
© h3 O1 O2 ¹

(eq.15)

where Ts is the soil temperature, °C; h1, h2, h3 are the convective heat transfer coefficient of inner surface of cover,
wall, floor, respectively, W m-2 K-1; λ1 is the thermal conductivity of digester, W m-1 K-1; δ1 is the wall thickness of
digester, m; λ2 is the thermal conductivity of insulating layer, W m-1 K-1; δ2 is the wall thickness of insulating layer,
m.
The heat loss caused by manure feeding can be calculated by the formula:
Qfeed mf cm (Tm  Tf )
(eq.16)
where mf is mass flow rate of the feed liquid, kg day-1; Tf is the temperature of the feed liquid, °C.
2.3.3 Biogas production rate
A methane production model was proposed during the anaerobic fermentation process, calculated as (Chen, &
Hashimoto, 1978):
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J

§
·
B0 S0
K
¨1 
¸
HRT E methane © HRT  Pm  1  K ¹

(eq.17)

where γ is volumetric biogas production rate, m3 CH4 m-3 digester day-1; B0 is biochemical methane potential, m3
CH4 kg-1 VS; S0 is influent VS concentration, kg m-3; HRT is hydraulic retention time, days; K is the kinetic constant,
dimensionless; and μm is maximum specific growth rate of micro-organisms, day-1 βmethane is percentage of methane
content in biogas.
K is a kinetic parameter related to the influent VS concentration, and is expressed as:

K 0.6  0.0206e0.051S0

(eq.18)

Pham et al. (2014) predicted the dynamic methane production based on the Chen et al. (1978) model, making it
available for the performance prediction of UHBD. Concurrently, Hashimoto (1982) proposed a relationship between
the maximum specific growth rate of microorganisms and the temperature under mesophilic and thermophilic
fermentation as:
0.0026e0.1319T
Pm = ®
¯0.013Tm  0.129
m

15qC d Tm d 30qC
30qC<Tm d 60qC

(eq.19)

2.3.4 Heat storage tank with immersed heat exchanger

UwVw cw

dT w
dW

Qhx  Qin, out  Qloss, tank

(eq.20)

Where ρw is the water density, kg m-3; Vw is the manure volume, m3; cw is the water specific heat capacity, J kg-1 K1
; Tw is the water temperature, °C; Qhx is the heat transfer between the water and the heat exchanger, W; Qin, out is the
heat taken by the hot water, W.

2.4 TRNSYS simulation model description
According to the system mathematical model established in the 2.3 section, the TRNSYS system simulation model
(TRNSYS, 2012) is further established, and the details of the model are shown in Fig. 2. The meteorological
parameters used in the system simulation are imported by Type 109, the solar collector adopts Type 73, and the
auxiliary heat source adopts Type 2b. The coupled heat transfer model of digester and soil (J. Zhao et al., 2008) is
consist of the ground coupling model (Type 707b) and thermal storage tank (Type 534) to calculate heat loss through
the digester envelope to the ground and hourly manure temperature. The periodic manure feeding was imported into
dates readers (Type9e) and New Equation to calculate heat transfer from manure inflow.
The biogas production model is embedded into the solar heating digester system model by using the New Equation
to calculate the amount of biogas production during the operation of the system. The detailed TRNSYS components
and parameters adopted were explained in Table 1.

Fig 2. TRNSYS model of the solar heating digester system
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Table 1. The main components of the TRNSYS simulation program

Components
Type 73
(flat-plate solar
collector)

Key parameter

Descriptions

2

Collector area: 2, 8, 14, 20, 26 m ;
-2

-1

Bottom, edge loss coefficient: 0.56 W m K ;
Collector fin efficiency factor: 0.7;
Mean surface temperature: 11.64 °C;

Type 707b
(ground
coupling model)

Amplitude of surface temperature: 18.73 °C;
Day of minimum surface temperature: 5 day;
Soil column radius and height: 10, 10 m;
Digester radius and height: 1.3, 1.5 m;
Thickness of insulation layer: 0, 30, 60, 90, 120, 150
mm;
Number of tank nodes: 1

Type 534
(biogas digester)

Calculate the heat supplied by
the solar collector

Length of coiled tubes: 32.68 m;

To calculate the energy exchange
through the bottom, top, and
sides of a digester that is entirely
buried beneath the ground
surface
The hourly manure temperature
is calculated by heat balance
calculationǄThe gas production
rate and total gas production of
biogas digester are further
calculated

Coiled tubes thermal conductivity: 0.33 W m-1 K-1;
Coil diameter: 1.3 m;
Number of tubes: 8;
Coil pitch: 0.1 m;

Type 4c
(heat storage
tank)
Type 6

Tank volume: 0.5 m3;
-2

Tank heat loss coefficient: 0.5 W m K;

Maximum heating rate: 3 kW;

The extra heat stored in the heat
storage tank, which plays a role
in peak shaving and valley filling
Added to supply heat when the
collector heat is insufficient

(auxiliary
heater)

Efficiency of auxiliary heater: 0.95;

Type 109

Import typical meteorological year weather date;

Used for the optimization
analysis

Type 1502

Setpoint temperature for stage: 35 °C;

(simple
thermostat)

Temperature dead band: 1 °C;

Keep slurry temperature at
35±1 °C

(TMY-2
weather data)

Type 2b

Upper and Lower dead band dT: 1, 8 °C;

(controller)
Type 2b
(control
auxiliary heater)

Upper input temperature Tl: 50 °C;
Upper and Lower dead band dT: 0, 5°C;

Control whether the heat
medium flows through the
collector
Control the start-stop of the
auxiliary heater
Drive system to circulate

(pump)

Flow rates of the solar system and the heat supply
were 0.4, 0.4 m3 h-1, respectively;

Type 31

Pipe length: 8 m;

Connect each equipment unit and
calculate heat loss of pipeline

Type 3d

(pipe)

Inside diameter: 0.02 m;
Loss coefficient: 0.14 0.5 W m-2 K-1;

The control logical diagram of the solar heating digester system are shown in Fig 3. The control system consists of
solar collector control, auxiliary heating control and biogas digesters heating control subsystem. As shown in Fig 1,
Firstly, the solar collector inlet and outlet water temperature, heat storage tank outlet water temperature and the
manure temperature were monitored by the control system. Secondly, the temperature above would be compared
with the temperature or the temperature difference set before. Finally, the automatic control of the heating system
were achieved by controlling on and off of the circulating pump and auxiliary heater. The control logic details are as
follows:
x
The control logical of heat collection system: Comparing the inlet and outlet temperature of the heat collector,
the pump-1 opens at next moment when pump-1closes at present and the temperature difference ı8 °C, and
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the pump-1 closes at next moment when pump-1opens at present and the temperature difference İ1 °C.
x

x

The control logical of auxiliary heater: The auxiliary heater closes at next moment when the auxiliary heater
opens at present and the outlet temperature of the heat storage tank ı 50 °C, and the auxiliary heater opens at
next moment when the auxiliary heater closes at present and the outlet temperature of the heat storage tank İ
45 °C.
The control logical of digester heating system: The pump-2 closes at next moment when pump-2 opens at
present and the temperature difference ı1°C, and the pump-2 opens at next moment when pump-2 closes at
present and the temperature difference İ-1°C.
Pump-1
present state

Auxiliary heater
present state

Pump-2
present state

ON

OFF

ON

OFF

ON

OFF

Tco-Tci
ŏ1°C

Tco-Tci
Ő8°C

50°CŏTtank,out

45°CŐTtank,out

Tm-TsetŐ1°C

Tm-Tsetŏ-1°C

No

No

No

No

OFF

ON

OFF

ON

No

Yes

Yes

ON

Yes

Yes

Auxiliary heater
next state

Pump-1
next state

(a)

Yes

Yes

No
OFF

Pump-2
next state

(b)

(c)

Fig 3. Control logical diagram of the solar heating digester system. (a) the control of heat collection system, (b) the control of the
auxiliary heater, (c) the control of the digester heating system.

3. Results and discussion
3.1 Weather data

Temperature °C

Solar radiation intensity W m-2

Lhasa (latitude 29 ° 36 'N, longitude 91 ° 06' E) is located in the Qinghai-Tibet Plateau, the solar energy in this region
is abundant and suitable for solar heating digester system application. The weather parameters includes the hourly
horizontal solar radiation intensity, the hourly outdoor dry bulb temperature and the underground 1m and 2m soil
temperature derived from TRNSYS are shown in Fig 4. The difference of horizontal solar radiation intensity of Lhasa
in different seasons is small, and the annual average solar radiation intensity is 227.4W m-2. The outdoor air
temperature difference between winter and summer is about 25 °C, and the lowest temperature in winter is about 10 °C. The soil temperature at underground 1m is greater than 0°C throughout the year, and the soil temperature at
underground 2m is greater than 5°C throughout the year.
1500
Mean radiation intensity 227.4 W m-2

1200
900
600
300
0
30

air temperature

soil temperature (1.0 m depth)

soil temperature (2.0 m depth)
Mean air temperature7.5 °C

20
10
0
-10
-20

Jan
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Mar
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Jul

Aug

Sep

Oct

Nov

Dec

Fig. 4: Outdoor meteorological parameters in Lhasa
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3.2 System form optimization analysis
The operation performance of three different forms of solar heating biogas digesters is compared and analyzed. The
system A has no auxiliary heat source and no temperature control system, the system B has auxiliary heat source but
no temperature control system, the system C has both auxiliary heat source and temperature control system. The
polar temperature is 35 °C under the condition of medium temperature fermentation (Y. Lu et al., 2016), so the biogas
fermentation temperature in system C is set to 35 °C. The simulated manure temperature under different system
forms are shown in Fig5. As shown in Figure, The biogas digester keeps at 6-8°C when it without any heating system,
and its biogas production can be basically ignored. The manure temperature of System A is significantly higher than
the system without heating measures, the manure temperature can be increased to 25 °C before February, the manure
temperature in February to March decreased significantly for cloudy days in February to March is larger than other
months(Fig4).
The manure temperature in system B is the largest among three system forms, the manure temperature keeps at 50 °C
before February, and the manure temperature decreased continually in February to March. The results shows that the
auxiliary heater continually operated has consumed amounts of conventional energy, and the manure temperature
fluctuates greatly when the solar radiation is insufficient. The manure temperature of the system C is basically the
same as the design temperature, the manure temperature fluctuation is about f1°C before February and increased
slightly which is no more than 3 °C in February and March.
60
No heating system

System A

System B

System C

Manure temperature °C

50

40

30

20

10

0
Nov

Dec

Jan

Feb

Mar

Fig. 5: The simulated manure temperatures under different system forms

Fig. 6 shows heat supply biogas production and the system net energy production of three system forms. As shown
in figure, the heat supplied by System B to the digester is the most, followed by System C, and System A provide
the least amount of heat. 71% of the heat provided by the auxiliary heater in System B, while 42% of the heat provided
by the auxiliary heater and 58% is supplied by the collector in System C. The biogas production of the System B is
the largest among three system due to its higher manure temperature. The daily biogas production of System B is
1.41m3 larger than that of System C, and 4.35m3 than that of System A. The daily net energy production refers to the
converted heat of daily biogas production minus energy consumed by the auxiliary heater. The daily net energy
production of System C is the largest (19.2kWh), and daily net energy of System B is the smallest (8.6kWh). The
results showed that the performance of System C is better. However, the solar fraction of System C is not high, so it
is better to improve the solar fraction of the system by optimizing the components in system.
Auxiliary heater

20

1800
1600
1400

6

1200

1347.42

1000

533.79

800

4

600
400

18

8

767.91

200

2

556.53

728.02

0

System B

14
12
10
8
6
4
2

0

System A

16

Daily net energy production kWh

Solar collector

Daily biogas production m3

System suppply energy (W)

2000

22

10

2200

0

System C

Fig. 6: System Heat supply, daily biogas production and daily net energy production under differant system forms
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3.3 The influence of the thickness of insulation layer on solar fraction
The heat supply of the system could be reduced by decreasing digester heat loss. Therefore, the solar fraction
can be improved by reducing the energy supply of auxiliary heater under the condition of solar collector area
unchanged. Fig. 7 shows the variation of the solar fraction with the insulation thickness. The solar fraction increase
logarithmically with the increases of insulation thickness, and the growth of solar fraction is not obvious when the
thickness of insulation layer exceeds 120mm. Accordingly, it is necessary to comprehensively compare the increase
of investment with the insulation thickness increase and the decrease of the operating cost caused by the reduction
of the auxiliary energy to select the economical insulation thickness. Besides, the increase of insulation layer
thickness is not significant to enhance solar fraction of the system when the collector area is larger or smaller. The
solar fraction increased from 0.47 (no insulation) to 0.73 (150 mm insulation) when the collector area is set as 14 m2.
1.0
0.9
0.8

Solar fraction

0.7
0.6
0.5
0.4
0.3
0.2
8 m2

0.1

14 m2

20 m2

26 m2

0.0
0

20

40

60

80

100

120

140

160

Insulation thickness mm
Fig. 7: The variation of the solar fraction with the insulation thickness

3.4 The influence of the collector area on solar fraction
The heat production of the heating collection loop can be directly improved with the increasing of the solar
collector area, and then the solar fraction of system can be improved. Fig 8 shows the variation of the solar fraction
with the collector area. The solar fraction increases with the increase of solar collector area in the form of the sigmoid
function. The solar fraction increases most (from 0.33 to 0.69) when the collector area is increased from 8 m2 to 14
m2. Hence, it is also necessary to select the appropriate collector area in combination with economic factors.
1.0

0 mm
60 mm

0.9
0.8
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0.7
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0.4
0.3
0.2
0.1
0.0
0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

2

Collector area m

Fig. 8: The variation of the solar fraction with the solar collector area

4. Conclusion
In this study, the mathematical of the solar heating household biogas digester system and the simulation model based
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on TRNSYS were established. The conclusions drawn from the results are stated as follows:
x

System C could maintain the stable operation of the biogas digester under the designed conditions, and the
range of temperature is about f1 °C. Besides, the solar fraction of System C is higher than that of System B.
The daily net energy production of System C is the highest among three system forms with the value of 19.2
kWh.

x

The solar fraction increased with the insulation thickness increased as logarithmic function, which has the most
significant growth rate when the collector area is 14 m2.

x

The solar fraction increases with the increase of the collector area in the form of sigmoid function. The solar
fraction increases most (from 0.33 to 0.69) when the collector area is increased from 8 m2 to 14 m2.
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Abstract

This work investigates the integration of a solar furnace (SF) into the smelting processes of copper in a flash
furnace under Chilean solar irradiation conditions. A computer model of a 1 MWth solar furnace, inspired by
the French solar furnace in Odeillo, with a total heliostat specular area of 2,835 m² was developed and the
annual energy contribution of the SF for copper smelting in a flash furnace was simulated. Economic benefits
through fossil fuel savings in three different flash furnaces were compared with the investment costs for a SF
for a lifetime of 50 years. Furthermore, reductions in greenhouse gas emissions (CO2-eq-emissions) through
fuel saving were calculated. The results show that, depending on the fuel type used in the flash furnace, up to
24% in CO2-eq-emissions and up to 10% of lifetime costs can be saved.
Keywords: Solar Furnace, Chile, Smelting, Copper, Greenhouse Gas Emissions

1. Introduction
Metal smelting requires huge amounts of thermal energy. Usually, this energy demand is covered by liquid
fossil fuels or electricity. While the utilization of solar energy for electricity generation and medium
temperature thermal applications is widespread, yet there is no commercial use of solar energy for high
temperature applications like metal smelting.
Solar furnaces (SF), like the French solar furnace in Odeillo (Fig. 1), collect and reflect direct solar radiation

Concentrator

Receiver

Heliostat field

Fig. 1: French solar furnace in Odeillo (World's Largest Solar Furnace n.d.)

with 63 heliostats onto a parabolic shape (concentrator) which in turn is redirected into a receiver. In the focal
point temperatures up to 3,800 °C can be reached (Trombe, Le Vinh 1973). Currently, solar furnaces are used
in research institutions only, e.g. for high temperature calcium carbide (CaC2) formation (Paizullakhanov,
Faiziev 2006), for smelting (Abdurakhmanov et al. 2008a) or material testing (Neumann 2005), (PROMES b).
Chile’s economically most important produced metal is copper, which contributed 88% to Chilean export
shipment values from the mining sector in 2015 (Servicio Nacional de Geología y Minería 2016). The fossil
fuel consumption for copper production amounted 21.9 TWh in 2014, of which 7% were needed for smelting
(Fundación Chile n.d.). The use of solar energy for metal smelting might have the potential to reduce costs and
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greenhouse gas emissions through replacing fossil fuels. Therefore, this work investigates the technical and
financial potential of the integration of solar furnaces into high temperature smelting of copper under Chilean
conditions as well as possible reductions in CO2-eq-emissions.

2. Previous Work
Funken et al., from the German Aerospace Center DLR, developed a mini-scale SF powered rotary kiln for
smelting 1 kg of aluminum scrap (Funken et al. 2001). They report a duration for smelting in the range of 0.5
to 6 h, depending on irradiance conditions (Cologne, Germany) and the achieved temperature. Additionally, a
large scale solar kiln (capacity: 8 t) was designed and the heliostat field was optimized. The benefit of the
applied solar smelting was the reduced amount of resulting flue gas that had to be cleaned. Furthermore, cost
savings due to avoided fuel consumption can be expected. This concept is further investigated in the SOLAM
project, a German-South African research initiative (DLR 2015). Abdurakhmanov et al. investigated different
types of smelting furnaces using the large solar furnace in Uzbekistan (Abdurakhmanov et al. 2008b).

3. Integration of a solar furnace into copper smelting
3.1 Weather data
The solar resource website Explorador Solar provides both typical meteorological years (TMY) data files in
an hourly resolution and weather measurement datasets in a 10-minute resolution (Ministerio de Energía 2017).
To achieve a higher accuracy, a TMY was developed based on the weather measurement datasets from
Crucero 2, which is located 45 km from Chuquicamata, the world’s largest open-pit copper mine (latitude: 22.1647°, longitude: -69.339777°). For the selection of representative months, the direct normal irradiation
(DNI) was used as the only criterion, since this is the most influencing parameter on the performance of a SF.
The DNI values from the developed TMY are shown in Fig. 2. Clearly this location exhibits exceptional high
solar irradiation.

Fig. 2: DNI values from developed TMY based on Crucero 2 measurements

3.2 Development of a solar furnace model in Matlab
Fig. 3 shows the subcomponents of the developed SF model. The layout of the heliostat field and the design
of the concentrator is based on the French SF in Odeillo (PROMES a). The formulas to compute the timevariant cosine loss factor and the time-dependent orientation of each heliostat are taken from (Stine, Geyer
2001). The resulting total thermal power output of the SF system is calculated according to eq. (1).
ಹೞೌೞ

ܲௌி ൌ ܣு௦௧௧ ή ܫܰܦሺݐሻ ή ߟ ή ߟ ή ߟ௦ ή ߟ௦ ή ߟ௧ ή ߟ ή ߟ



ߟ௦ǡ ሺݐሻ

eq. (1)
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The cosine loss factors were calculated for each heliostat separately to achieve more accurate results. The
values from the other efficiencies are given in Appendix I.
Location of
solar furnace
Layout of
heliostat field
Geometry & size of
concentrator
Crucero 2
weather data*

Development
of TMY*

1. Computation of sun‘s
position
Æ cosine losses*
2. Orientation of each heliostat
to hit the concentrator*

Supplied thermal
energy by SF

3. Received solar energy by
concentrator*

Constant loss
factors

*(10-minute resolution)
Fig. 3: Subcomponents of developed SF model

Fig. 4 shows a plot of the modelled SF in Chile.

Heliostat field
Concentrator

Receiver

Fig. 4: Plot of the modelled SF and heliostat field located in Chile

In Fig. 5 the simulated thermal output of the SF is shown. We can clearly observe that most of the time the
output of the SF exceeds the design point of 1 MWth, due to high DNI irradiation found in northern Chile. It is

Fig. 5: Thermal output of the modelled SF, located in Chile
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interesting to observe, that in winter time on the southern hemisphere the performance of the SF is higher than
in summer. This can be explained by two factors: first, the DNI in northern Chile is constantly high throughout
the whole year; secondly, the field performance of a point-focusing heliostat field is better in winter time when
the sun hangs low in the sky.

3.3 Integration into copper smelting
The basic concept for the implementation of a SF into the copper smelting process is shown in Fig. 6. In this
work we investigate three different flash furnaces, which need additional fuel for maintaining the thermal
equilibrium. The thermal energy delivered by the SF contributes to the thermal equilibrium in a flash furnace
and thus allows savings in fossil fuel consumption.
Solar Furnace
Solar Radiation

Heliostat Field

Fuel Supply

Concentrator

Receiver

Flash Furnace

Copper Ore

Copper

Solar Energy
Hot Air
Fuel

Fig. 6: Basic concept of the implementation of a solar furnace (SF) into the copper smelting process in a flash furnace

The properties of the investigated three flash furnaces are shown in Tab. 1, based on (Schlesinger 2011).
Tab. 1: Data of three flash furnaces used for cost analysis, based on (Schlesinger 2011)

Start of operation
Concentrate feed [t/d]
Matte production [t/d]
Fuel consumption [kg/h]
Fuel costs [USD2017/h]
ܕሶFuelͼLHV [MW]

Flash furnace 1
1983
2,000 (23-29% Cu)
1080 (54-56% Cu)
198.2 (Bunker C)
69
2.18

Flash furnace 2
1972
2,241 (29.2% Cu)
1129 (63.3% Cu)
1,200 (Coal)
54
9.6

Flash furnace 3
1971
3,830 (28.8% Cu)
1895 (64% Cu)
147 (Coal) + 404 (Diesel)
350
6.27

Since the fuel type varies among different flash furnaces, we took all three different fuels into account. Tab. 2
contains the characteristics of the fuel types.
Tab. 2: Lower heating values (LHV), specific CO2-eq-emissions and costs of considered fuel types
(Fürkus n.d.; Emission factors in kg CO2-eq per unit)

Fuel

LHV [kWh/kg]

Specific CO2-eq-emissions [kgCO2-eq/kWh]

Costs [USD2017/kg]

Hard Coal

7.80

0.32

0.045

Diesel

11.83

0.3

0.85

Bunker C

11.00

0.29

0.35

3.4 Costs of the solar furnace
To estimate the costs of a SF, we adapted the specific costs for a heliostat from (new energy update 2017) and
updated the figure to USD2017, using an average inflation rate of 2%/a. This leads to specific heliostat costs of
147.9 USD2017/m². Furthermore, we assume that heliostat costs constitute a share of 40% of total costs of a
thermal CSP system (i.e. excluding “balance of plant”, “thermal energy storage” and “power block” from the
cost components of a CSP power tower), based on the cost breakdown from (IRENA 2012). Finally, we assume
annual operation and maintenance (O&Mannual) costs as 5% of the initial investment. For the SF in Chile, a
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heliostat field consisting of 63 heliostats (45 m² each) was designed (cf. Appendix II). With this information
we calculate:
ܷܵܦଶଵ
Ͷͷ݉ଶ
ή ͵ ݏݐܽݐݏ݈݅݁ܪή
ͳͶǤͺͻ
ଶ
ݐܽݐݏ݈݅݁ܪ
݉
ൌ ͳǡͲͶͺǡͳͲ ܷܵܦଶଵ
ܫ ൌ
eq. (2)
ͶͲΨ
ܱƬܯ௨ ൌ ܫ ή ͷΨ ൌ ͷʹǡͶͲͻ ܷܵܦଶଵ

eq. (3)

Due to the fact that the French SF was completed in 1970 and is still in operation, a lifetime of T=50 years is
assumed (Trombe, Le Vinh 1973). Taking into account an interest rate of i=2.5% (Chile Interest Rate 2017),
we determine the present value PVSF of the solar furnace as follows:
ሺͳ  ݅ሻ் െ ͳ
ൌ ʹǡͷ͵Ͷǡͷͻܷܵܦଶଵ
ܸܲௌி ൌ ܫ  ܱƬܯ௨  ή 
݅ ή ሺͳ  ݅ሻ்

4. Results

Net present value [USD-2017]

The developed SF model calculated an annual thermal energy output of 4.66 GWh/a for the location in
Northern Chile. To determine monetary savings, we assume that this energy output reduces the fossil fuel
consumption of the flash furnaces each year. This gives us the net present values of the fuel costs of the three
flash furnaces (FF1, FF2, FF3) without and with the integration of a SF for a lifetime of 50 a, as shown in
Fig. 7. We can observe, that under the described assumptions, the integration of a SF is profitable for FF1
(-10%) and FF3 (-8%). Since in FF2 cheap coal is used, the integration of a SF is not profitable (+13%). “SF
Costs” is the net present value of the SF, taking into account the investment costs I0 and the annual O&M costs
over the course of 50 a.
100,000,000
90,000,000
80,000,000
70,000,000
60,000,000
50,000,000
40,000,000
30,000,000
20,000,000
10,000,000
0

Fossil fuel costs
without SF

SF costs

Fossil fuel costs
with SF
FF1

FF2

FF3

Fig. 7: Net present values of fuel costs for three flash furnaces, without and with the integration of a solar furnace

In Fig. 8 reductions in CO2-eq-emissions through the integration of a SF are depicted. We can clearly see that
the integration of a SF can reduce CO2-eq-emissions. For FF1, FF2 and FF3 the savings are 24.4%, 5.6% and
8.9%, respectively.

1526

D. Chudinzow / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

CO2-eq-emissions [t]

1,400,000
1,200,000
CO2-eq-emissions
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600,000

CO2-eq-emissions
with SF

400,000
200,000
0
FF1

FF2

FF3

Fig. 8: CO2-eq-emissions for three flash furnaces, without and with the integration of a solar furnace, after 50 a

5. Conclusion and outlook
In this work, we investigated the economic benefits as well as reductions in CO2-eq-emissions through the
integration of a solar furnace (SF) into copper smelting in Chile. A solar furnace was modelled in Matlab and
the annual thermal energy production in the North of Chile was simulated. A SF with the same design as the
French SF in Odeillo, located in Chile, would generate around 4.66 GWh/a. Depending on the type of fuel that
is used in a flash furnace, up to 10% of fossil fuel costs and 24% in CO2-eq-emissions could be saved. The
results show, that it can be advantageous in economic and environmental terms to put more efforts in the
research on solar aided metallurgy. Future research should focus on the concrete development of a solar aided
flash furnace, taking into account specific metallurgical requirements during the smelting process.

6. Appendix
Appendix I – Values of efficiencies used in the developed SF model
References: (Stine, Geyer 2001; Téllez et al. 2014; Ewert, Fuentes n.d.; Segal 2012; The Circumsolar Radiation
2013):
Reectivity of the heliostats, including the contamination = 0.94
ߟ :
with dust and the aging
Reectivity of the concentrator, the same values as for
= 0.94
ߟ :
the heliostats were selected
Shading and blocking factor for the heliostat eld
= 0.98
ߟ௦ ǣ
Shading
and
blocking
factor
for
the
concentrator
= 0.98
ߟ௦ :
Factor
for
the
interception
of
the
solar
rays
=
0.97
ߟ௧ :
Atmospheric
attenuation
of
the
solar
rays
in
the
solar
=
0.97
ߟ :
furnace system
Factor for the circumsolar radiation
= 0.8
ߟ ǣ

ߟ௦ǡ ሺݐሻǣ Cosine loss factor of each heliostat

Calculated in 10-minute steps
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Appendix II – Parameters of the French solar furnace in Odeillo

Reference

Position

Concentrator

Heliostats

Heliostat field

Latitude:
42.2939°
Longitude:
2.0145°

40 m height,
54 m width,
focal length=
18 m

N=63,
7.5 m height,
6 m width

8 terraces, 16
heliostat rows
in total

(Centre National De La Recherche Scientifique (CNRS) n.d.)
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Abstract

Water crisis in the Middle East, leads policy makers to consider development of greenhouses on large scale.
Typical greenhouses usually use energy carriers like natural gas and gasoline to provide suitable microclimate for
plants. The consequence of greenhouse development will be huge amount of fossil fuels consumption, producing
CO2 and forcing loads to gas, gasoline and electricity networks. Considering excellent solar energy potential in
the Middle East, solar greenhouses seems to be an innovative solution.
In this research, after studying different solar greenhouse experiences around the world, a successful model has
been chosen, redesigned and improved. Solar greenhouse is designed to utilize solar energy by its passive energy
system and minimize external energy demand. In order to investigate its performance, a mathematical thermal
model has been developed to predict inside air temperature, which is the most important parameter in greenhouse
performance. Solar Greenhouse Thermal Model (SGTM) is based on solar collector analysis and trombe wall
calculations in buildings, it receives hourly climate data (solar radiation, wind speed and ambient temperature)
and calculate hourly solar greenhouse inside air temperature during the year. SGTM has been validated and can
be used to predict solar greenhouse inside air temperature in any region.
Results of using SGTM show that solar greenhouse is suitable for Tehran climate condition, and it works passively
without auxiliary heating system in the winter, but it needs auxiliary cooling system in the summer. Sensitivity
analysis indicates that the greenhouse size play a vital role in its thermal performance. So, there is an optimal size
for solar greenhouse in each climate condition.
Keywords: Solar Greenhouse, Thermal Model, Solar Energy, Water Crisis

1. Introduction
World is dealing with several concerns, Water-Food-Energy nexus is one of them that has great impacts on people
life directly. However, the water nexus may be more important than the others in the Middle East. Agriculture
sector uses 84 percent of total water usage in the MENA region (Statista (2015)), which indicate essential actions
must have done. Development of Greenhouses in large scale is one of the solutions which has attracted the
attention of policy makers and leads them to consider development of greenhouses on large scale.
Greenhouses are designed to provide suitable microclimate for growing plant efficiently. Higher production per
area, less water consumption and higher production quality are the main advantages of greenhouses but
greenhouses consume energy carriers like natural gas, gasoline and electricity to provide desired microclimate.
So, the consequence of greenhouses large scale development will be huge amount of fossil fuels consumption,
producing CO2 and forcing loads to gas, gasoline and electricity networks.
The Brundtland Commission's report (1988) defined sustainable development as "development which provides
the current generations needs without compromising the future generations ability to meet their own needs", which
imposed the idea of limitations by the state of technology on the environment's ability to meet present and future
needs. Sustainable development concept and great solar energy potential in Middle East make solar greenhouses
to seem an interesting idea and an innovative solution.
Passive design of solar greenhouse is utilizing solar energy for heating without any additional heating system,
specifically it supports the idea of maximizing solar gain and minimizing heat loss to eliminate the dependence of
fossil fuels for heating/cooling (Schiller and Plink (2016)) . Santamouris et al. (1994) categorized solar
greenhouses in passive solar greenhouses and active solar greenhouses. Passive solar greenhouses have an
integrated design to collect heat or the greenhouse works as a solar collector, the design is based on maximizing
the solar gains but active solar greenhouses have equipment separated from the greenhouse to utilize solar energy,
and an independent heat storage system. Several passive heating and cooling systems have been used in solar
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greenhouses around the world, Sethi and Sharma (2007 and 2008) reviewed and evaluated them and discussed the
representative application of each technology, also they studied several cases for each technology and drive
experimental equations for evaluating these technologies. These researches focused on heating and cooling
systems that used on different structure designs.
There is a kind of solar passive greenhouses mainly located in northern region of China (Wang et al. (2014)), they
are used to grow vegetables in the winter without any auxiliary heating. The building parameters have an important
impact on the solar energy utilization and temperature in the greenhouse (Tong et al. (2013)). Tong et al. (2013)
reviewed all researches that discussed solar greenhouse building parameters, they concluded all the building
parameters are related to each other and to the local climate condition in solar passive greenhouse system and they
should be analyzed together.
In this study, in the first step after studying different solar greenhouse experiences around the world, a successful
model has been chosen, redesigned and improved, considering principles of solar passive design. Secondly, an
innovative mathematical thermal model has been developed to predict inside air temperature annually in any
climate condition, in order to investigate its performance. Thirdly, sensitivity analysis has been done on structural
parameters to investigate effect of structural parameters on thermal performance of solar greenhouse.

2. Methodology
2.1. Solar Greenhouse Design
In order to design a solar passive greenhouse, orientation toward sun, insulate the areas that do not collect solar
energy and underground, maximizing the light and heat in winter and reduce it in summer, using thermal storage
techniques and supplying sufficient ventilation are the main principles that should be considered (Schiller and
Plink (2016)).
Also, van’t Ooster et al. (2007) represent a systematic procedure to develop a zero fossil greenhouse concept for
the Netherlands. This design procedure contains following steps:
x Step 0: Design objective definition
x Step 1: Brief of requirements definition
x Step 2: Required functions definition
x Step 3: Working principles definition
x Step 4: Conceptual designs derivation
x Step 5: Conceptual designs evaluation
A solar passive greenhouse is designed based on above design principles. This is a south oriented elliptic shape
greenhouse, covered by transparent material and a thermal insulation cover to prevent heat loss at night, a thermal
storage wall (layered) is installed in the north of the greenhouse (Fig.1). Solar radiation transmits into the
greenhouse during the day, south oriented elliptic shape roof from east to west collect solar radiation from sunrise
to sunset efficiently, then is absorbed by heat storage wall and soil of the ground, which increase their
temperatures because absorbed solar radiation is converted to sensible heat. Temperature difference between the
surfaces and inside air causes heat transfer via convection, into the thermal storage wall via conduction, to store
heat in it and keeping greenhouse warm at night, and into the ground via conduction. Part of absorbed solar energy
is transformed into the latent heat by crop transpiration and evaporation from wet surfaces.
Thermal insulation covers the elliptic shape roof to prevent heat loss during the night. Stored heat in thermal
storage wall transfers through convection to keep inside air warm.
Solar photovoltaic panels and solar collectors can be installed in the roof to supply electricity demand of
greenhouse (for irrigation, lightening, fans, motors, climate control system, etc.) and to supply additional heat
demand.
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Figure 1: Cross sectional conceptual view, heat transfer mechanism and structural parameters of solar passive greenhouse at day
and night

2.2. Thermal Model Description, Equations and Validation
The most important parameter in greenhouse performance is inside air temperature. Several energy analysis have
been done to evaluate greenhouse performance. De Zwart (1996) developed a comprehensive greenhouse climate
simulation model that included three sub models: CO2, water vapor and thermal. The basis of equations was
energy and mass balances and was developed for different temperature layers of greenhouse. Chen et al. (2015)
developed a greenhouse energy demand model which was based on mass and energy balance considering
physiological behavior of plants.
Thermal Model (SGTM) is based on solar collector analysis and trombe wall calculations in buildings (Duan et
al. (2016)), it receives hourly climate data (solar radiation, wind speed and ambient temperature) and calculate
hourly solar greenhouse inside air temperature during the year. Fig.2 shows how different parameters are
connected in SGTM.

Figure 2: Data circulation diagram of SGTM
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Seven surface of temperature has been considered (Fig.3) and for each surface energy balance equation has been
developed. It is assumed that there is steady state condition, each surface has a constant temperature and air inside
temperature is uniform.

Figure 3: Temperature levels of SGTM

First level of equations belongs to the outer surface of plastic roof, equation 1 indicates the energy balance for it:

݄ǡ௩ି௨௧ ܣ௩ ሺܶ௦ଵ െ ܶ ሻ  ݄ǡ௩ି௨௧ ܣ௩ ሺܶ௦ଵ െ ܶ ሻ 

ೡೝ
ೡೝ

ܣ௩ ሺܶ௦ଵ െ ܶ௦ଶ ሻ ൌ

(eq. 1)

ߙܫ௩ ܣ௩ 

(eq. 2)

݄ǡ௩ି௨௧ ൌ ͷǤ  ͵Ǥͺݑ௪

ଶ
݄ǡ௩ି௨௧ ൌ ߝ௩ ߪሺܶ௦ଵ  ܶ௦ ሻሺܶ௦ଵ
 ܶ௦ଶ ሻ

(eq. 3)

(eq. 4)

ܶ௦ ൌ ͲǤͲͷͷܶଵǤହ

Where Ts1, Ts2, Ts and Ta are respectively the temperature of outer surface of plastic roof, inner surface of plastic
roof, sky temperature (equation 4) and ambient temperature, hc, cover-out refers to convection heat transfer coefficient
from plastic roof to out of greenhouse and calculate through equation 2, hr, cover-out refers to radiation heat transfer
coefficient from plastic roof to sky and calculate with equation 3.
Second level of equations belongs to internal surface of plastic roof and energy balance for it express as equation
5.

൬݄ǡ௩ି௪ 

ೌೝǡೡೝషೢೌ
ೌೝǡೡೝషೢೌ

൰ ܣ௪ ሺܶ௦ଶ െ ܶଵ ሻ 

݄ǡ௩ି ൌ

ೡೝ

మ ା் మ ሻሺ் ା் ሻ
ఙሺ்ೞమ
ೞమ
భ
భ
భషഄೡೝ
భ
భషഄభ
ା
ା
ഄೡೝ ಲೡೝ ಲೡೝ ಷೡೝషೢೌ ഄభ ಲೢೌ

ೌೝǡೡೝషೢೌ ே௨
ೌೝǡೡೝషೢೌ

ܣ௩ ሺܶ௦ଶ െ ܶ௦ଵ ሻ 

(eq. 5)

݄ǡ௩ି ܣ௩ ሺܶ௦ଶ െ ܶ ሻ ൌ Ͳ
݄ǡ௩ି௪ ൌ

ೡೝ

(eq. 6)

(eq. 7)

Where T1 and Tin are respectively temperature of inner surface of heat storage wall and inside air temperature.
Third level of equations belongs to internal surface of heat storage wall and energy balance for it express as eq. 8.
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(eq. 8)
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(eq. 10)

ೌೝǡೢೌషೡೝ

Where T2 refers to the connection of first and second layers of heat storage wall temperature. Energy balance for
connecting layers which express with T2 and T3 (connection of second and third layers of heat storage wall
temperature) express with following equations:
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(eq. 11)

(eq.13)

ቁ ܣ௪ ሺܶଷ െ ܶଶ ሻ  ቀ݄ସ 

ఙሺ்యమ ା்మమ ሻሺ்య ା்మ ሻ

మ
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ቀ݄ଷ 
݄ଷ ൌ

భ

య
య
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(eq. 14)

(eq.15)

(eq.16)

Sixth layer is outer surface of heat storage wall. Equation 17 refers to energy balance for this surface.

݄ǡ௪ି௨௧ ܣ௪ ሺܶସ െ ܶ ሻ 
Ͳ

య
య
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(eq. 17)

݄ǡ௪ି௨௧ ൌ ߝଷ ߪሺܶସ  ܶ௦ ሻሺܶସଶ  ܶ௦ଶ ሻ

(eq. 18)

Where T4 is outer surface of heat storage wall temperature.
Last level is energy balance for greenhouse air inside control volume, assuming there is no temperature
distribution and Tin as inside air temperature.

݄ǡ௩ି ܣ௩ ሺܶ െ ܶ௦ଶ ሻ  ݄ǡ௪ି ܣ௪ ሺܶ െ ܶଵ ሻ  ߩ ܸሶ ܥǡ ሺܶ ሺݐሻ െ ܶ ሺ ݐെ ͳሻሻ 
݄ܸܽܿ௦ௗ ߩ ܥǡ ൫ܶǡ െ ܶ ൯  ܣ௨ௗ ߣܧሺݐሻ  ܷ௩ ܣ௩ ሺܶ௦ଶ െ ܶ ሻ 
(eq.19)
߬ܫ௩ ߙ௦ ܣ௨ௗ ൌ ߬ܫ௩ ܣ௩
Where λE(t) refers to the crop transpiration and expresses with Penma-Monteith formula (Chen et al. (2014)):
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(eq. 20)
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ሻ

(eq. 21)

Ventilation happens by using of fans which causes force convection. Nusselt number force convection in noncircular ducts can be calculated by circular ducts equations by substitution of hydraulic diameter (Bergman and
Incropera (2011)).The distance between the wall and cover is also assumed hydraulic diameter.

ܦ ൌ

ସ


(eq. 22)

Where Ac and P are respectively cross sectional area of duct and wetted environment. Nusselt number is calculated
by Colburn equation (Bergman and Incropera (2011)):

ܰݑ ൌ ͲǤͲʹ͵ܴ݁Ǥ଼ ܲݎଵȀଷ

(eq. 23)

Equations 1, 5, 8, 11, 14, 17 and 19 form a system of non-linear equations and the output will be temperature of
greenhouse levels, the main result is inside air temperature.
In order to predict reliable results with SGTM, a validation has done. The best way to check the accuracy of model
results is to compare them with experimental data. Tong et al. (2009) studied a similar solar greenhouse located
in Shenyang, China (latitude: 41.8⁰N, longitude 123.4⁰E, altitude: 42 m). The greenhouse was 60 meter long and
12.6 meter wide with 5.5 meter ridge height, a 0.6 meter layered heat storage wall made of bricks and XPS foam
as a thermal insulation material. The plastic roof was made of 0.12 mm PVC film, covered with a 20 mm thick
cotton blanket during the night time. Other necessary data like solar insolation, ambient temperature, and physical
properties, was reported in this paper as well. The typical weather file of Shenyang downloaded from the U.S.
Department of Energy and used for wind speed data.
The highest temperature difference between SGTM model and experimental data is 2.8 Kelvin and the average of
differences is 0.89. Figure 4 shows the model results compering to experimental data.

Figure 4: Validation of SGTM model for hourly greenhouse air inside temperature with experimental data in 20 February 2004 in
Shenyang, China (Tong et al. (2009))

2.3. Simulation Outline
To investigate solar greenhouse performance in Tehran climate condition, a solar greenhouse is considered with
5.5 meter height, 12 meter width and 100 meter length and the 3 layered heat storage wall is 3 meter high and 0.6
meter thick.
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Table 1: Natural and physical properties of solar greenhouse structure

Location

Thickness
(m)

Emissivity
ɛ

Absorptance
α

Transmission
τ

0.00012

Thermal
conductivity
(W/m.K)
0.17

Plastic cover

0.9

0.03

0.88

Thermal insulation

0.036

0.09

0.9

0.75

0

Heat storage wall
inside layer

0.36

0.81

0.93

0.6

0

Heat storage wall
middle layer

0.12

0.03

0.9

-

0

Heat storage wall
outside layer

0.12

0.81

0.93

0.6

0

3. Results and Discussion
3.1. Solar Greenhouse Performance in Tehran
The aim of using solar greenhouse is to maximize solar energy utilization and minimize using of active energy
systems to provide desirable micro-climate for plants. There are two extreme states to investigate greenhouse
thermal performance in order to know if it will work properly in a specific climate, hottest and coldest months of
the year. July and January are the hottest and coldest months in Tehran based on typical weather file downloaded
from the U.S. Department of Energy.
Typical vegetable plants can tolerate temperature range 10 to 32, as it has shown in Figure 5, during the average
day of July, greenhouse will be overheated, and it is caused of huge amount of solar radiation and high ambient
temperature which means it is necessary to use a cooling system or some energy management solutions like
shading and using an optical object to send excessive solar insolation to outside. Figure 6 shows solar greenhouse
will work properly in winter and the inside temperature will not be less than 286 Kelvin although the ambient
temperature is less than the minimum temperature all the time and it is near to 273 kelvin.
Solar greenhouse can be used in hot climates like Tehran without any auxiliary heating. To prevent overheating
in summer a cooling system can be used or can be planned to operate greenhouse only in cold seasons, also some
other passive systems can be designed to adjust inside air temperature in a better range like ground to air heat
exchanger (Sethi and Sharma (2007 and 2008)).

Figure 5: Solar insolation (left) and thermal performance of solar greenhouse (right) at July in Tehran

1536

H. Esmaeli / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Figure 6: Solar insolation (left) and thermal performance of solar greenhouse (right) at January in Tehran

3.2. Sensitivity analysis
Passive solar greenhouse can be assumed as a solar collector. Like any kind of solar collector its sizing has an
essential role in its performance that is determined based on climate condition, to investigate the effect of changing
the structural parameters, three cases have been defined and studied. Size parameters of greenhouse structure are
α and β which define the ratio of height to width and L and H which define the height and width.
x Case 1
In this case, α and β remain constant and the total size of greenhouse is changed, which is equal to change
the inside air volume. As it has shown in figure 7, the solar greenhouse thermal performance gets better
by increasing the size of greenhouse in hottest month of year and it works well in all the cases in coldest
month of year, so the bigger solar greenhouse works better in Tehran climate condition. Also bigger
greenhouse has a better temperature distribution which is better for crop transpiration.
Table 2: Solar greenhouse structural parameters details for case 1

Number of the case
Case 1.1
Case 1.2
Case 1.3
Case 1.4

H (m)
4.58
5.5
6.42
7.5

L (m)
10
12
14
16

α
30
30
30
30

β
45
45
45
45

Figure 7: Solar greenhouse thermal performance in case 1
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x

Case 2
In this case β and H are constant and α and L are changed to investigate the effect of α angle in thermal
performance of solar greenhouse, α angle’s function is like tilt angle function in solar collector, but in
this case the best tilt angle for winter is important to keep greenhouse warm in winter.
As it has shown in figure 8, case 2.1 (α=36) has the best performance in hottest month of year and the
bigger α angles have better performance in coldest month of year.
Table 3: Solar greenhouse structural parameters details for case 2

Number of the case
Case 2.1
Case 2.2
Case 2.3
Case 2.4
Case 2.5

H (m)
5.5
5.5
5.5
5.5
5.5

α
36
30
25
22
40

L (m)
10
12
14
16
9

β
45
45
45
45
45

Figure 8: Solar greenhouse thermal performance in case 2

x

Case 3
In this case the effect of β angle and heat storage wall height are investigated. As it has shown in figure
9, bigger β has worse performance not only in summer but also in winter, because bigger beta equals to
more area for plastic roof and more area to collect solar energy, in simpler words it leads to a bigger solar
collector. The bigger heat storage wall also has overheating in both summer and winter, because of using
more thermal mass to store heat.
Bigger beta and heat storage wall values will effect positively on greenhouse performance in cold
climates.
Table 4: Solar greenhouse structural parameters details for case 3

Number of the case
Case 3.1
Case 3.2
Case 3.3
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5.5
5.5
5.5

L (m)
10
10
12

α
30
30
30

β
45
78
45

Heat storage wall height (m)
5
3
3
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Figure 9: Solar greenhouse thermal performance in case 3

4. Conclusions
In this research a solar greenhouse is designed and its performance is evaluated by developing a thermal model in
order to calculate inside air temperature. This study shows that:
x Solar greenhouse thermal model receives climate condition data, plant type, size and materials of
structure and operational data and puts them in a system of non-linear equations to predict greenhouse
air inside temperature in any region.
x Solar greenhouse can operate without auxiliary heating in winter in hot climates like Tehran, but there is
necessary to use an active cooling system (like fan and pad) or use passive systems (shading, ground to
air heat exchanger) to cool it in summer. The other solution is to plan greenhouse to operate seasonally.
x The sensitivity analysis has showed that the structural parameters of greenhouse have a great impact on
greenhouse thermal performance. It can be concluded that the bigger greenhouse with α angle around 36
and beta angle around 45 is the best structure between the studied cases. It shows that there is an optimum
structure for each climate.
x Although greenhouse inside air temperature stays in appropriate range most of the time, there is a specific
temperature range for each plant. If the greenhouse keeps in that range, the production performance will
be higher, so auxiliary heating and cooling systems can be designed and used. The energy demand of
them will be much less than typical greenhouses.
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7. Appendix: Unites and Symbols
Table 5: Symbols definition and units

Quantity
Specific heat
Thermal conductivity
Absorptance
Emittance
Density
Transmittance
Radiation heat transfer
coefficient
Convection heat
transfer coefficient
Area
Temperature
Solar radiation
Overall heat transfer
coefficient
Stefan-Boltzmann
constant
View factor
time
Wind speed
Thickness
Volumetric flow rate
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Symbol
Cp
k

D
H
U
W

Unit
J kg-1 K-1
W m-1 K-1

kg m-3

hr

W m-2 K-1

hc

W m-2 K-1

A
T
I
U

m2
K
W m-2
W m-2 K-1

V

W m-2 K-4

F
t
uw
L
ܸሶ

s
m s-1
m
m3 s-1
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Air change per hour
Nusselt number
Reynolds number
Prandtl number
Latent heat of
vaporization
Plant canopy leaf area
index
Canopy transpiration
rate
Saturated vapour
pressure of air
Water vapour pressure
of air
leaf aerodynamic
Stomatal resistances of
the leave
psychometric constant
slope of the water
vapor saturation
curve
Hydraulic diameter
Environment

ach
Nu
Re
Pr
λ

kJ kg-1

LAI
E(t)

Kg m-2 s-1

es

Pa

ea

Pa

rc
ra

s m-1
s m-1

γ
∆

kPa K-1
Pa K-1

Dh
P

m
m
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Abstract

The paper analyses the thermal energy requirements of an industrial production line for prefabricated concrete
parts using measurements and tests. The goal is to significantly reduce the energy demand and reduce the
temperature level in order to be able to integrate solar thermal process heat, and the first-time use of the
hydration heat. The final production line, optimized on the basis of the research results, is presented, as well as a
simulation study, which shows, that economically interesting solar thermal process heat production costs can be
achieved through an optimized overall concept. Regarding the export of this production technology to countries
with hot and dry climates it is also aspired, to cover the additional required cooling load by means of solar
thermal driven chillers. This option should also be examined by system simulations. These simulations put also
emphasis on the development of cost- effective system concepts, which allow the integration of solar thermal
process heat and/ or cold.
Keywords: Solar thermal process heat and/ or cold, prefabricated concrete parts, measurements and tests, heat
production costs, optimized overall concept, solar thermal driven chillers, polysun system simulations

1.

Introduction

The cooling, respectively heating during the production process of precast concrete parts is extremely important
regarding quality. In Middle and Northern Europe concrete heating is more relevant, whereas, in Southern
countries such as Turkey, United Arab Emirates a production of high quality concrete would hardly be possible
without cooling.
The plants operated by the Austrian company Franz Oberndorfer GmbH & Co KG are producing prestressed
hollow core slabs in various construction heights at the locations Wöllersdorf, Herzogenburg, Gunskirchen,
Grosswilfersdorf, Radfeld and Völkermarkt. Through the restructuring of the production process in the plant
Wöllerdorf the energy consumption shall be reduced by 90% in future. This target is a result of an ongoing
company internal development process. The final target will be reached through the worldwide first time usage
of the so called hydration heat (heat development through chemical reaction of water and cement) and the
integration of solarthermal energy in the whole process. The use of hydration heat decreases the energy demand
and necessitates changes in the heat distribution system towards lower temperatures. This modification on the
other hand, approves the use of solar thermal energy in the production process.
The use of hydration heat insists a long-term comprehensive evaluation of the production data. In the end the
heat shall be discharged by means of a heat transfer medium via the mold surface. Based on the results from the
evaluation of the production data as well as a series of laboratory tests, the target is to develop a proven
hydraulic concept and a control system for the recovery of hydration heat. Hence the achieved production data
will be converted to load profiles. These load profiles serve as a basis for dynamic simulations in order to
examine the integration of solar thermal energy in the production process. Regarding the export of this
production technology to countries with hot and dry climates it is also aspired, to cover the additional required
cooling load by means of solar thermal driven chillers. This option is examined also by system simulations.
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The project puts emphasis on the development of cost- effective system concepts, which allow the integration of
solarthermal process heat and/ or cold. The lessons learned during the long-term comprehensive evaluation of
the production data and the lab tests will be incorporated also into the redesign of the other production plants. It
is planned to hand over the achieved conclusions to further application areas (precast concrete product range
worldwide) by licenses to interested competitors.

2.

Production data evaluation

The basis for the planned project objectives is a comprehensive, long-term production data analysis at the
demonstration and test facility located in in Wöllersdorf, Austria.
Prestressed hollow core slabs are characterized by low overall height and minimum building material
consumption. They belong to the group of full-surface ceilings without subdivision with subsequent grouting
and are built according to ÖNORM EN 1168 at heights of 16 cm; 20 cm; 26 cm; 32 cm; 40 cm; 45 cm and 50
cm with a length of up to 22 meters [1]. Up to now, the elements have been produced on up to 150 m long lanes,
which are heated by means of a thermo- oil heating system. The corresponding pipe system had to be heated to a
temperature of approx. 150 ° C.
In Figure 1, the demonstration (right) system is compared to the previous heating system (left). By increasing
the number of tubes, embedding them into a storage medium and connecting it to the steel plate, a better heat
transfer is achieved. Therefore, the flow temperatures can be lowered, and water can be used as a heat transfer
medium. Due to the novel hardening process, the required surface temperature of the floor panel of 35° C. is
achieved with a substantially lower energy input. The temperature of the water circuit is now 50-60 °C.

Fig. 1: Comparison old(left) and new (right) product heating system

Three heating circuits are designed hydraulically as parallel circuits with mixing control by three-way valves. A
modulating 275 kW gas boiler is the heat source. A control system allows the presetting of a set flow
temperature and the definition of heating times per circuit as well as the recording of measured data. The entire
production process takes about 24 hours. This production process involves straining the steel ropes, extruding,
(applying the concrete on the lane), curing, removing the slab and cleaning the lane.
Irregularities in the internal data collection as well as unexplained temperature gradients along the length of the
lane led to the temporary installation of additional data loggers and to the analysis of thermographic images.
Control measurements with mobile ultrasonic heat meters confirmed incorrectly closing control valves and
showed conversion errors in the internal measurement data acquisition.
The annual energy balance in Figure 2 shows the enormous savings potential that can be achieved by really
simple measures. Regarding domestic hot water production and building heating, further measurements are
planned.
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Fig. 2: Annual energy balance of a typical fabrication plant in Austria

3.

Use of hydration heat

For the production of concrete, water, binders (e.g. cement), aggregate (e.g. sand/ gravel) and possibly additives
(e.g. fluxes) are needed. The chemical- physical reaction of cement with water is called hydration. The heat
evolution depends essentially on the amount of cement and the type of cement. The amount of heat developed
up to the complete hydration does not differ significantly for the individual types of cement.
Depending on the application, different solutions for the prevention or reduction of hydration heat are sought.
On the one hand, attempts are being made to accelerate the curing time of the concrete parts by supplying heat,
but on the other hand, the concrete part temperature must not rise too much because of cracking and possible
product damaging.
In this project, the heat of hydration is seen as an additional, previously unused energy or heat source, which can
help to reduce production costs and increase product quality. The main challenge is posed in the fact that until
now there was no way to control the heat of hydration or to offer any technical solutions for removing the heat
of hydration. On the basis of temperature measurements and simulations with the software COMSOL® Heat, an
attempt was made to document the temperatures occurring during a whole production cycle. Subsequently, a
sample was taken to determine tensile and compressive strength. Figure 3 shows one time step of the occurring
temperature profile.

Fig. 3: Temperature profile during production

The high savings potential realized due to the production data analysis relativizes the expected savings of
hydration heat recovery. The maximum surface temperature on the bottom side is max 5°C above the current
heating return temperature of 45°C. The heat recovery potential is therefore low. For the quality of the products,
however, the occurring temperature gradients are important, which should not exceed the maximum 0.3K per
hour and 0.7 K/cm slab height.
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4.

Simulations

4.1 Location Austria, heating energy supply
The data collected during the evaluation over a year were used to create load profiles for the heating of the
lanes. From the huge amount of production data and the production plan, the required heating energy quantities
were analyzed at different fresh concrete temperatures. The production process consists of 3 parts. The
preheating process is used to bring the massive flooring sheet to temperature. A required preheating time of 2 h
was selected. The production process is characterized by different thickness of the slabs and therefore different
production times. Thus, the thickest slab type is extruded in more than twice the time of the thinnest slab.
Finally post heating is used for quality assurance and is necessary to prevent material stresses and to accelerate
the hydration. The fresh concrete temperature was approximated with the outside temperature. The resulting
energy need equals to 400- 450 kWh for the slight lanes (16-26 cm height) and 600-700 kWh for the massive
lanes. (32- 50 cm height). In general, there is only a slight influence caused by the fresh concrete temperature.
The power consumption, the duration and the temperature profile of the production steps results in specific load
profiles. These load profiles and the current production plan serves as a basis for the dynamic system
simulations using the Vela Solaris software Polysun Designer. This results in a theoretical process heat energy
consumption of 248.400 kWh. Figure 4 shows the corresponding plant concept.

Fig. 4: System concept in the software Polysun Designer

The solar system is designed, that the process heat demand can be covered on a clear summer day. This is to
avoid stagnation in summertime. High specific yields are the result, which are important for the profitability of
the system. However, the achievable solar fraction is limited. In the industrial sector the aspect of economic
efficiency plays an important role [2]. For the design of the hot water storage, it should be noted that the
dimensioning depends strongly on the respective load profile. The specific storage volume is calculated by
means of the return temperature.
Figure 5 shows the simulation results for flat plate collectors (tilt angle 45°) with optimum azimuth alignment
using a 25m³ hot water storage. The plant performance ratio is 29% for a gross collector area of 200m², whereby
25m³ is the minimum storage size. As a result of an increase in the storage volume, the performance ratio
increases only slightly.
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Fig. 5: Solar fraction and solar yield depending on gross area, 25m³ hot water storage

For economic considerations, the costs per kWh heat are used. The investment costs of the plant, an annuity
factor, operating costs, consumption costs and the annual solar energy yield influence the costs per kWh heat
[2]. For an accurate calculation of the investment costs, functions from a tool developed in IEA SHC Task 48
were used [3]. Since in this case no new additional heat source has to be installed, only the collectors, piping and
storage has to be considered. In addition, an Austrian subsidy of 40% of the investment costs was taken into
account [4].
At the location Austria,a solar thermal system with a total gross area of 200m² with a 25m² water storage tank
for example, can supply 30% of the annual thermal energy demand at a price of 5.6 €cent per kWh heat. This
value can be reduced by doubling the storage volume to 4.9 €cent / kWh.

4.2 Location United Arab Emirates, cooling energy supply
Regarding the export of this production technology to countries with hot and dry climates the power
consumption load profiles were adapted for the climate in the United Arab Emirates. In these climate the
production of high quality concrete is hardly possible without cooling. Therefore a cold supply temperature of
20°C for the lanes was chosen. This results in a theoretical process cold energy consumption of 426.280 kWh.
The system concept includes a single effect absorption chiller with a wet cooling tower, a hot water storage tank
which is powered by flat plate solar collectors and a gas backup boiler. A solar thermal driven cooling system
with a total gross area of 500m² with a 30m² hot water storage tank, can supply 53% of the annual thermal
cooling energy demand. The price per kWh solar generated cold amounts however more than 15 €cent. The
investment and operating costs for the backup system are not yet taken into account.

5.

Results and conclusion

The detailed investigation of a production line for precast concrete parts in Austria showed that a reduction of
the thermal energy requirement to one third is possible. The additional use of the hydration heat (heat
development by chemical reaction of water and cement) in order to further reduce the energy requirement has a
significant influence on product quality and production time. To ensure a consistent product quality, a massive
covering (insulation) of the lanes after the extrusion process, or a heating of the production hall, appears to be
more appropriate.
The optimized production line based on these results, was used as a basis to investigate the integration of solar
thermal energy generation with simulations. A solar thermal system, located in central Europe, with a total gross
area of 200m² with a 25m² water storage tank, can supply 30% of the annual thermal energy demand at a heat
price of 5.6 €cent per kWh.
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The analysis clearly shows that competitive heat prices can be achieved by the use of solar thermal heat on
prefabricated concrete production lines. The precast concrete market or the construction industry represents a
promising application for solar thermal process heat integration.
Regarding the export of this production technology to countries with hot and dry climates (e.g. United Arab
Emirates), a solar thermal driven cooling system with a total gross area of 500m² with a 30m3 hot water storage
tank, can supply 53% of the annual thermal cooling energy demand. However, costs of 15 €cent/kWh cold must
be applied.
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Abstract

Two new solar industrial process heat (SIPH) models have been added to the System Advisor Model (SAM)
energy simulation tool. The two process heat models were: i) liquid-heat transfer fluid (HTF) parabolic troughs;
and ii) direct steam generation (DSG) linear-focus collectors. The DSG model can simulate either DSG
parabolic troughs (PT) or DSG Linear Fresnel (LF) fields, based on the optical characteristics supplied. These
models help to meet the need for independent, validated tools that reliably simulate the effects of adding a solar
field to provide heat for potential IPH applications. During the pre-validation of the liquid-HTF model,
operational data was provided and preprocessed by SPF and evaluated at ZAE Bayern. The beta liquid-HTF
model provided excellent agreement between the simulations and the operational data for the solar thermal yield
generation on a yearly and monthly basis (4.4% difference). The final liquid-HTF process heat model has been
further optimized with test users such as ZAE Bayern and SPF. Key improvements in the SIPH models to better
model SIPH fields include the use of smaller piping systems and heat capacities, a single collector field, and a
higher time-step resolution than for electricity generation (down to 10 minutes). Both the final liquid-HTF and
DSG models were successfully validated against operational data for respective solar fields, and showed less
than 5% deviation to actual results. A brief application where the liquid-HTF process heat model is used for a
brewery in California and the value of reliably simulating a potential SIPH solar field are highlighted.
Keywords: Solar Industrial Process Heat (SIPH), Concentrating Solar Power (CSP), Parabolic Trough (PT),
Linear Fresnel (LF), Direct Steam Generation (DSG),), System Advisor Model (SAM), Energy Modelling

1. Introduction
After significant interest during the 1970s, but relatively few deployments, the use of concentrating solar
technologies for thermal and industrial applications, including solar enhanced oil recovery (solar EOR),
thermally-driven desalination, and industrial process heat (IPH), are again receiving global interest (Kurup and
Turchi 2015; IEA 2017; Frank et al. 2014). For larger scale adoption of both non-concentrating and
concentrating solar power (CSP) technologies for SIPH, trusted, validated, and readily available thermal energy
generation and simulation tools are needed. Free tools that can simulate the use of CSP technologies for SIPH
now include the newly modified System Advisor Model (SAM) and the German Aerospace Center’s Greenius
software packages (NREL 2017b; Deutsches Zentrum für Luft und Raumfahrt (DLR) 2017).
This paper highlights the overall developments and validations to SAM’s new process heat models for using
concentrated solar thermal energy, made available from the 2017 release of SAM. The paper describes: the need
for developing SIPH modules using CSP technologies; detailed model developments for both SIPH models; the
differences between the thermal models and SAM’s existing electricity generation models; and importantly, the
validations of both models to real operational sites where the solar field provides heat. It is worth noting that the
SIPH models have focused only on concentrating technologies, but non-concentrating technologies are also very
suitable for lower-temperature hot water heating applications, as seen in the Solar Water Heating models in
SAM (NREL 2017b). Two models have been developed for SIPH application, the first that utilizes a selectable
liquid-HTF with parabolic troughs (e.g., pressurized water, glycol or a synthetic mineral oil), and the second,
DSG systems using water in linear-focus collectors. It is important to highlight that the DSG SIPH model can
model the parabolic trough (PT) and linear Fresnel (LF) systems, based on changing the optical characteristics,
pumping power, and heat loss of the collector. The paper also highlights a utilization of the liquid-HTF model
for a brewery in California that could potentially install a new parabolic trough solar field to provide heat.
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1.1 Motivation for the developing the SAM SIPH models due to the increasing global interest
Energy-generation and simulation tools such as Greenius and SAM provide a reputable, validated and
“consistent framework for analyzing and comparing power system costs and performance across the range of
solar technologies and markets” (Wagner and Gilman 2011). SAM’s original solar-thermal models were
specifically developed for the electricity sector. With growing interest in SIPH, it is important to develop
energy-generation modelling tools also able to undertake thermal energy yield analysis. It is straightforward to
provide IPH temperatures (e.g., >150°C) using the same CSP technologies as for electricity (e.g., liquid-HTF
troughs or DSG collectors). However, there are differences in the solar field modelling used for electricity
generation, and a SIPH field used for heat generation. In CSP electricity modelling, the solar field typically is
coupled to an integrated steam-Rankine power block used for electricity generation (Wagner and Gilman 2011).
It has been shown that when the SAM inputs and the SAM code were changed to minimize the power-cycle
impacts (e.g., a constant solar field inlet temperature), the “power cycle caused a 6% underestimation of
performance from what should have transpired had the model been freed of the power cycle constraints” (Turchi
et al. 2016). Since the outlet of the power block serves as an inlet to the solar field, the state of operation of the
power block has a direct impact on the solar field performance. Without the constraints (e.g., a variable solar
field inlet temperature) and de-coupling of the power cycle, in attempting to model solar fields used for process
heat applications, it was found the performance was underestimated by about 14% (Turchi et al. 2016).
A key project known as Solar Payback was initiated in October 2016 with support from the German Federal
Environment Ministry and has partners including the Fraunhofer Institute for Solar Energy and the German bank
KFW (German Solar Association 2017). This three-year project funded at nearly €3 million has the purpose of
promoting the use of SIPH across four partner countries (Brazil, Mexico, India, and South Africa) to: 1) raise
SIPH awareness; 2) highlight the technical merits and economic potential, to then 3) help increase commercial
investment in all forms of SIPH (German Solar Association 2017). The first “Solar Heat for Industry” report has
highlighted that 74% of the global energy consumed by industry was for heat, with only ~9% of that being
provided by renewables rather than by conventional fuels (e.g., coal and natural gas) (German Solar Association
2017). With industrial heat demands expected to increase, SIPH could play an increasingly important role
globally, particularly in decarbonizing the industrial sector. Real examples of installed CSP solar fields (e.g., PT
or LF) for IPH have highlighted that up to 40% of a large industrial site’s heat demand can be met with the CSP
solar field. For example, at the Lechera Guadalajara plant the solar field installed in 2016 meets nearly 35% of
the heat demand in the pasteurization process. In another example, at Ram Pharma’s large pharmaceutical plant,
between 30% and 40% of diesel demand is being met with the new solar field (German Solar Association 2017).
Within India, CSP has great potential for SIPH use at the small and industrial scale, with the prospect of fuel
displacement in industry and rural areas. The United Nations International Development Organization (UNIDO)
has estimated that a market potential of approximately 6.45 GWth for concentrating solar thermal (CST)
technologies could exist for Indian industrial applications (MNRE 2017). For example, at the SKF Technologies
manufacturing plant in Mysore before solar integration, diesel was the prime fuel burnt to provide heat for the
phosphating process. After the integration of the 256.4 m2 parabolic trough solar field in 2013, the facility now
obtains pressurized water from the solar field at 130°C for use in the phosphating processes (PWC India 2017).
The solar field, which received a grant for the installation, has been found to reduce diesel consumption by
approximately 14,000 liters annually, and the investment had a payback of 5.2 years (PWC India 2017).
India is also increasing investment significantly to meet the potential for SIPH using CST collectors and storage,
which provide potential opportunity for technology developers. The SunFocus quarterly report highlights the
use of CST (for both electricity and IPH) in India. There is significant developing interest for storage (e.g.,
phase-change materials [PCMs] and salts) as part of the SIPH integrated solution (MNRE 2017). The Indian
Ministry of New and Renewable Energy (MNRE) and UNIDO are also working on a project to provide financial
support to concentrating SIPH projects and are helping to create new business models for solar thermal heat to
help adoption and deployment (MNRE 2017). With SIPH projects being developed both in the U.S. and
globally, the value of independent and validated SIPH modelling tools is clear.
Without such freely available tools, the end-users/beneficiaries of such SIPH solar fields would find it difficult
to gauge the value, thermal energy yield, and potential fuel savings from the new solar fields for their
applications. The new SAM modules (liquid-HTF and DSG) were created to better understand thermal energy
generation and the potential levelized cost of heat (LCOH) at global locations for SIPH applications.
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2. Liquid-HTF and DSG Model Development
Various technologies such as non-concentrating collectors and concentrating systems (e.g., sensible liquid-HTF
troughs and DSG systems) can be utilized for SIPH applications, depending on the temperatures required by the
end-user and the industrial processes (Artic Solar Inc. 2017; IEA 2017). It is important to select the collector
technology best suited to the irradiance and land conditions most suitable for the site. This paper considers only
the modelling and validation for concentrating collectors, including collectors utilizing either liquid-HTF or
DSG, but non-concentrating collectors for SIPH (e.g., flat plate) can also be modeled by SAM (NREL 2017b).
Prior to 2017, older versions of SAM already employed robust models for CSP electricity generation systems.
The steam power cycle added complexities to extract results relevant for the case where the solar field is only
providing thermal energy, i.e., for SIPH. Also, many aspects of the model, such as the solar field layout and
piping design, were not optimal for IPH application due to the coupled nature of the solar field and the power
cycle. Hence, two new modules were developed to simplify access to SAM’s solar thermal collector/receiver
models and to simulate solar thermal systems for IPH. Here, we describe some of the development efforts.

2.1 Pre-validation of the liquid-HTF process heat model during model development
In 2016 before the final 2017 development and validation of the liquid-HTF process heat model, a pre-validation
was undertaken of a beta SAM version that sought to test the process heat model using liquid-HTF. This work
was conducted to isolate the CSP solar field operation, improve the liquid-HTF process heat model, identify
bugs, and enhance the user interface. As part of the pre-validation efforts, operational data was provided by the
Swiss Institute for Solar Technology (SPF), which highlighted the operations of a 627-m2 parabolic trough solar
field used for a Swiss dairy processing plant (Frank et al. 2014). SPF delivered high-quality operational data
and, together with the Bavarian Center for Applied Science (ZAE Bayern), preprocessed and evaluated the
operating data; both groups were test users for a beta version of the SAM liquid-HTF model. The Swiss SIPH
site is in Saignelégier (northwest of Switzerland), has a 360-kW peak power, and the heat from the solar field is
utilized as part of the milk processing. A pressurized water-glycol mixture is used as the HTF, and the required
outlet temperature of the solar field is 120°C (Frank et al. 2014). The beta SAM model was used to compare the
simulated results of the solar field to one year of operational data from the SIPH site. The SAM weather file for
Saignelégier was developed using on-site measured direct normal irradiance (DNI), and ambient temperature.
The beta SAM process heat model already showed good agreement with the operational data from the
Saignelégier SIPH site when the solar field was constrained from the power-cycle effects. This was the case
especially for the monthly and annual comparison of results for the thermal energy generated. The Saignelégier
SIPH site has a designed yearly heat production of 220 MWh. ZAE Bayern utilized beta versions of the SAM
liquid-HTF model to validate and compare the modeled thermal output from the solar field to the real yearly
experimental thermal yield of 203 MWh. In 2015 NREL provided recommendations for use of the existing CSP
Physical Trough model that allowed ZAE Bayern to model the SIPH plant without the specific SAM thermalapplication models that are currently available in SAM 2017. Fig. 1 shows the monthly thermal outputs of the
simulated SAM Saignelégier solar field compared to the measured or real case. The cumulative yearly thermal
energy yield of the solar field simulated through the beta SAM model was 194 MWh, corresponding to an
underestimation of only 4.4% compared to the measured thermal output of 203 MWh. On monthly comparisons,
the results of the beta version were similarly encouraging, see Fig. 1.
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Fig. 1: Monthly comparison between modeled and real thermal outputs at Saignelégier PT-SIPH by ZAE Bayern (Samoli 2016)
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The simulated results for the annual thermal energy generation between the real and the beta-version simulated
Saignelégier case were within 5% of each other, though deviations in daily simulations could be identified
compared to the real operational data. Especially for cloudy days, which do not have a large influence on the
total monthly thermal energy generation, an underestimation between the simulated and experimental solar
thermal energy generated on an hourly basis showed total daily deviations of up to 15% (Samoli 2016).
It is important to note that SAM typically can handle simulations in one-hour time steps, which were identified
as too large for SIPH applications. A key issue in the beta SAM liquid-HTF process heat model was the
restriction in using large piping diameters and pipe lengths (suited for power generation), which resulted in large
thermal masses. Hence, longer heating periods for the solar field and consequently less thermal energy output
was delivered from the solar field in the simulated results compared to the operational data. There were
significant differences between the simulated and measured inlet and outlet temperatures, as well as for the
volume flow in the main circuit of the solar field. Prior research has identified that the thermal masses play an
important role for the prediction of the solar thermal energy generation, particularly for SIPH applications
(Möllenkamp et al. 2016). As such, with discussions between NREL and SPF/ZAE Bayern, a more flexible field
design as well as a higher time-step resolution (e.g., sub-hourly) was implemented in the beta SAM code, and it
allowed a better thermal energy yield prediction than previous, SAM liquid-HTF CSP Physical Trough models.
Moreover, during the pre-validation of the beta SAM liquid-HTF model, standard SI units have been widely
introduced and the sensible liquid-HTF trough model has been supplemented by a transient energy balance for
the headers and runners. Also, in the pre-validation, the default SAM liquid-HTF case used for the beta version
was changed and was more representative of an SIPH application (e.g., 5-MWth facility using pressurized water
at 150°C), and some bugs have been removed, which make the beta SAM version more suitable for IPH
application. For example, an overnight recirculation of hot fluid that occurred during simulations has been
amended. An important real-world implication of SIPH solar fields was the alternating row distances between
the rows of collectors (as in Saignelégier), which can lead to errors in the simulated shadowing losses when
using fixed row distances. These findings have been incorporated and contributed to support the optimization of
the SAM liquid-HTF process heat model. More details of ZAE Bayern’s optimizing and pre-validation can be
found in work by ZAE Bayern and SPF (Samoli 2016).

2.2 SAM process heat liquid-HTF and DSG model developments and changes
NREL engaged with ZAE Bayern in 2016 and 2017 to address questions and issues found in using the older
SAM code for SIPH cases. Review of the ZAE report (Beikircher et al. 2016) helped NREL identify several
issues that made the new SAM models more amenable to SIPH applications. NREL has worked to address ZAE
Bayern’s questions and concerns and to provide feedback and support to this experienced SAM user. The
engagement with ZAE Bayern helped the NREL CSP team understand design and operational methodologies
for SIPH sites. The work at ZAE Bayern has highlighted key issues such as SIPH sites having smaller piping
diameters than the original piping library within SAM, and SIPH solar field layouts that differ from large power
plant designs. This type of future engagement will be key to continuing to build and code robust SAM modules
for SIPH applications. Working with ZAE Bayern/SPF and understanding how process heat modelling could be
changed, the latest version of SAM released in 2017 (NREL 2017b) has the CSP process heat models developed
for liquid-HTF and DSG systems. Compared to the previous SAM CSP models for power generation, the solar
field model has undergone some significant changes to accommodate the nature of SIPH systems. For example,
the solar field from the CSP electricity model had a minimum of two subsections with “H” or “I” configurations
common for electrical systems (Wagner and Gilman 2011). This “H” solar field layout is shown in Fig. 2 .

Fig. 2: Typical “H” power block and solar field layout for CSP solar fields for electricity generation (Wagner and Gilman 2011)
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Since process heat systems can be much smaller and simpler, the solar fields in the liquid-HTF and DSG process
heat models have been developed to utilize a single solar field section (effectively half or one section of the
solar field in Fig. 2). In addition, the new models for both liquid-HTF and DSG systems allow for smaller pipe
diameters. Also, since the heat sink or process heat exchanger between the solar field and the industrial site can
be much closer to the solar field than for power generation sites, the fixed cold and hot header lengths of 50 m
has been removed (Wagner and Gilman 2011). In addition, piping through the heat sink can be modeled to allow
inclusion of additional thermal capacitance, thermal losses, and pressure drop across the solar-to-process heat
exchanger. The DSG model has been developed to allow for modelling either a DSG PT or DSG LF system
with a water/steam mixture, where the user can change the optical characteristics of the field. Both process heat
models include a simple LCOH calculation and can include financial parameters such as the cost of debt.

3. SAM Model Validations
3.1. Liquid-HTF parabolic trough validation and results
For the final validation of the new liquid-HTF model, having finished the development and optimization, a
detailed simulation of an existing parabolic trough solar field was undertaken. This site in Nevada, USA, uses
pressurized water in the solar field, and the solar field has a thermal power of 17-MWth (DiMarzio et al. 2015).
The parabolic trough solar field was built to provide heat input for a hybrid process, and as such, it was
considered a suitable SIPH application. Site operators supplied detailed operational data of the solar field.
The actual solar thermal energy output from the solar field was compared to the SAM simulations (which
utilized the final SIPH-model) of the thermal yield generated. The operational data provided included site
conditions such as DNI, wind speed, solar field thermal output, and ambient temperature for 58-days of
continuous operation between March and April 2015. The validation used 58 days because this was the span of
operational data provided, and it was long enough to understand the liquid-HTF model behavior in a variety of
DNI conditions. To create the simulation model of the SIPH site, a site-specific weather file was developed,
which included the site conditions for the approximate two-month period, and a Typical Meteorological Year
(TMY) file was used for the remainder of the year to allow for an annual simulation. While an annual simulation
was performed, the modelled simulation of the thermal energy yield was compared to the measured, real solar
field thermal output for only the 58 days. This allowed a direct comparison between the simulated and the real
thermal outputs and solar field behaviors.
Over the 58-day period, the measured solar field thermal output was recorded to be 4,832 MWh. The SAM
model predicted energy output whenever adequate sunlight existed, as well as the cumulative generation that
only includes time periods when the actual power plant was operating. Cumulative generation when the plant
was operating was calculated by post-processing the SAM data to only sum energy values when the plant had a
power output greater than 0 MWth. In the former case, SAM overestimates generation by 1.8%, and in the latter
case, SAM underestimates by 1.3%. It is not clear why the plant was idle during certain periods of acceptable
sunlight, but the behavior highlights that SAM may need to provide additional user-defined constraints on plant
operation. Fig. 3 shows three days of normalized operations data from the SIPH site compared to the simulation.
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Fig. 3: Comparison of modelled normalized solar field output vs. the normalized solar field actual output for three days
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The measured site DNI can also be seen (red dashes); for example, March 19, 2015 was a sunny day, after what
was likely a cloudy day on March 18. As can be seen on March 18, the clouds and transients (e.g., the spikes in
DNI) led to transient thermal output from both the simulated (green line) and actual operations (blue line). The
modelled simulations using the final liquid-HTF model for that day are very similar to the actual site operations.
As seen in Fig. 3, on March 20 the SIPH site suddenly stops operations near midday for an unknown reason.
The simulated thermal output would normally follow the DNI shape more closely and calculate more thermal
energy than the actual site produced on this date. In Fig. 3, an external constraint is applied to the simulation to
limit production only to times when the actual plant is operating. Although appropriate for a validation study,
such constraints need to be based on plant operation knowledge for a predictive simulation.

3.2. DSG linear-focus collector model validation and results
It has been possible to gain access to operational data for a DSG LF field in Calasparra, Spain. Through
collaboration with Tubosol, the plant operators of the 30-MWe Tubosol Puerto Errado 2 (Tubosol PE2)
electricity generation plant, NREL has received and processed operational data for the entire 150-MWth solar
field (Novatec Solar 2011) for the month of June 2015. It was determined that the DSG process heat model
(which does not include recirculation, but only once-through mode (OTM)), could be used to simulate the
Tubosol PE2 solar field. This assumption seemed appropriate because there is no water/steam recirculation in
the Tubosol PE2 solar field itself; also, the solar field can be considered to operate as if it were an OTM field,
with the steam separation from the water/steam mix occurring after the solar field at the steam drum. The
current DSG model would be unsuitable to simulate recirculating DSG fields.
These operational data allow for in-depth observation of the behavior of the solar field, both in normal and
transient conditions. The data for the solar field (made up of 28 rows in total) are split into two equal segments
(Tubosol PE2.1 and Tubosol PE2.2), where each segment is approximately 75-MWth with 14 collector rows.
The reason for the solar field segments is to allow in winter to direct steam from both solar fields to one 15MWe turbine. This arrangement ensures maximum electricity generation, rather than generating electricity from
both 15-MWe turbines at part load due to a lack of solar radiation. Each independent solar field segment has the
following specification seen in Tab. 1 (Novatec Solar 2011). The data in Tab. 1 has been used for the SAM DSG
model validation. It was decided since each segment can be operated independently, that the validation would be
done only on one solar field segment. A weather file that uses site data, e.g., the DNI and ambient temperature,
has also been created for the validation; again, a TMY file was used for the rest of the year.
Tab. 1: Data used for the SAM DSG validation of the Tubosol PE2 solar field segment

Parameter

Value

Unit

Product name
Number of rows in solar field

Nova-1
14

NA
NA

Solar field length

940

m

Aperture area
Operating temperature

151,000
270

m2
°C

Operating pressure

55

bar

Peak thermal output

75

MWth

The validation of the DSG process heat model has been done by comparing the predicted thermal energy by the
SAM model with the plant data from the Tubosol PE2 segment, although an estimate of the solar thermal power
has been made. It is important to note that since Tubosol PE2 has been designed for electricity generation (i.e.,
30-MWe), it was not possible to directly measure the solar thermal power output from the solar field, as the exit
of the solar field is a two-phase fluid of steam and water. Unlike the validation of the SAM liquid-HTF process
heat model, where the solar field thermal output was directly measured and compared to the SAM simulated
solar field thermal output, this was not possible for the DSG validation. While SAM can undertake simulations
sub-hourly, the minimum time step for the SAM DSG validation is 10 minutes. Therefore, the sub-minute data
from the Tubosol PE2 solar field segment has been averaged to make 10-min time-step intervals, e.g., for the
weather file for Calasparra and the estimation of the solar field power output.
Each solar field segment has measurements for pressure, temperature, and mass flow rate of the combined
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water/steam fluid. Thus, the enthalpy and the steam quality are unknown at each measured interval at the exit of
the solar field segment. Hence, to calculate the solar field thermal output power at each 10-min time step, the
steam quality is estimated in two ways (identified as Case 1 and Case 2).
Case 1—where there was a constant steam quality of 0.7485 (i.e., approximately 75% steam in the steam drum).
This was determined from the design conditions obtained from the balance of plant process diagram (Novatec
Biosol 2011) and thus was used to calculate the enthalpy at each 10-min step.
Case 2—where variable steam quality is estimated from the steam-drum level given in the operations data, then
averaged over every 10-min time step. The steam-drum level, as confirmed with Tubosol PE2, is a measure of
the steam and water mix in the steam drum, where the steam drum separates the remaining water in the fluid
from the steam produced by the solar field. Using the steam-drum level is an estimate of the steam quality
produced by the solar field. The calculated enthalpy is multiplied by the mass flow rate to obtain an approximate
value of thermal power delivered by the solar field. This estimated thermal power is then compared with the one
predicted by the SAM simulation.
However, there are differences between the way the SAM DSG model predicts the solar field operation and the
way the actual Tubosol PE2 solar field operates. Therefore, to make a better (and more realistic) comparison,
there are a couple of constraints added for Case 2.
Constraint 1: The solar field has hot fluid in the field during the night periods (as well as the day), and the
thermal energy can theoretically be calculated during this time. However, as no thermal power from the field is
delivered during the night to generate steam, the solar field thermal power output from 9 pm to 6 am is ignored.
Constraint 2: When SAM thermal output is predicted, but the plant itself is for some reason not producing solar
thermal power to generate steam for the turbine, this is excluded from the SAM output in a post-processing step.
Fig. 4 shows a plot of such a situation, where the thermal power predicted by the SAM model is shown against
the real estimated solar field thermal power output. It can be seen the estimated solar field thermal output was
barely present during the day (e.g., the green line), even though there was sufficient DNI for SAM to predict
some thermal power generation. The thin blue line represents the SAM simulated power. As seen in Fig. 4, due
to the DNI variations (e.g., perhaps due to several clouds that day), the model responded to the spikes in DNI
with a considerable power production, whereas the estimated actual output was nearly zero through the day.
Hence, the simulated thermal power for days like this was ignored in post-processing, as specific operational
decisions such as this made at the site are not accounted for in the DSG model.

Fig. 4: Comparison of the simulated solar field power output and the estimated actual solar field power output on a day with
transients, and showing the need for a constraint to exclude the SAM output when the estimated actual output was minimal

Tab. 2 shows the comparison between thermal energy generation predicted by the SAM DSG model and the
calculated estimation using actual field data (for the constant and variable steam quality cases) for June 2015.
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Tab. 2: Comparison of the thermal energy generated (MWh) between the actual estimated solar field and the simulated solar field,
for the cases of constant and variable steam quality (Case 1 and Case 2, respectively)

Case
Case
1

Case
2

Condition
Constant steam
quality at design
conditions
2.1: Estimated
variable steam
quality
2:2: Estimated
variable steam
quality with
constraints

Real estimated thermal
energy of solar field
(MWh)

SAM thermal
energy of solar field
(MWh)

Difference in
thermal energy
(MWh)

Difference
(%)

141,105

126,534

14,571

-10.32

130,864

126,534

4,330

-3.3

127,082

126,128

954

-0.75

As can be seen in Tab. 2, with constant steam quality (Case 1), the actual estimated thermal energy generated
for June 2015, was approximately 141.1 GWh, compared to approximately 126.5 GWh from the SAM simulated
solar field. In other words, the SAM thermal output was 10.32% less than the real estimated value. Case 1 (i.e.,
constant steam quality from the solar field) can be considered unrealistic, as there will be a varying steam
quality produced by the actual Tubosol PE2 solar field segment. Discussions with the operators at Tubosol PE2
have confirmed that the steam quality can vary from 70% to 80% depending on the DNI conditions. As seen in
Case 2 from Tab. 2, when variable steam quality is calculated for the Tubosol PE2 solar field segment, the
estimated solar thermal energy generated in June 2015 from the field segment was 130.8 GWh, compared to the
simulated output of 126.5 GWh. This is Case 2.1, without further constraints as mentioned being applied. As
can be seen, the difference in the energy generated between the simulated solar field and the estimated actual is
approximately -3.3%. When the constraints are added, the difference between the actual estimated thermal
energy generated and the SAM output drops to 0.75%.
Fig. 5 and Fig. 6 shows the excellent comparison between the normalized simulation (blue) and the normalized
estimated actual thermal power output for Case 2. Fig. 5 shows a day that had significant DNI variations (i.e.,
many clouds throughout the day); Fig. 6 shows a single transient in an otherwise very sunny day.
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Fig. 5: Comparison of normalized simulated solar field power output and normalized actual estimated output on a day with
significant DNI variations
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Fig. 6: Comparison of normalized simulated solar field power output and normalized estimated output with one DNI transient

As seen in Fig. 5 and Fig. 6, the simulated power output from the solar field tracks the DNI variations well
throughout the day, although the simulated power output, in general, is smoother than the actual estimated solar
field output. It is worth noting that near the start of the day, the simulated power compared to the real estimated
power is generally slightly overestimating the power output, whereas the reverse is true in the evening. In Fig. 5
and Fig. 6, the simulated power is underestimated relative to the actual estimated amount in the evening. The 3.3% difference between the simulated DSG and the actual estimated energy output for the time period gives
confidence that the DSG model is successfully modelling the conditions in the solar field and handling the
energy flows. This shows that once the modeled solar field for DSG (at least in this DSG LF case) can be
separated from the power generation aspect, the solar field can be well modelled.

4. Utilization of the SAM Liquid-HTF Process Heat Model
The use of both the liquid-HTF and DSG process heat models for potential actual commercial applications
would have been ideal. But, it has only been possible to do an initial energy simulation and analysis with the
liquid-HTF model. The DSG process heat model could be utilized in future analysis.
The concept of using SIPH for heat addition and integration into breweries is gaining strength, especially in
Europe and South Africa, where several studies and operating demonstration SIPH plants for breweries exist
(German Solar Association 2017; Mauthner et al. 2014). Either through concentrating or non-concentrating
SIPH technologies, breweries that are located in regions having sufficient DNI for solar heat integration could
significantly decrease the energy consumed from burning hydrocarbons (Lauterbach et al. 2009; Mauthner et al.
2014).
The newly developed SAM liquid-HTF process heat model has been used for an initial analysis of a brewery in
California that is considering implementing a parabolic trough solar field to decrease natural gas usage. An
important and potentially valuable financial incentive that currently exists in California is the maximum of up to
$800,000 that a project can receive based on being able to show a metered decrease in natural gas due to the
addition of a new solar thermal field (California Public Utilities Commission [CPUC] 2017).
The key parameters of the brewery’s potential solar field include a design point yield of 1 MWth and the use of
unpressurized water as the HTF. The weather file for the site has been created using the National Solar
Radiation Data Base, and the brewery site has a daily average DNI of greater than 6.5 kWh/m2/day (NREL
2017a). The process heat thermal load requirement from the brewery has been highlighted as being
approximately constant at 0.3 MWth, 24 hours a day, 365 days a year. The Heat2Hydro solar field and system
design also includes a mixed single-tank water storage unit of 50,000 gallons. The storage is expected to be
charged fully and maintain an exit temperature to the brewery heat exchanger of 85°C. It is worth noting that
SAM version 2017.9.5 has no storage built in. The potential new storage solution for the brewery cannot be
directly modelled with the SAM 2017.9.5 version of the process heat model.
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The SAM simulation file for the case has been created to model the annual heat input from the solar field to a
brewery process heat exchanger. The parameters for the brewery’s load (i.e., delivered thermal power to the heat
exchanger) have been simulated using collector information provided by Heat2Hydro and Rackam
Technologies. At present, since the publicly available SAM 2017.9.5 process heat module is without storage, the
initial brewery case has been created whereby all the solar field output in excess of the process load can be
absorbed by an ideal storage system. This is a reasonable assumption considering the large storage volume
(50,000 gallons) for the Heat2Hydro storage that is charged with the excess thermal energy from the solar field.
But this assumption will need to be tested in the future—particularly, how much of the excess energy from the
solar field can be absorbed by the single mixed tank.

5. Conclusions
In on-going efforts to improve SAM, the models and use cases for SIPH will continue to be developed. Working
with solar developers (e.g., SkyFuel), the SIPH process model developments, particularly for the liquid-HTF
model, are likely to include thermal storage and dispatch strategies. With further investigation of the sizing of
typical deployed SIPH systems, the default solar field size may be changed, e.g., to 1-MWth for liquid-HTF
SIPH fields. The DSG process heat model improvements include developing a recirculation mode to send the
remaining water exiting the solar field back to the solar field for further evaporation. This would then allow
SAM to better model actual DSG systems, as few DSG systems have been developed as OTM (Feldhoff 2012).
Future use of the DSG model could provide a better understanding of the thermal yield generation and steam
production for solar EOR.
The highlighted brewery initial case will be important to continue to develop into a case study, to develop both
the energy yields and costs of the potential solution, and the financial models to understand economic viability
e.g., the net present value (NPV) and the payback period. This will develop the understanding of SIPH
applications in California, where the incentive scheme currently in place (e.g., for $800,000 granted to projects
that can show a metered decrease in natural gas due to a solar thermal field). As of October 4, 2017, the
legislative bill (Bill AB-797 Chapter 473) supporting the CPUC incentive scheme has been extended for two
years (California Legislative Information 2017). Further investigation is needed of the financial implications of
the extension of Bill AB-797 Chapter 473, particularly on potential projects in California.
The NREL SAM process heat models could help to show thermal energy generation and economic value for
known and future applications of SIPH. As global use for SIPH applications continue, modelling tools such as
SAM and Greenius can certainly provide an independent method to gauge the potential energy yield at the site.
It is possible that the newly developed SAM process heat models could help some users looking to apply for the
recently released U.S. Department of Energy (DOE) solar desalination Funding Opportunity Announcement
(DOE 2017). The use of the process heat models could help prospects and awardees, better understand thermal
energy yield generations and the potential LCOH of CSP process heat solutions, which could then provide heat
for desalination activities.
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INTRODUCTION
Fifty-seven per cent (nearly 240 Metric tons of oil equivalent) of the final energy consumption in India
is used for thermal applications. Industrial process heat, residential cooking, and water heating are the
main thermal applications accounting for more than 90% of the thermal energy requirement. Presently
India’s thermal energy demand is primarily being met through coal, biomass, and petroleum fuels.
Several areas in India receive good DNI and solar thermal energy has potential to convert this radiant
energy to meet the heating needs up to 250 OC. 15 million tonnes of fuel oil in industries requiring heat
up to 250 OC & 5,000 trillion kWh of electricity (excluding LPG consumption) in various sectors for
heating water & air being consumed annually. Even if 1% of this energy requirement is met using
concentrated solar thermal (CST) systems the potential estimated is over 2.5 million m2. However, to
achieve these targets there need to be market drivers and one of them suggested is to obligate solar
thermal heating in high energy consuming industries and encourage Energy Service Companies
(ESCo’s).

INDIA’S ACHIEVEMENT IN CST SYSTEMS
More than 200 steam generating systems have been installed so far in the country with a cumulative
figure of little over 75,000 m2 of dish area equivalent to about 50 MW. These are largely due to subsidy
programmes of Ministry of New and Renewable Energy (MNRE), government of India and
programmes under GEF-UNDP and GEF-UNIDO. Most of these have been installed mainly at places
where steam generated through conventional boilers for process heating and community based steam
cooking besides few demonstration projects for cooling. During the period April 2012 to March 2017
the country witnessed net installation of 44,949 m2 of dish area under the GEF-UNDP Concentrated
Solar Thermal Heating programme. Solar Heat for Industrial Process had the lion’s share of almost
70%. Table 1 below gives the break-up wise of installation occurred under this programme besides
projects supported for revamping.
Sl.
1
2
3
4

Application
Process Heating
Steam Cooking
Space Cooling
Repair and Maintenance
TOTAL
Table 1: Application wise installations under GEF-UNDP programme

Area (m2)
28,188
9,208
3,826
3,727
44,949

The true market potential of CST technologies in the industrial sectors has been assessed as 6.4 GW in
India in a study recently commissioned by UNIDO. Fourteen industry sectors have been identified
(Table 2) by UNIDO where CST technologies make economic and technical sense in terms of ready
acceptability for their deployment for a variety of process heat applications in the temperature range
up to 350°C.
Sectors

Sl.
1

Textiles (Weaving, Finishing)

2

Pharmaceuticals

3

Automobiles

4

Breweries

5

Pulp & paper

1
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6

Electroplating

7

Food processing (including Dairy & Sugar)

8

Rubber

9

Chemical & Fertiliser

10

Petroleum Refineries

11

Desalination

12

Ceramic tile & pottery

13

Plaster of Paris, Steel rerolling, Cement, Mining

Tobacco
14
Table 2: Highest potential sectors for solar thermal process heating
In India mainly 3 types of concentrating solar technologies are presently in promotion:
i)
Manually tracked dish solar cookers to cook food for 10-40 people,
ii)
Fixed focus E-W automatically tracked elliptical dishes (Scheffler) for direct indoor
cooking for about 50-100 people & for steam generation for community cooking, laundry,
space cooling etc. of any capacity and
iii)
Dual axis fully tracked Fresnel dishes (Arun) for all such applications.
The CST systems can be broadly classified as below
 Fixed Focus Elliptical Solar Dish (Scheffler)
 Fresnel Reflector Based Dish
 Linear Fresnel Reflector Concentrator
 Compound Parabolic Collector
 Parabolic Trough Concentrator
 Paraboloid Dish
There are 22 Manufacturers offering 6 types of CSTs in promotion with varying designs & sizes. Figure
1 gives the technology-wise CST systems. There are couple of solar grade cut mirror glass
manufacturers offering international standards quality developed technologies for edge sealing &
back coating and state of the art parabolic trough mirrors.

Technology-wise Concentrated Solar Thermal Systems
26%

35%

15%

20%

4%

Paraboloid Dish
Arun
Parabolic Trough Collector / Linear Fresnel Collector
Scheffler
Compiund Paraboic Collector

Figure 1: Technology-wise CST systems

DNI MAP OF INDIA

2
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The Direct Normal Irradiation (DNI) in India varies from 4.0 to 6.0 kWh/m 2/day as shown in the
Figure 2 and is an indicator of the potential regions that can use solar thermal.

Figure 2: DNI Map of India (Geo Model Solargis, EU)
Based on the DNI the potential states with medium to high DNI that facilitate implementation of CST
projects are listed in Table 3.
Indicative Sunsh Fixed focus elliptical Evacuated heat
Fresnel reflector/
Sl. Region
average
ine
dish^ / Nonreceiver PTC/ LFTR Paraboloid based dish
DNI/ m2
days
evacuated heat
/ day*
receiver PTC
(In kWh)
Efficiency Heat
Efficiency Heat
Efficiency at Heat
delivery**
at 150C** delivery** at 150C** delivery* 150C**
*/ m2/ year
**/ m2/
*/ m2/ year
(in
(in
year
million
million
(in
kcal)
kcal)
million
kcal)
1. Leh
6.5
320
35%
0.626
40%
0.715
60%
1.073
Ladakh

3
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6.0

300

40%

0.620

45%

0.697

65%

1.010

5.0

280

40%

0.482

45%

0.542

65%

0.783

4.5
250
35%
0.339
North,
West &
Himalaya
s
6. North –
4.0
250
40%
0.344
east &
Eastern
part of
Orissa &
A. P.
Table 3: Potential states with medium to high DNI

40%

0.387

60%

0.581

45%

0.387

65%

0.559

2.

3.

Gujarat
Rajasthan
& western
M.P.
Southern
& Central

4.

^ Average effective aperture area of 16 m2 fixed focus elliptical dish for receiving normal radiation
during whole year is to be taken as 11 m2. The heat delivery from a 16 m2 elliptical dish in a year in
different regions will, therefore, be 11 multiplied by figures given in above table.
Also, dual axis automatic tracked elliptical dishes may have higher heat delivery by say 5% in
comparison to single axis tracked dishes due to avoided errors in manual N-S adjustments.
* Can vary by +/- 10% at a location in the region
** Its average annualized efficiency and is linked with ambient temperature and wind conditions of
particular region. It reduces in the regions having lower ambient temperature and high wind
velocity. It also reduces marginally for CSTs working at higher temperatures due to higher heat
losses, thereby reducing the heat delivery. Temperature range which can be achieved by various
CSTs, their salient features, installed cost & payback period are given below.
*** Heat delivery will:
i) increase if the fluid temperature goes down due to less heat losses. Likewise, it will also decrease if
working temperature is raised high say up to 350 OC or so especially in case of Fresnel reflector
/Paraboloid dishes which are designed for such temperatures.
ii) decrease by 10% or more if the mirrors are not of solar grade quality.

INTRODUCING SOLAR THERMAL CERTIFICATE SCHEME
Perform Achieve and Trade (PAT) scheme of Bureau of Energy Efficiency, designed to accelerate
energy savings in energy intensive and large industries by incentivizing energy savings. The identified
industries classified as Designated Consumers (DC’s) are aluminum, cement, chlor-alkali, fertilizers,
iron and steel pulp and paper, railways, textiles, petroleum processing and refining, sugar, chemicals,
commercial buildings and electricity distribution companies. The PAT – Part 1 scheme that ended in
March 2015 achieved 8.67 million tonnes of oil equivalent (MTOE) and abated 31 million tons of CO 2 .
The PAT Part 2 scheme notified on 31st March 2016 has a target reduction of 8.869 MTOE assigned to
621 DC’s.
These DC’s who achieve reductions in their targets receive ESCerts (energy saving certificates) which
can be traded with facilities that are having trouble meeting their targets, or banked for future use.
One tonne of oil equivalent (TOE) is One ESCert is issued.
1 TOE = 1 ESCert = INR 10,968

4
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Each TOE at 890 kgs/m3 density is equivalent to 1,125 litres of fuel oil.
Concentrated Solar Thermal (CST) Technologies can provide a good alternative to reduce their specific
energy consumption as shown in Table 4 below:
Solar PV
Energy (TOE/Year)

1

Equivalent Energy

11,630
8

Capacity
Area Required

84

Unit

Solar Concentrator
(PTC/Dish) >120OC

Solar CPC
(NIC) 80-90OC

Unit

1

1

kWh

10,000,000

10,000,000

kWe

5

5

14

11

m2

Cost (INR)
6,00,000 INR
283,173
Table 4: Cost Comparison of energy generation using solar PV, CPC and Parabolic/Dish

163,929

kcal
kWth
m2
INR

Hence for the same amount of TOE, CST technologies offer a viable alternative and hence including it
in the reporting structure of PAT will ensure that designated consumers (DCs) will invest in CST
technologies.
To encourage these DC to go for CST a scheme of solar thermal certificate (STCert) to be launched by
Bureau of Energy Efficiency (BEE). A defined target to be given to potential DC’s to generate STCert.
The minimum project size to qualify for STCert to be 250m2 for single axis and 150m2 for double axis. If
the scheme is successful and finds more buyers of STCert, the incentive can be reduced gradually with
time. Non-DC’s can also apply for STCert and should be an entity consuming at least 5,000 litres/ year
of fuel oil annually. Those DC’s not able to meet their STCert can buy these STCert from non-DC’s.

BARRIERS IN CST’S GROWTH
Major barriers listed in large-scale promotion of CSTs at the start of project were as follows:
x Lack of awareness about the technologies & their benefits.
x Information on successful projects not accessible to public.
x Lack of confidence on technologies. Lacking in trained manpower of technicians.
x No test standards & test set ups for measuring performance exists
x Space constraints for installations to beneficiaries
x Non-availability of solar grade mirrors in required sizes at reasonable prices.
x Non-availability of soft loans to beneficiaries & ESCOs
x Low returns on investments as compared to solar flat plate collectors. Requires higher
support, especially for space cooling & standalone systems
x Very few manufacturers. Not much competition.
x Difficulties for cost control measures.
While most of the barriers have been addressed in the last five years however the demand creation
has not occurred to a level of commercialisation.

PROJECT SOLAR PAYBACK
The Solar Thermal Federation of India (STFI) and the Indo-German Chamber of Commerce (IGCC)
have teamed up for the international ‘Solar Payback’ project, which aims to increase the use of solar
thermal energy in industrial processes. Supported by the German Federal Environment Ministry
funded by the International Climate Initiative, the three-year project will be implemented in India,
South Africa, Mexico and Brazil. It is coordinated by the German Solar Association BSW-Solar and
eleven partner organisations: three German companies, plus each target country’s national solar
industry association and German Chamber of Commerce. The use of solar heat for cleaning, steam

5
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production, bath heating and surface treatment in manufacturing is still a niche market in India and
around the world
The initial study has so far focused on an in-depth analysis of market barriers and drivers by drafting
a solar process heat roadmap and making policy recommendations. In addition, it intends to strengthen
the industry by offering training for planners and raise awareness by organising an industry
conference. The project partners will use a wide range of activities and communication tools to get in
touch with the relevant stakeholders in politics, business and financing. Key activity targets include:
x Drafting a National Solar Process Heat Roadmap
x Developing a financing/business tool for planners and investors to offer preliminary analyses of
solar process heat plants
x Developing policy recommendations for uptake of solar process heat at national level
x Organising train-the-trainer workshops on planning / designing solar process heat systems
x Implementing an online matchmaking network for investors and technology providers
x Organising a local industry / stakeholder conference

Conclusions:
Looking at the huge heating demand and reducing dependence on imports of fuel oil India has the
quest to quest for becoming global leader for deploying solar thermal industrial process heat and
meeting the identified target of 6.4 GW. The areas that need to be addressed can be summarised as
below:
 MNRE to create demand worth INR 100,000 m2 in 3 years in food processing industries,
automobile and defence etc.
 MNRE to invite manufacturers to develop products and infrastructure to bring down the costs
through R&D and have budget for
 Make the available DNI data of various locations to public at no cost.
 Introduce performance based incentive equivalent of MWth or MTOE avoided.
 Output be close to the manufacturer’s claim & co-relate to the DNI of that area. Any reduction
be suitably penalised. A Renewable Heat Incentive (RHI) policy need to be framed.
 Provide concessional loan to manufacturing industries to scale up operations and business.
 Perform Achieve Trade (PAT) operated by BEE must have a special mention about solar
thermal heating in their curriculum.
 Large scale capacity building workshops for skilled personnel for better upkeep and
maintenance
 Encourage ESCo model as it ensures proper operation of the installations and can give is the
recovery. Easy funding be made available for ESCo projects.

REFERENCES:
Solar Thermal Federationof India (http://www.stfi.org.in)
Ministry of New and Renewable Energy, government of India (http://www.mnre.gov.in)
GEF-UNDP Concentrating Solar Thermal Programme (www.cshindia.in)
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Abstract
Lower temperature renewable process heat derived from the sun can be generated from solar thermal
collectors and a photovoltaic powered heat pump. To determine which can produce lower cost heat under
certain technical and financial parameters, a robust methodology was developed to determine the maximum
solar thermal project investment for it to remain the lower cost technology. This result can also serve as a
target for the solar thermal industry to ensure its role in the future of renewable heat.
The assessment methodology was used in a case study analysis, consisting of typical industrial process heat
load and temperature profiles, meteorological conditions, technology costs and performance. Results
indicated that for constant energy demand processes when a heat pump can operate the majority of the year,
a photovoltaic heat pump system delivers lower cost heat. In a typical five day one shift work week where a
heat pump has limited access to a heat source, solar thermal remains the lower cost heat provider. For the
same five day one shift case but without a constrained heat source, allowing the heat pump to operate for
2000 hours a year, solar thermal plants must be built for less than 250 €/m2ap in low irradiation regions like
Copenhagen and 525 €/m2ap in high irradiation regions like Chile or North Africa. For solar thermal to
remain a primary renewable heat provider in the future, project investments should consistently be less than
200 €/m2ap.
The presented results are highly variable based on numerous technical and financial parameters. Therefore
the use of the methodology described in this work is critical to quickly determine which technology produces
lower cost solar derived renewable heat.
Keywords: process heat, solar thermal, PV, heat pump, techno-economic, renewable heat

1.

Introduction

A major result of the climate change conference in Paris was the decision to attempt to limit the rise of
Earth’s global temperature at century’s end to no greater than 1.5 °C. One major sector, Industry, accounted
for 28% of global final energy use and 11% of emissions from heat and electricity production (IPCC, 2015).
If the 1.5 °C goal is going to be achieved, swift action must be taken to replace all sources of carbon
emissions. One such option is the use of the sun to generate renewable industrial process heat typically below
150 °C.
Two main technologies can convert solar irradiance to thermal energy; either directly through solar thermal
(ST) collectors or indirectly via photovoltaics (PV) and an electrically driven vapor compression heat pump.
Numerous studies have been conducted within the domestic sector which compares and/or utilizes both
technologies for hot water production and space heating. In the industrial sector, where load profiles,
temperature levels, and project specific costs are drastically different, few studies to date have been
conducted to compare these two solar heating technologies. Meyers et al (2015; 2016) have developed a
comparison methodology between solar thermal and direct resistance heating photovoltaics, crafting unique
terms such as the levelized cost of heat (LCOH) ratio and project investment ratio (IR). These terms allow
for a quick comparison of technology based on their project turn-key specific capital investments. PérezAparicio et al. (2017) has subsequently undertaken similar methodological approaches, incorporating the use
of PV powered heat pump, though is limited in its flexibility to adapt to different meteorological conditions,
process temperatures (only 200 °C was tested), technology performance, and future costs. These results were
also not supported by energetic simulation. The work presented here has expanded upon the prior Investment
Ratio methodology of Meyers et al. (2016) and has incorporated the use of heat pumps to develop a
universally applicable method to assess which technology can produce lower cost heat for nearly any
possible combination of meteorological, technical, and financial parameters.
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2. Methodology
The analysis conducted within this work is an expansion of prior research (Meyers et al., 2015; 2016).
Within this publication, detailed solar thermal and PV simulations were conducted and correlations made
which determined the lower cost heat provider based on local solar irradiation, process temperature, and
technology capital cost. The current work expands upon this methodology to include a PV electricity
powered vapor compression heat pump.

2.1 Solar simulations and technical basis
2.1.1 Solar Thermal
The solar thermal (ST) plant design and simulation methodology has been described in Meyers et al. (2016)
to calculate solar yields under various process loads, temperatures, and meteorological conditions with
different collector types. The ST plant was designed to work in conjunction with an already existing heating
facility, serving as a “fuel saver” when solar thermal energy is available, either directly or through a thermal
store. In summary, two phases of simulations took place via TRNSYS, with a model that was validated
through a currently operating industrial solar heating plant in Germany (Lauterbach, 2014; Schmitt et al.,
2015). The first phase were “Infinite Load Case” (ILC) simulations which determined the maximum annual
ௌ்ǡூ
specific ST yield (ݍ௦
in kWhth/(m2ap·a)) for 800+ global cities for four non-concentrating collectors (flat
plate, flat plate double glazed, evacuated tube, compound parabolic (CPC)) at various mean process
temperatures (TP,m). The yields were considered as a “maximum” because the process load was constant and
had a large heat demand which allowed for the exclusion of a thermal store and second heat exchanger (only
the collector field, solar loop heat exchanger and pipes/pumps were modeled). This reduced the mean
collector temperature and thus maximized yield.
The second phase consisted of the “Practical Load Case” (PLC) simulations which incorporated more
realistic conditions found in industry. These conditions included various process load profiles (one or three
shifts, operating five or seven days a week), load magnitude (quantity of daily energy required relative to
installed solar field size), and storage volume. Only nine sites were simulated due to the computational
intensity, but they represented a wide span of annual solar irradiation (H in kWh/m2a), annual average
ௌ்ǡ
) in kWhth/(m2ap·a). To
daytime temperature (Tamb,day), with annual specific ST yield results reported (ݍ௦
reduce dimensionality, a differential temperature term was coined, called Tdiff, which was the difference
between the mean process temperature (TP,m) and annual average daytime temperature (Tamb,day). This term
highly influenced the annual yield results.

Correction factors (ܨ
) were calculated to adjust results from the ILC to the nine representative PLC cases,
ௌ்ǡ
ௌ்ǡூ

by simply dividing the PLC yield by the ILC yield for the same simulated cities (ܨ
ൌ ݍ௦
ൗݍ௦
).

2.1.2 Photovoltaic Heat Pump
The photovoltaic driven heat pump (PVHP) plant was the combination of a PV plant installed on a factory’s
roof with a heat pump connected to a heat demanding industrial process. The PV plant was connected to the
industry’s internal electrical grid. When the PV plant generated electricity, it first went to power the HP and
any deficit or excess was “bought” from or “sold” to the internal grid at no cost. This meant that the existing
electrical infrastructure on site served as free exchange mechanism. In this light a HP, with a known
Coefficient of Performance (COP in units of kWth/kWel), was operated only when needed using “banked” PV
ு
) is shown in eq. 1,
generated electricity. The annual thermal energy generated by the PVHP system (ݍ௦

with the annual specific PV generated electricity denoted ܧ௦ in kWhe/(kWp·a).
ு

ݍ௦
൫ܹ݄݇௧ Τ൫ܹ݇  ܽ൯൯ ൌ  ܧ௦
 ܱܲܥ

(eq. 1)
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This model, while not a true PVHP direct coupled system as seen in the household sector, does better
represent typical industrial conditions. The onsite electrical demand of typical industries is often
significantly larger than a PV plant could generate on its roof, meaning that all PV electricity would be
internally consumed and not fed into the grid. Secondly, a PV plant would never be directly coupled with a
HP because factories nearly always have an electrical grid connection and operating an electrically isolated
HP directly off PV would require batteries to smooth transient and control HP performance. For both
reasons, this design was not investigated.
The peak power or size of the HP relative to the PV plant was scaled to consume every kWh of the annual
PV generated electricity. This symbolized that the heat is 100% renewable and zero carbon (ignoring the
required carbon to produce the components and refrigerant leakages), thus similar to an ST plant. The HP

ு
peak power (ܲ
) was calculated by multiplying the annual solar PV yield (ܧ௦
) by a known onsite
estimated COP, then divided by the number of full load operating hours (FLH) per year that the HP was
expected to operate (eq. 2), in units of Watt thermal (HP) per Watt peak (PV). FLH and COP can be
determined through knowledge of the industrial process and availability of a fitting heat source, often by
conducting an energy audit. Through this equation, it is shown that smaller heat pumps are required when
operating more hours and larger heat pump for fewer, in order to consume the same annual PV generated
electricity.

ு
ܲ
൫ܹ݇௧ Τܹ݇ ൯ ൌ  ܧ௦
൬

ௐ
ௐ

൰   ܱܲܥቀ

ௐ
ௐ

ቁൗ ܪܮܨሺ݄ሻ

(eq. 2)

The heat pumps (HP) used for this assessment were electrical powered vapor compression. An increasing
number of industrial grade devices are currently on the market with heating performances well over 100 °C,
capacities greater than 100 kWth of heat, and with a COPs ranging between 2 and 5, depending on the source
and sink temperature (Wolf et al., 2014). These types of HPs are very suitable to deliver similar levels and
quantities of heat as ST. For this assessment, annual average HP COPs were assumed to be used, taking into
account small changes due to part load operation during the year. Through the advent of multiple parallel
compressors and variable speed drives currently available for industrial HPs, the variability in COP is quite
small through the normal operating range. A small buffer tank was also recommended by HP suppliers to
reduce temperature transient in both the source and sink side of the HP. Due to its relatively small size (15
l/kWth), thermal losses were less than 0.5% of the overall HP generated heat and thus ignored.
Solar PV yields were determined through TRNSYS simulations for the same 800+ sites of the ILC using a
well-known mono-silicon panel from a global producer, incorporating module temperature and irradiance

dependent efficiency modifiers. A correlation between PV solar yield (ܧ௦
) in kWhe/kWp and the local
irradiation (H) and latitude (φ) was created so an expected PV yield (necessary for heat pump sizing and
economic considerations) can be quickly estimated when investigating a solar process heat plant at a specific
site (eq. 3).

ሺܹ݄݇Ȁܹ݇ሻ ൌ  ߠ   ߠଵ   ܪ  ߠଶ  ߮
ܧ௦

(eq. 3)

2.2 Solar Heating Project Investment
Specific solar thermal project investment (IST in €/m2ap) was the total turn-key cost for all components
(collectors, store, pipes, pumps), installation, and process integration to realize a plant, inclusive of any
locally available subsidies or financial support mechanisms. The project investment (IST) varied widely based
on technology choice, integration difficulty, thermal store size, and installer expertise. Typical IST values can
range from less than 250 €/m2ap for 10,000+ m2ap plants in Denmark to over 800 €/m2ap for smaller
installations with high quality collectors, though typical values are between 300..600 €/m2ap for projects
larger than 500 m2ap (BAFA, 2016), with subsidy.
Specific PVHP project investment (IPVHP in €/Wp electric) was dependent on three factors, the specific PV
field investment (IPV in €/Wp), the specific HP investment (IHP in €/kWth) and the relative HP peak power
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ு
(ܲ
) as already discussed in eq. 2. The specific PV investment (IPV) for megawatt scale projects is in the
range of 1 €/Wp (Fraunhofer ISE, 2015). The specific HP investment (IHP) is rather application and
technology dependent, but values ranging between 200 and 800 €/kW th can be expected (IEA Annex 35,
2014; Wolf et al., 2014). The HP contribution to the overall PVHP investment was determined by
multiplying the relative HP peak power by the specific HP investment, shown in eq. 4.

ு
ܫுሺುೇሻ ൫̀Τܹ ൯ ൌ ܲ
൬

ௐ
ௐ

൰  ܫு ቀ

̀
ௐ

ቁ

(eq. 4)

Subsequently, the overall specific PVHP investment per Watt peak (electric) is shown in eq.5.
ܫு ൫̀Τܹ ൯ ൌ ܫுುೇ  ܫ

(eq. 5)

ு
and ܫு are shown in Tab. 1. For the few example cases, the HP investment was
Expected values of ܲ
typically smaller than PV, which is why values were expressed in units per Wp electric (PV) instead of
thermal (HP).

Tab. 1 – Example calculation to determine the overall PVHP investment in relation to the installed PV power
௩

ܧ௦
(kWeh/kWp)
1000
1250
1500

COP
(kWth/kWe)
2
3
4

ு
ܲ
(kWth/kWp)
0.5
1.87
6

FLH
(h)
4000
2000
1000

IHP
(€/kWth)
400
400
400

ܫுሺುೇሻ
(€/Wp)
0.2
0.75
2.4

IPV
(€/Wp)
1.25
1.25
1.25

IPVHP
(€/Wp)
1.45
2
3.65

2.3 Financial Analysis
By expressing the turn-key PVHP plant investment per Wp electric, a similar methodology can be used from
Meyers et al. (2016). In this work, the two technologies were compared by their dividing their installed
specific capital investments, called the Investment Ratio (IR), a value which was calculated when the
Levelized Cost of Heat (LCOH) of both were equal (Louvet et al., 2017). This methodology can be altered

ு
to fit this comparison by simply replacing the IPV with IPVHP and ݍ௦
withݍ௦
.
For each infinite load simulation case (800 cities, 4 ST collectors, 3 process temperatures and 1 PV), ST and
PVHP yields were calculated, assuming a known COP. Using the equivalent LCOH equation (eq. 6) and
parameters in Tab. 2, IST and IPHVP were iterated until convergence was found.
ೀಾ

LCOHST =

ೄ
ࡵࡿࢀ ା σ
భ ሺభశವೃሻ 
ೄ



ೞ ሺభషೄವሻ
σ

భ
ሺభశವೃሻ

ೀಾ

ൌ

ುೇಹು
ࡵࡼࢂࡴࡼ ା σ
భ ሺభశವೃሻ
ುೇಹು ሺభషೄವሻ

ೞ
σ
భ

= LCOHPVHP

(eq. 6)

ሺభశವೃሻ

Tab. 2 – The required parameters to calculate the LCOH

Parameter

Definition

IST,PV

Investment (/m2ap , /Wp)

OMST,PV

Operation and Maintenance
(% of IST,PVHP)

DR

Discount Rate

SD

Degradation Rate

n

Years of Operation

ST Value

PVHP Value
Variable

1.75%
(VDI, 2012; Shimura et
al., 2016)
6.40%
(Ondraczek et al., 2015)
0.4%/a
0.5%/a
(Fraunhofer ISE, 2016)
(Jordan and Kurtz, 2013)
20
(Duffie and Beckman, 2013)
2%
(VDI, 2014)
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Using the iterated IST and IPVHP per simulation case when their heat costs were equal, the Investment Ratio

(ܴܫூǡ
) was calculated in eq. 7. The superscript indicates which collector was being assessed and the
subscript depicts the Infinite Load Case (ILC). Also in the subscript, the “local” denoted the calculated IR for
that specific case of local meteorological conditions and is a precise value. The resulting “local” Investment
Ratios were generalized as a function of Tdiff, H, and COP, determined through linear regression in eq. 8,

is graphically depicted in section 3.1.1. The subscripts “local”
noted with “gen” in the subscript. ܴܫூǡ
and “gen” can be interchanged within the other equations in this work, as they approximately equal each
other due to the regression analysis. A “market” subscript is the site specific known investment for heat
pump, PV and solar heating plants to be realized, known by local installers.

ܴܫூǡ
ൌ  ܫௌ் Τܫு in units of (€/m2ap)/(€/Wp)

(eq. 7)


ൌ  ߠ   ߠଵ   ܪ  ߠଶ  ඥܶௗ  ߠଷ   ܪ ܶௗ
ܴܫூǡ

(eq. 8)

Using the calculated Investment Ratio for the Infinite Load Cases, one can determine the maximum ST

is calculated
investment required for it to remain the lower cost heating technology. Initially, the ܴܫூǤ

) is determined
from the simulation results and regression analysis (eq. 8). Next, a correction factor (ܨǡ
using the simulation results which adjusted the ILC solar yields to a more typical value expect in real solar

heating plants under industrial conditions, called “Practical Load Case”. The ܨǡ
value typically ranges
between 0.7 and 0.95 depending on the load profile, graphically shown in section 3.1.2. By multiplying these

together (eq. 9), a more accurate Practical Load Case Investment Ratio (ܴܫǤ
) is calculated which takes
into account typical process load conditions and thermal losses.



ܴܫǤ
ൌ ܴܫூǡ
 ܨǡ

(eq. 9)

Next, market insight is required for the known technology costs at a specific location. One must individually
calculate the market price for a PVHP plant (ܫுǡ௧ ) using eq. 2, 4, and 5, and then multiple this by the

local PLC Investment Ratio (ܴܫǤ
in eq. 9) to determine the maximum ST investment (IST,local) a plant
can be to remain the lower cost technology again PVHP (eq. 10).

ܫௌ்ǡ ൌ  ܫுǡ௧  ܴܫǤ

(eq. 10)

Quite simply, if the known market investment for solar thermal (IST,market) is less than IST,local, then ST is the
lower cost renewable heat producer. If not, PVHP produces heat at a lower price (eq. 11).
݄ܵܶܿ݊݁ݏǡ ܫௌ்ǡ௧ ൏ ܫௌ்ǡ
൜
ܸܲ݊݁ݏ݄ܿܲܪǡ ܫௌ்ǡ௧   ܫௌ்ǡ

(eq. 11)

3. Results
The thermal yield simulation results can be viewed in a prior publication (Meyers et al., 2016). The
graphical depiction and required equation parameters of the Investment Ratio (IR), Correction Factor


), and PV Yield (ܧ௦
) are shown in section 3.1.1, 3.1.2, and 3.1.3 respectively, all required to for
(ܨǡ
the economic comparison. Section 3.2 provides a short example of how to use the methodology. A focus is
given to the CPC collector for this section, but graphs and equations for other cases will be made available in
future publications.

3.1 Key Calculation Parameters
3.1.1 Investment Ratio
The generalized form of the ILC Investment Ratio for CPC collectors as a function of solar irradiation (H)
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and differential between mean process and annual average daytime temperature (Tdiff) was explained in eq. 8.
The resulting parameter coefficients for a CPC collector are shown in Tab. 3. The regression had a root mean
squared error (RMSE) of 2.7% and an R2-adj of 0.982 with all parameters having a p-value less than 0.05,
indicating significance.
Tab. 3 – The linear regression derived parameters to calculate the generalized Investment Ratio for Infinite Load Cases using a
CPC collector

ܴܫூǤ

COP

1

2

3

4

5

ߠ

1064

532

355

266

213

ߠଵ

0.066

0.033

0.022

0.016

0.013

ߠଶ

-83.0

-41.5

-27.7

-20.8

-16.6

ߠଷ

5.92E-04

2.96E-04

1.97E-04

1.48E-04

1.18E-04

The resulting plot of this regression equation is shown in Fig. 1. The x-axis hosted the site and process
dependent Tdiff, (Tp,m – Tamb,day). The global horizontal irradiation (H) is showed on the y-axis. The
intersection of two selected points on the x- and y-axes, defined by its color and contour lines, was the
Investment Ratio for various COPs, shown on the right hand side. The values on the contour lines of Fig. 1
were for a COP of one, essentially an electrical heater. This value helped, along with the color scheme, to

orientate oneself to the right hand side table and subsequently determine the ܴܫூǡ
dependent on the COP
of a HP.
COP
1

2

3

4

5

(kWh/m2a)

900

450

300

225

180

800

400

267

200

160

700

350

233

175

140

600

300

200

150

120

500

250

167

125

100

400

200

133

100

80

300

150

100

75

60

200

100

67

50

40

60

700

2500

0

H

0

50

0
50

700

600

2000

0

40

40

60

0
80

30
0

40

1000

50

600

0

1500

100

120

Tdiff (°C)
Fig. 1 – The results of a regression analysis from the energetic simulations which depict the Investment Ratio as a function of
Tdiff and H for a CPC collector under an Infinite Load Case

A brief observation of Fig.1 shows that the Investment Ratio increased as a function of global solar
irradiation (H) and decreased due to a higher temperature difference between the process and ambient
conditions (Tdiff). This was expected, as this trend is in agreement with the solar collector efficiency equation
(ISO, 2013). The performance of a PVHP system (or PV more specifically) was only slightly negatively

influenced by higher ambient temperatures (i.e. increasingܴܫூǡ
).
3.1.2 Correction Factor

) curve is shown in Fig. 2, for a seven day constant (three shift)
An example of a Correction Factor (ܨǡ
load profile being heated with a CPC collector. The x-axis indicated the temperature difference (Tdiff)
between the mean process temperature (Tp,m) and the annual daytime average temperature (Tamb,day). The
colored dots in the middle represented the average correction factor of the various locations and process
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temperatures, colored by their respective annual solar irradiation (H). The dashed vertical lines per colored
dot illustrated the range of correction factors based on various daily specific load requirements and the
optimum storage. The upper range of the dashed vertical line represented relatively smaller ST plants relative
to the process load achieving higher solar utilization but lower solar fractions. The lower range represented
the opposite, relatively large ST plants with higher solar fractions but lower solar utilizations. The black dots

within the dashed line indicated the specific simulated cases. A clear decreasing trend of ܨǡ
is shown
as Tdiff increases, nearly independent of annual solar irradiation.

7-Day, Constant Profile
CPC Collector

H
(kWh/m2a)

2500

0.95
0.9

2000

0.85
1500
0.8
0.75
40

1000
60

80

Tdiff

100

(°C)

Fig. 2 – An assessment of the PLC correction factor for a 7 day constant load demand being met with a CPC collector

3.1.3 PV Yield
The specific yield of a PV plant in various climates can be calculated with numerous online tools and
commercial software packages. While not specifically unique to this research, its presentation in a simple
nomogram, calculated through numerous simulations and generalized with linear regression, is helpful for a
quick assessment to later determine HP sizing and overall PVHP project investment. The resulting
parameters from the linear regression (eq. 3) are show in Tab. 4, which had an RMSE of 2.81% and an R2adj of 0.972 with all parameters having a p-value less than 0.05, indicating significance.
Tab. 4 – Model coefficients used to estimate the specific PV yield with the global horizontal irradiation and latitude known for a
location of interest

ܧ௦ǡ

ߠ

ߠଵ

ߠଶ

-279.7

0.89

7.52

The results of this linear regression are plotted in Fig. 3. To use, a site’s latitude (φ) in degrees was on the xaxis and its global horizontal irradiation (H) on the y-axis. Their intersection point was the estimated annual
solar PV yield, in kWhe/kWp. The white dots indicate the sites used for the correlation at their specific φ and
H. The model’s parameter linked to H (ߠଵ ) is 0.89, which is roughly a typical Performance Ratio for PV
plants. Built into the latitude model parameter (ߠଶ ) was also a crude ambient temperature correlation, so solar
yield benefits not only from collector tilt at higher latitudes but also from lower ambient temperatures often
observed there. Collectors were tilted to the site’s latitude, minus 15 degrees with a minimum tilt angle of 15
degrees.
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H
(kWh/m2a)

2400

2000

(kWh/kWp)
2200

2200

2200

1800

2000

1600

1800

1800

1400

1600

1800

1400

1600

1200

1400

1000

1200

800

1000

1600
1400
1200

2000

1200
1000
800

1000
0

10

20

30

Latitude

2000
1800

40
( in °)

50

1600
1400
1200
1000
60

800

Fig. 3 – A graphical representation of the model used to estimate solar PV yield (ࡱࡼࢂ
࢙ )

3.2 Methodology Demonstration
To determine the use of the methodology, a step by step example is provided:
1 - Determine known process parameters through an energy audit, for example:
x Local meteorological conditions: H: 1250 kWh/m2a, Tamb,day: 15 °C, φ: 40°
x Industrial process: 70..90 °C (TP,m: 80 °C), operates 7 days a week for 3 shifts (Continuous profile)
x Tdiff: TP,m - Tamb,day : 65 °C
x Waste Heat: Available 2000 hours per year (FLH: 2000)
x Estimated PV and HP figures – IPV : 1.1 €/Wp, COP : 3 and IHP : 500 €/kW

2- Use Fig. 1 or eq. 8 to calculate the Investment Ratio (ܴܫூǡ
) with inputs of H, Tdiff, and COP

x


ܴܫூǡ
= 175 in (€/m2ap)/(€/Wp)


) with Tdiff and the known process load profile
3- Use Fig. 2 to estimate a Correction Factor (ܨǡ

x ܨǡ ≈ 0.90

with inputs of H and φ
4- Use Fig. 3 or eq. 3 to calculate ܧ௦

x ܧ௦ǡ = 1133 kWh/kWp

5- Use eq. 2, 4, and 5 to calculate ܫுǡ௧
ு
x Size the Heat Pump: ܲ
൫ܹ݇௧ Τܹ݇ ൯ = 1133·3/2000 = 1.7 kWth/kWp (eq. 2)
x

Heat Pump Investment: ܫுሺುೇሻ ൫̀Τܹ ൯ = 1.7 · 500 = 0.86 €/Wp (eq. 4)

x

ܫுǡ௧ ൫̀Τܹ ൯ ൌ ܫுುೇ  ܫ = 0.86 + 1.1 = 1.96 €/Wp (eq. 5)

6- Use eq. 9 and 10 to determine the maximum ST Investment, ܫௌ்ǡ


x ܫௌ்ǡ ൌ  ܫுǡ௧  ܴܫூǤ
 ܨǡ
= 1.96·175·0.9 = 310 €/m2ap
When a ST plant can be built turn-key at this site (ܫௌ்ǡ௧ ) for this industrial process for less than 310
€/m2ap, solar thermal is the lower cost renewable heat technology (eq. 11).
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4. Case Study
Using the described methodology in this work and the stepwise procedure highlighted in section 3.2, case
studies have been performed to estimate the maximum IST,local under numerous conditions for an industrial
process requiring heating from 60..90 °C with a CPC.

4.1 Boundary Conditions
Three site locations were chosen which had different levels of solar irradiation and ambient temperature.
The “High” case had an H: 2400 kWh/m2a and Tamb,day: 29 °C, the “Mid” case H: 1600 kWh/m2a and
Tamb,day:19.5 °C, and the “Low” case H: 1000 kWh/m2a and Tamb,day: 10.5 °C. By using this range of
meteorological parameters, a band of all feasible IST,local was displayed.
Three process load profiles were selected to represent a range of potential IST,local. The first case, denoted in
green, was a constant load profile, requiring heat 7 days a week for three shifts, during which a heat pump

) was estimated
can operate continuous at 8000 full load hours (FLH) a year. The correction factor (ܨǡ
to be 0.90. The second, denoted in blue, was a typical weekly operating process (5 days) for only one
daytime shift (8 hours), where a heat pump can operate full time at approximately 2000 hours per year. The
third case, in red, was the same as the second, only that the heat source for the heat pump was constrained.

This reduced its operating full load hours to 500 per year. The correction factor (ܨǡ
) was estimated to
be 0.80 for both the second and third case, though the graph is not depicted in this publication.
For the remaining required parameters IPV, COP and IHP, a range was given spanning the current highest and
lowest thresholds. From pessimistic to optimistic, the ranges were for 2..0.5 €/W p (IPV), 2..5 (COP), and
800..200 €/kW (IHP).

4.2 Results
The case study results are displayed in Fig. 4. The x-axis is comprised of the range of pessimistic to
optimistic values of IPV, COP, and IHP, from left to right. Each column of values noted on the x-axis were the
input parameters to calculate IST,local for the three process load profiles and three site locations. It was
recognized that for real cases these values will not be as orderly but it serves to demonstrate how IST,local on
the y-axis is influenced by the parameters. Three process load cases are represented by their noted colors.
The three site locations are identified by their location within each color band. The “High” case was always
located on the upper edge, the “Low” case on the lower edge, and the “Mid” case was appropriately in the
middle.

IST,local (€/m2ap)
3000
2500
CPC Collector – 60..90 °C Heating Process

2000

FLH

1500
1000

5 Day – 1 Shift
Limited Heat Source

500

0.8

5 Day – 1 Shift

2000

0.8

Constant

8000

0.9

500

IPV (€/Wp) 2
2
COP
IHP (€/kW) 800

1.75

1.5

1.25

1

0.75

0.5

2.5

3

3.5

4

4.5

5

700

600

500

400

300

200

Fig. 4 – The case study results, illustrating the span of potential IST,local values for numerous process inputs
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Fig. 4 shows clear trends which immediately elucidate the sensitivity of certain parameters on IST,local. First
and most obvious was that as the main PVHP financial and operating parameters (IPV, COP, and IHP) go from
pessimistic to optimistic along the x-axis, IST,local reduces significantly meaning PVHP became more
competitive. Second, the process load has a marked influence. The PVHP plant is most competitive against
ST (lowest IST,local) during a constant profile in which a heat pump can operate for nearly the whole year,
shown in the green band at the bottom of Fig. 4. In turn the PVHP is least competitive (highest IST,local) during
a 5 Day – 1 Shift process with limited heat pump operation (500 FLH), visible in red at the top of Fig.4. Site
location or more specifically the greater available solar irradiation and ambient temperature positively
influence IST,local, making ST more competitive when installed in more sunny and warmer regions. The area
above an IST,local of 1000 €/m2ap should be of little interest because any well-built ST plant can be built for
less, making any result above this value automatically in favor of ST over PVHP. To focus on IST,local values
less than 1000 €/m2ap, Fig. 4 was truncated into Fig. 5 by zooming in the region of interest on the y-axis.

IST,local (€/m2ap)
1000

800
CPC Collector – 60..90 °C Heating Process
FLH

600

400

200

IPV (€/Wp) 2
2
COP
IHP (€/kW) 800

1.75

1.5

1.25

1

0.75

5 Day – 1 Shift
Limited Heat Source

500

0.8

5 Day – 1 Shift

2000

0.8

Constant

8000

0.9

0.5

2.5

3

3.5

4

4.5

5

700

600

500

400

300

200

Fig. 5 – The case study results with a focus on IST,local values less than 1000 €/m2ap

For the 5 Day – 1 Shift case with a limited heat source (red) in Fig. 5, the calculated IST,local remains above
400 €/m2ap for nearly every case, meaning that a well-built ST plant will remain the lower cost technology
when FLHs are minimal. The opposite case, with a Constant load profile and a heat pump operating 8000
hours a year (green), indicated that for most situations, a PVHP will be the lower cost heat provider as IST,local
must be below 300 €/m2ap. ST can be competitive in cases when both PV and HP technologies are expensive
and operate with a low COP. The final case, with a 5 Day – 1 Shift load (blue), both technologies could
potentially be lower cost depending on the many boundary conditions. At current average PVHP technology
costs (IPV: 1.25 €/Wp, IHP: 500 €/kW) with a reasonable COP of 3.5, IST,local varied between 250 €/m2ap to 525
€/m2ap from the low to high solar irradiation and ambient temperatures locations. This range is the directly
in-line with current IST,market (BAFA, 2016), showing that the comparison between the two technologies is a
stalemate, highly dependent on how cost effective can a ST plant be build. In the future, if PV and HP
technology investments continue to reduce while HP performance increases, ST must similarly reduce
investment below 200 €/m2ap to remain the clear technology leader in the majority of industrial cases.

5. Conclusions
The quest for zero carbon process heat in industry often pits solar thermal and renewable electricity (by PV)
powered heat pumps against each other. While any technology which reduces carbon emissions is welcome
in the fight against climate change, industry often requires the lower cost path to reduce fossil fuel
consumption and emissions. For the first time, a robust methodology based on numerous techno-economic
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simulations is presented which clearly determines which technology is less expensive when primary
industrial process and technology parameters are known.
A comprehensive case study analysis was conducted which used the described methodology to determine the
maximum specific investment a solar thermal plant can have in order to remain economically competitive
against a heat pump operated with PV generated electricity. In cases when thermal energy is constantly
required by an industrial process and a heat pump can operate for the majority of the year, PV heat pump
plants will likely be the preferred technology. Contrary to this, if a heat pump can only operate 500 hours or
less per year, solar thermal will be the lower cost technology in nearly all cases. In between these two, when
the process load and heat pump both require/generate heat for 2000 hours per year at current PV and heat
pump investments, the maximum ST investment was between 250 €/m2ap for low irradiation climates to 525
€/m2ap for high irradiation climates. Depending on how well or cost effective a solar thermal plant can be
built, it can be the lower cost technology. For solar thermal to remain a competitive renewable heat
technology and “future proof” itself against others, installed projects must achieve investment levels no
greater than 200 €/m2ap to be the lower cost renewable heat technology in most meteorological and process
conditions.
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Abstract
Two solar process heat plants with liquid heat transfer parabolic trough collectors (PTC, 627 m² and 115 m²
aperture) at Swiss dairies have been experimentally investigated in detail. They provide solar thermal heat for a
hot water network of 102 °C and a steam network of 135 °C - 150 °C, respectively. Detailed yearly, monthly and
daily evaluation with regard to usable solar gains Quse and solar energy necessary for heating–up system
components to required temperature Tset is presented. Thermal heat capacities of the primary circuit have been
analyzed and the change in inner energy ΔU has been calculated and cumulated for periods with no usable heat
output below Tset. Over the year, the ratio of not usable solar energy required to heat-up the system to overall solar
gains in the collectors (ΔU /(Quse+ ΔU)) varies between 14-18 % and 20-22 %, respectively. During winter months
ΔU can even exceed Quse. These capacitive losses can be reduced by lower heat capacities or an improved thermal
insulation. With intermediate storages, inner energy contained in the hot system could be stored for re-heating
after an idle period.
Keywords: solar process heat, parabolic trough collector, concentrating solar thermal, thermal heat capacity,
thermal losses, heating-up.

1. Introduction
Nearly 70% of final energy consumption in European industry is required for process heat. Part of this energy
could be provided by thermal collectors in order to reduce fossil fuel consumption and CO 2 emissions. Though,
to date there is little experience with solar process heat plants (SPHP), especially at temperatures between 100 °C
and 250 °C, where thermal losses of system components during stand-still periods play a major role compared to
low temperature applications. After periods of non-operation, solar energy is required to heat up the components
to operating temperature before solar heat can be delivered to the processes.
The work focuses on experimental analysis of two solar process heat plants with parabolic trough collectors
quantifying daily and monthly inner energy ΔU required to heat-up heat transfer fluid and piping system and
comparing it to useful solar energy gains Quse. Both plants analyzed provide solar heat for dairies and are located
in northwest (Saignelégier) and southeast (Bever) of Switzerland. They operate at different collector temperatures
(120 °C/190 °C) and differ in size (627 m2/115 m2), integration concept (hot water/steam) and type of heat transfer
medium (water-glycol/thermal-oil).
A methodology based on the system configuration in Saignelégier has been developed in order to experimentally
quantify the required solar thermal energy during transient heat-up periods of the plant (Möllenkamp et al., 2016).
In this work, the methodology has been adapted to the plant configuration of Bever and results of both plants are
compared and discussed.

1578

 
       
  !"  # $  "%  % &''
( ))*!$  * +#  "(!!"    

J. Möllenkamp / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 1: SPHP in Saignelégier, 1000 m above sea level, 627 m²
(aperture) PTC collectors with axis orientation NS with 18°
deviation counterclockwise

Fig. 2: SPHP in Bever, 1700 m above sea level, 115 m²
(aperture) PTC-collectors, axis orientation NS with 19°
deviation clockwise

2. Description of analyzed solar process heat plants
Saignelégier
The SPHP in Saignelégier produces thermal energy for a (cheese) dairy operated by Emmi. The collector field
comprises of 17 parabolic trough collectors (PTC) PolyTrough 1800 by NEP Solar (SPF 2017) connected in
parallel. It is mounted on the roof of a production hall and its orientation follows the roof geometry (north-south
with 18 ° deviation counterclockwise). The total aperture area amounts to 627 m2 and the row distance alternates
between 2.98 und 3.84 m. As heat transfer fluid, a 25 vol.% water-glycol mixture with cp(0-120 °C)=3.9-4.2 kJ/kg/K
is used. The primary circuit consists of solar field and return/supply pipes and delivers useful solar heat Quse to
the hot water network operated at 102 °C (secondary circuit) via a heat exchanger if a set point of Tset = 117 °C is
exceeded (Fig. 3 and Fig. 4). Useful solar energy is either stored in a 15 m3 water storage, used for pre-heating water
in two oil-burners or directly delivered to the processes of the dairy (cleaning or thermal treatments of dairy
products). Fluid temperatures are measured at inlet and outlet of the collector field and the heat exchanger. Minute
mean values of highly resolved (up to 1 secs) measurements are used for the analysis.

Solar field

Fig. 3: Hydraulic Scheme of solar field in Saignelégier
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Secondary circuit
Primary circuit
Solar field

Solar field
Fig. 4: Hydraulic scheme of SPHP in Saignelégier (solar field not included)

Bever
The second plant is located in Bever and produces thermal energy for a (cheese) dairy operated by Lesa. The
collector field comprises of 4 collector rows with a length of 25 m each. Two rows are connected in series and the
arising subfields connected in parallel. The solar field consists of parabolic trough collectors PolyTrough 1200 by
NEP Solar and is mounted on the rooftop of a production hall. The axis orientation is north-south with 18.8 °
deviation clockwise. The total aperture area is 115 m2 with and a row distance of 2.45 m (outer rows) and 3.42 m
(in the middle). Here, thermal oil is used as heat transfer fluid with cp(0-190 °C) = 2-2.7 kJ/kg/K. The solar heat is
delivered to a steam network via steam generator. In Fig. 5, the SPHP again is divided into solar field, primary
circuit (solar field plus return/supply pipes) and secondary circuit (steam network).Temperatures of the fluid are
measured at inlet and outlet of the collector field and evaporator. Instantaneous measurement data with a frequency
of one minute was available.

Primary circuit
Solar field

Tcol,out

Tcol,in

Tprim,in

Tprim,out

Vprim

Tsteam
Bypass

Secondary circuit

Fig. 5: Hydraulic scheme of SPHP in Bever
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In Bever, the presence of a steam generator complicates the evaluation of Quse due to no available information
about incoming (feed water) and outgoing (steam) mass flowrates of the steam generator nor from pressure or
temperature in the steam network. The steam generator contains 210 l water and is about half filled. Fig. 6 shows
a typical operating day for the Bever plant and clarifies the operation modes. If the outlet temperature of the
collector field Tprim_out exceeds the temperature in the steam generator Tsteam, the bypass to the internal heat
exchanger of the steam generator opens (i.e. at 9:50) and solar energy is used for heating up and evaporating the
water in the steam generator. If the steam pressure in the steam generator exceeds the pressure in the steam network
plus a certain unknown hysteresis-pressure (e.g. at 11:10 and 12:50), a valve opens their connection and useful
solar heat is, driven by pressure forces, delivered to the processes until the pressure in the steam generator has
decreased down to the pressure in the steam network (3.1 – 4.8 bar, varying during the day, see Fig. 6).
Consequently, a steam temperature of 135 – 150 °C is required to feed useful energy into the steam network
calculating Tsteam from vapor pressure curve. Additionally, the primary circuit has to deliver the necessary
temperature difference over the heat exchanger (25 K during operation, see Fig. 6). This leads to a minimal Tprim_out
of 160 – 175°C (depending on varying steam net pressure) before usable solar heat can be transferred to the
process. Though, set temperature for the pump control of the collector field is Tcol,out=190 °C, which can also be
seen in Fig. 6.

Irradiance [W/m2]
3
Over pressure [103 Pa]

The dashed lines in Fig. 6 mark two heating up periods converting solar energy in enlargement of inner energy
ΔU without providing Quse.

Fig. 6: Exemplary measurement data for the 5th of May 2013 at the SPHP in Bever showing inlet and outlet temperatures of the
primary circuit (Tprim,in and Tprim,out), volume flowrates in the primary circuit (Vprim), bypass signals (in %), steam temperatures
(Tsteam) and collector field inlet and outlet temperatures (Tcol,in and Tcol,out) as well as direct normal irradiance on the aperture area
(GbT) and steam over pressure in the steam generator (psteam).

Comparison of effective thermal capacity
The aperture area specific total thermal capacity Ceff [kWh/(Km2)] of the primary circuit for Saignelegier
comprises only of different fluid filled pipe sections (connecting tubes inside and outside the building and collector
pipes), see Fig. 5. Ceff has been calculated from dimensions, density and specific heat capacities of heat transfer
medium and pipe materials. The major part of Ceff (80 %) of the primary circuit in the Saignelégier plant is given
by the pipes outside connecting the 17 collector rows, see left diagram in Fig. 7.
In contrast, only 50% of Ceff of the piping system in Bever (diagram a) Fig. 7, green segments) results from
collector connecting pipes due to less collector rows (4), longer collector pipes (5 m longer) and serial connection.
Besides the capacity of 198 l thermal oil with cp(0-190 °C) = 2-2.7 kJ/kg/K, additionally the thermal capacity of 210 l
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water with cp = 4.2 kJ/kg/K in the steam generator (see diagram in Fig. 7, blue section) has to be considered being
responsible for two third of the total Ceff. Note, that generally the metallic materials of system components like
piping, heat exchangers and steam generator account for only about 10% of the total heat capacity, which is mainly
determined by the contained fluid.

b)

a)

Pipes inside
Pipes outside

Water in evaporator
Pipes inside
Pipes outside
Collector pipes
Thermal oil in evaporator

Collector pipes

Fig. 7: Distribution of effective thermal capacity Ceff in primary circuit of SPHP in a) Saignelégier and b) Bever.

The total thermal capacities Ceff (related to the aperture area) for both plants are similar, see Table 1, though the
collector fields are differently large by a factor of 6 in aperture area. Regarding only HTF and pipes, Ceff in Bever
is three times smaller than in Saignelégier. However, in Bever results even a slightly higher total Ceff, additionally
considering the water in the steam generator. Hence, compared to Saignelégier, the usable part of solar energy in
Bever is expected lower, because principally more heat capacity has to be heated to usable temperature level Tset,
which in Bever (at least 160 °C) is significantly higher than in Saignelégier (117 °C).
Tab. 1: Aperture-specific effective thermal capacity of pipes and HTF in Saignelégier and Bever as well as Ceff of water in the
steam generator of Bever and the resulting total heat capacities

Ceff [kWh/m2K]
Bever

Saignelégier

HTF and pipes

0.94

Water

2.15

Total

3.09

2.73
2.73

3. Methodology for quantification of usable solar energy Quse and solar energy
required to heat-up ΔU
Thermal energy required to heat up system components after stand-still periods is calculated by (see Möllenkamp
et al. 2016):
୫

୬

୧
ȟ ൌ   ୣǡ୨ ή ቀ୪ǡ୨ ൫ ୧ଶǡ୨ ൯ െ ୪ǡ୨ ൫ଵǡ୨
൯ቁ

(eq. 1)

୧ୀଵ ୨ୀଵ

with Ceff representing the effective thermal capacity of each capacitive section i and m and n the number of section
and heating-up periods, respectively. Tfl (t1) represents the mean temperature of the fluid in each section at the
beginning of each heating-up period and Tfl (t2) the temperature at the end, respectively.
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Usable solar energy Quse is determined by the energy transferred to the secondary circuit by integrating primary
circuit power over periods with an operating pump in the secondary circuit:
௧య

ܳ௨௦ ൌ න ܿ ή ߩ ή ܸሶ ή ൫ܶǡ௨௧ െ ܶǡ ൯ ݀ݐ

(eq. 2)

௧మ

With ݐଶ and ݐଷ defining beginning and end of each period, respectively.
In Bever, the water filled steam generator represents an additional component which has to be considered for the
analysis. As derived more above from typical measuring data (Fig. 6), it is simplifying assumed that solar heat is
embedded into the steam network (and therefore represents useful energy) if collector outlet temperatures
Tprim_out > Tset. Tset corresponds to the minimum steam pressure in the steam network (3.1 bar) and leads to a
threshold of Tprim_out > 160 °C for useful solar energy. This means, all solar energy below 160° C is used for
heating up collector pipes and steam generator. Due to measuring a maximum steam network pressure of 4.8 bar
(corresponding to 150°C steam temperature) the evaluation has also been done for this threshold, whereas real
conditions meet in between these two limiting cases.
For the evaluation in Bever it was distinguished between thermal energy required to heat up the collector field,
the connection pipes inside and outside the building and the water in the steam generator considering different
temperatures for each section. For example, the steam generator cools down to 80 °C during night, while the
collector field components are at ambient in the morning and differ slightly inside and outside the building (see
Fig. 6).

4. Quse and ΔU: Results and discussion
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Fig. 8: Solar energy gains required to heat-up system components ΔU, useful solar gains for process heat Quse and share of useful
solar heat Quse /( Quse + ΔU) of the SPHP in Saignelégier 2014

According to Fig. 8 between 76 % and 88 % of the total solar gains Qtot with

ܳ௧௧ ൌ ܳ௨௦  οܷ

(eq. 3)

has been provided to the hot water network of the dairy between March and October of 2014 in Saignelégier.
Here, pipe losses during the operation at Tprim_out > Tset have been neglected due to
x

having been proven to be totally below 5 % of monthly Qtot, if properly insulated (see Möllenkamp et al.,
2016)

x

time ratio with Tprim_out > Tset is below 20 % during the whole month, reducing part of pipe losses during
operation with Tprim_out > Tset to less than 1 %
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In contrast, the share of useful solar energy decreased down to 46 % in December 2014. This is mainly resulting
from less daily direct irradiation on the collector plane and lower ambient temperatures. During the whole year,
18 % (ΔU=47 MWh) of the total thermal solar energy (Qtot=256 MWh) is required for heating-up fluid and pipes
of the SPHP in Saignelégier 2014.
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In 2015 (see Fig. 9) the annual ratio of required heat for pre-heating is reduced to 14 % (ΔU=37 MWh,
Qtot=264 MWh), which is mainly resulting from higher direct irradiation on the aperture area
(HbT,2014=985 kWh/m² aperture area; HbT,2015 =1138 kWh/m² aperture area) and hence higher useful energy gains
(Quse=257 MWh). The maximum share of used solar heat is recorded in April 2015 with 93 %. The SPHP was
shut down in December 2015 due to snow blocking the tracker. The time of heating-up periods on sunny days in
Saignelégier varied between at least 50 min in summer and up to 4.2 hours in winter during 2014 and 2015.

12

Fig. 9: Solar energy gains required to heat-up system components ΔU, useful solar gains for process Quse and share of useful solar
heat Quse /( Quse + ΔU) of the SPHP in Saignelégier 2015

Thermal losses due to heating-up periods could be reduced by implementation of an additional storage, which
collects the heat of fluid and pipes at the beginning of each stand-still period and feeds the solar field with hot
fluid before the next start of operation.

Bever
The SPHP in Bever was able to provide 55 % - 89 % of the total solar gains to the steam network from March
until October of 2013, whereas in January only 18 % of the total solar thermal energy could be used for industrial
processes (see Fig. 10). In 2013, 9 MWh of solar energy gains were used for heating-up system components,
which represents 20 % of the total yearly solar gains (Qtot,2013 = 44 MWh). Here, it can be distinguished between
energy to heat-up water in the steam generator (10 % of Qtot) and energy to heat-up thermal-oil and pipes (10 %
of Qtot).
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12

Fig. 10: Solar energy gains required to heat-up system components ΔU, useful solar gains for process heat Quse and share of useful
solar heat Quse /( Quse + ΔU) of the SPHP in Bever 2013

For the maximal pressure of 4.8 bar as measured in the steam network a collector field outlet temperature of
175 °C is required to evaporate the water. Under this assumption, a yearly ΔU/Qtot =22 % and hence a higher ratio
of solar energy used to heat up the system is experimentally obtained. The real value ΔU/ Qtot for Bever is between
these two extremal cases (20 % for 160 °C and 22 % for 175 °C). Heating-up times in Bever varied between 1.5
and 2 hours.
For the Bever plant, it is recommended to further improve the insulation of the steam generator, before considering
an additional storage for saving thermal energy during stand-still periods.

Comparison between the two plants
The evaluation of measurement data shows that the ratio of required solar energy to heat-up the system compared
to overall solar gains do not differ much between both plants analyzed (ΔU/Qtot 14-18 % in Saignelégier and 2022 % in Bever) even though minimally acquired collector field temperatures in Bever (>160 °C) are much higher
than in Saignelégier (117 °C) and thermal capacities per solar aperture area are comparable.
In spite of a similar total effective thermal capacity Ceff, it has to be considered that different temperature
differences arise for heating up water and thermal-oil in the Bever plant. Due to its better insulation, the steam
generator cools down to only 80°C during night, while the primary circuit cools down to ambient, see Fig. 6.
Assuming an ambient temperature of 20 °C inside and outside the building, heating-up in the morning once a day
consumes
߂ܷ௩ ൎ ܥǡ௪௧ ή ሺͳ͵Ͳ െ ͺͲሻ ܭ ܥǡு்ிା௦ ή ሺͳͻͲ െ ʹͲሻ ܭൌ ʹܹ݄݇Ȁ݉ଶ
߂ܷௌ± ൎ ܥǡு்ிା௦ ή ሺͳʹͲ െ ʹͲሻ ܭൌ ʹ͵ܹ݄݇Ȁ݉ଶ
of solar thermal energy in the morning.
Also the high yearly direct irradiation on the tilted aperture area HbT in Bever (1285 kWh/m² yearly, monthly see
Fig. 12 ) favors a lower ΔU/Qtot, which can be seen from Fig. 11 showing monthly HbT for the Saignelegier plant
comparing the years 2014 and 2015: The yearly share of used solar heat in Saignelégier increases from 82 % to
86 % if yearly HbT grows from 985 kWh/m² to 1138 kWh/m². .
Nevertheless, distribution of direct normal irradiance (DNI) over the day also plays a role. For example, five sunny
days and five cloudy days show a higher ratio of usable solar energy compared to ten days with fluctuating DNI
but same cumulated DNI.
The exact influence of the parameters discussed on the share of usable solar energy Quse and not usable solar
energy required to heat-up ΔU can only be determined by dynamic simulations.
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Fig. 11: Monthly direct irradiation on the tilted aperture area of the SPHP in Saignelégier 2014 and 2015
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Fig. 12: Monthly direct irradiation on the tilted aperture area of the SPHP in Bever 2013

5. Summary and outlook
For two SPHP in Switzerland with PTC collectors at operating temperatures between 100 °C and 200 °C and
collector aperture areas between 115 and 627 m² it could be shown experimentally that 14 to 22 % of potentially
usable yearly solar energy, i.e. solar energy transferred to the collector fluid of a SPHP, are lost due to thermal
losses in stand still periods which must be balanced by solar heating-up processes. In further studies both plants
will be modelled with a dynamic simulation software in order to
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x

study the exact influence of the different parameters (thermal capacities of components, operating
temperatures, integral solar radiation and its distribution, user behaviour) on solar energy required to
heat-up ΔU and usable solar energy Quse.

x

quantify possible thermal energy savings with the developed optimization methods for each plant, which
enlarge Quse reducing ΔU by better thermal insulation and/or saving ΔU at the begin of a stand still period
for the next heating up period by means of a thermal storage.
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Abstract

Computational fluid dynamics (CFD) was used to simulate the drying process of a Solar-Biomass Hybrid
Dryer (SBHD). CFD simulations were set up with the software StarCCM+ for investigating the temperature
distribution inside a 5-tonne prototype in a rural community in Ghana. The predicted temperature distributions
were compared to the experimental data of temperature distribution in the dryer. The simulated results of
Levels 1 and 2 within the dryer were 5–15 K higher than the experimental data. This was due to the introduction
of cold air at the bottom of the dryer and also, the absence of the effect of the fans in the dryer during the
simulation process. The simulated results fit nearly perfect for Layers 3 and 4 in the dryer with a deviation of
not more than 5 K. All in all, the predicted simulation agrees with the experimental data. In order to improve
drying conditions in the SBHD, it is suggested that the integration of an automated system which will aid in
the controlled introduction of hot air at high air flow at the lower levels of the shelves in the dryer would be
required.
Keywords: CFD simulation, Solar-biomass hybrid dryer, performance
______________________________________________________________________________________

1. Introduction
Crop drying has been proven to be an essential process in the preservation of agricultural products
(Mastekbayeva, et al., 1999). Being an old technique used for the preservation of food, drying can reduce
postharvest loss associated with crops and also make produce lighter, smaller and easier to handle (Green and
Schwarz, 2001).
Major drawbacks with open sun drying method as reported by Madholpa et al. (2002) have led to the
introduction of enclosed solar structures for drying purposes. Drying of agricultural produce in enclosed solar
structures is an attractive way of reducing both the qualitative and quantitative losses of the traditional opensun drying (Forson et al., 2007). Studies have shown that solar drying techniques lead to a considerable
reduction of the drying time and to a significant improvement of the product quality in terms of color, texture
and taste as compared to the traditional open sun drying techniques (Fadhel et at., 2014; Srinivasan and
Balusamy, 2015; Ajayi et al., 2017).
Solar dryers have a major downside of being weather dependent leading to longer drying times. This has been
one of the factors which are impeding the commercialization of such systems in Ghana (Sekyere et. al., 2016).
For reaching short drying times, high drying efficiency and product quality, a continuous drying process is
targeted. This is the reason why solar biomass hybrid dryers (SBHD) are introduced for reaching constant
drying temperatures and a continuous process. With the operation of an external heat source, like a furnace
which runs on biomass, the drying process is independent of weather conditions.
The performance in terms of the temperature distribution in the SBHD systems have been studied based on
experimental data with little attention geared towards simulated procedures. Carrying out CFD simulations of
drying systems can contribute to better design, management and control of such systems. Such studies can help
designers analyse spatial temperature and moisture distribution as well as drying time of drying systems prior
to scale-up.
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The use of CFD modelling for carrying out simulation of drying systems has been proven to be effective and
efficient. Such studies help engineers in analysing the performance of drying systems. This goes a long way
in the optimization, control and improvement of drying systems in Ghana.
This paper, therefore, sought to study the performance of a 5-tonne capacity SBHD used for drying maize in
Ejura, a farming community in Ghana. It was done by using CFD simulated models to validate experimental
results.

2. Materials and methods
2.1. Experimental Setup
The 5-tonne capacity Solar Biomass Hybrid Dryer (Fig. 1) is located at Ejura (7° 23′ 0″ N, 1° 22′ 0″ W). It
consists of three main parts; the drying chamber, the backup heat generation system and solar photovoltaic
system. The dryer has a length of 13 m, the width is 7.85 m and height of 4.6 m. Inside the drying chamber,
the shelves have 4 levels with 36 trays on each level.

Fig. 1. 5tonne capacity dryer located in Ejura

2.2.

Data Collection of temperature and relative humidity data

Temperature and relative humidity conditions were determined by the use of Tinytag data loggers. The logging
date was on 16th October 2016. The logging interval was set at 10 minutes to cater for weather changes at short
intervals. During the determination the drying conditions, 5 loggers were placed at each level, 2 on the left and
the right side, as well as in the middle, see Fig. 2. The positions of the sensors are implemented in the
simulations, to get the temperature variations.
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Data Logging
Positions

P3

P2

P4
Middle Layer

Left Layer

Right Layer

P1

P5

Fig. 2: Layout of shelves and logger positions at each level within the drying chamber

2.3.

Physical properties of maize

2.3.1. Heat conductivity and specific heat of maize grain
Heat conductivity and specific heat of maize were determined by Eqn. 1 and Eqn. 2 (Scherer and Kutzbach,
1980; Schwerer and Mühlbauer, 1977)
ߣ ൌ ͲǤͳͲͺ  ሺͳǤͺͲ ൈ ͳͲଷ ܯܺݔுଶை ሻ  ሺͳǤͻ ൈ ͳͲିସ ሻ

(eq. 1)

ܥெ ൌ ͳǤʹͻͶ  ሺ͵ǤͶͶ ൈ ͳͲିଶ ൈ ܺܯுଶை ሻ

(eq. 2)

Where:
ߣis the heat conductivity (W/mK)
XMH2O is the mass water fraction in the maize grain
ܥெ is the specific heat capacity of maize (J/ (kg K) )

2.3.2. Porosity of maize
The porosity of the maize grains was determined in the laboratory by the use of the water displacement
method. Eqn. 3 was used to determine the porosity of the maize grains.

Ԗൌ

ೇ


ൌ ͳെ

ೄ


Where:
ܸ is the volume of void
ܸௌ is the volume of solid (maize grains)
V is the total volume of measuring cup
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2.3.3. Diameter of maize grain
With the total volume of the maize grains, it was possible to determine the particle volume of a sphere, which
is equivalent to the volume of one maize grain. The maize volume was divided by the number of maize grains
to get the average volume of one maize grain. The diameter of the maize grain was calculated using Eq. 4.
య

݀ ൌ ට



(Eq. 4)

గ

Where:
dp is the diameter of a maize grain
Vg is the volume of a maize grain

2.4.

Geometry of the SBHD

3D model of the dryer was drawn in the software Autodesk Inventor and exported as a CAD file to StarCCM+
as shown in Fig. 3. In order to set up the simulation, not the original geometry was used, but the geometry in
which the fluid flows. The shelves, the maize layers, the inlet, the outlet and the glass are separated in volumes
to create single geometry parts for each volume during the import of the CAD file to StarCCM+. Afterwards,
a region is created for each geometry part, in order to be able to set individual material properties for each
region, e.g. heat conductivity for maize, air and PMMA. The fluid and the porous region are subtracted from
the glass shape to get the fluid geometry. Four trays are combined to one maize region to reduce the
computational effort, and as a result, each layer is divided into 9 sub-regions.

Fig. 3: 3D model of the SBHD

2.5.

Boundary conditions

Boundary conditions are set to solve the differential equations. At the pipe, the boundary conditions velocity
inlet with 0.25 m/s is defined. Furthermore, the state of the air is given by the data sheets with an average
temperature of 305 K and an absolute water mass fraction of 0.025. The relative humidity was transformed
into mass fraction xH2O with Equation 5. The thermodynamic software REFPROP calculates the saturation
pressure (REFPROP, 2017).

ݔுଶை ൌ ߮

ೞ ሺ௧ሻ
ಾ

(Eq. 5)

Where:
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Ps is the saturation pressure
Pm is the pressure of the mixture
At the outlet of the drying chamber, a pressure boundary with a relative pressure of 0 Pa is set. The no-slip
wall boundary condition is set for the PMMA sheets, the shelve of the maize layers and the floor. For
modelling, the solar radiation, the transmissivity, the emissivity and the reflectivity are defined at the interfaces
between the fluid and the PMMA region. Table 1 shows the boundary conditions set for the simulation.
Table 1: Boundary conditions for the simulation

2.6.

Part
input
variable
species mass fraction
temperature
emissivity
reflectivity
transmissivity
velocity

Region
fluid
value
0.972, 0.028
0.0006.t +296.88
0.8
0.2
0.0
0.25

Boundary Condition
velocity inlet
entity

output

fluid

pressure outlet

pressure

0

Pa

PMMA

glass

wall

emissivity
reflectivity
transmissivity
heat transfer co-efficient

0.05
0.05
0.05
3

ܹ
݉ଶ ܭ

K
m/s2

Simulation Procedure

CFD simulations were set up with the software StarCCM+ for investigating the temperature distribution inside
the 5-tonne prototype. Before building up the final simulation, the physical phenomena (radiation, fluid flow,
heat transfer and species transfer) which occur in the drying process were described by matching numerical
models given by StarCCM+. Most important step in describing the drying process was to find an adequate
approach for the heat and species transfer. With this approach, the temperature variations in the maize and
drying air were calculated. The geometry, through which the fluid flows, was drawn in the software Autodesk
Inventor and imported to StarCCM+. Then the given operating parameters (e.g. temperature, relative humidity
and velocity at the inlet) and material properties (e.g. transmissivity for the PMMA, maize density) are
implemented. Subsequently, the simulation is carried out and the resulting temperature distribution is
compared to measurements to evaluate the used models and boundary conditions.

3. Results and discussion
3.1. Dynamics of fluid flow
The simulation of turbulent flow with velocities between Ͳ


௦

and ͳǤͳ


௦

are shown in Fig. 4. As expected,

the maximum and minimum velocities are close to the inlet and outlet of the dryer. Between the layers, the


velocities decrease between ͲǤ͵ʹ͵ and ͲǤͶ . The velocities at the top of the dryer are approximately


Ͳ .
௦
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outlet
inlet

Fig. 4: Velocity field for the unsteady turbulent case

With a closer look at the turbulent viscosity ratio in Fig. 5, the laminar and turbulent flow can be evaluated.
The turbulent viscosity ratio between the layers is 600. Hence, the laminar flow cannot be further evaluated,
due to the turbulent areas between the layers. With this, the temperature distribution was observed for the
turbulent flow.

Fig. 5: Scalar Scene for the turbulent viscosity ratio

3.2. Temperature Distribution
Temperature changes are caused by the invading solar radiation and the incoming air; both variables depend
on the daytime. The temperature distributions were carried out for a case where the heat transfer coefficient of
the Perspex walls was ͵

ௐ
మ 

. The results for the temperature distribution inside the drying chamber are shown

in Fig. 6. Two temperature fronds are developed in Fig. 6. The temperatures close to the roof reached between
340 K and 380 K, and the temperatures around the layers are between 305 K and 330 K. The intruding radiation
heats up the drying chamber. This causes hot air to rise due to the density variations, whereas through the pipe
at the input, cooler air gets in the drying chamber. The overheating at the top of the drying chamber can result
in irregular product quality at the Layer 4 and Layers 1 to 3.
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Fig. 6: Scalar Scene for the temperature distribution for the



ࢃ
 ࡷ

non-adiabatic wall

The simulation results are compared with experimental data to evaluate the simulations. Temperature
distributions for Layers 1, 2, 3 and 4 for the non-adiabatic case are displayed in Fig. 7, 8, 9 and 10 respectively.
The temperature function of the simulation results was calculated by Excel to get a smooth distribution and
are displayed as dotted lines. The continuous lines display the experimental data. The data from sensor P1 and
P2 are averaged to S1. Accordingly, P3 and P4 are averaged to S2. The simulation results for the temperature
in Layer 1 (Fig. 7) are up to 15 K higher than the experimental data but the variation decreases in Layer 2 up
to 5K (Fig. 8). The simulation results fit nearly perfectly in Layer 3 and Layer 4 (shown in Fig. 9 and 10) for
the non-adiabatic case. The high temperatures from the simulation was due to the fact that the dryer was drawn
as a continuous shape, but the constructed one in Ejura (Fig. 1) is leaking. Furthermore, temperature differences
can be explained by changes in weather, whereas StarCCM+ calculates solar radiation without interruptions.
Also, higher temperatures in Layer 1 and Layer 2 in the simulation, can be caused by the missing fans which
are installed in the dryer but not considered in the simulations.

Fig. 7: Temperature distribution for Layer 1
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Fig. 8: Temperature distribution for Layer 2

Fig. 9: Temperature distribution for Layer 3
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Fig. 10: Temperature distribution for Layer 4

3.3. The automated system
The uneven distribution of temperature in the SBHD could be resolved by the introduction of an automated
system. This in addition could also help in the regulation of temperature in the dryer to provide drying
conditions which will suit different types of crops.
An electronic circuit consisting of DHT22 temperature and humidity sensors would be designed by the use of
Raspberry Pi microcontroller. The Raspberry Pi would be used because of its ability to run Graphic User
Interface (GUI) application. The aim of the GUI interface is to enable the users of SBHD to easily interact
with the automated system, control and be informed about drying conditions in the dryer. Instead of the
conventional keyboard and mouse, an LCD touch screen would be attached to the device to provide a simple
interface between the user and the drying system.
Fig. 11 shows the arrangement of the various systems in the automation with the input being the DHT22. The
pump and servo motor serve as the outputs of the biomass furnace when the weather and/or drying conditions
are not favourable. The DHT22 sensors get signals of temperature and humidity conditions inside the dryer
and then relay these signals to the microprocessor. The microprocessor then sends information to the suction
pump to either allow or disallow the driving of hot air from the biomass furnace into the dryer. The servo
motor acts as the main mechanism to control the movement of shutters at the inlet from the suction pump in to
the dryer as shown in Fig. 12. The operations of the suction pump and the servo motor depends on the drying
conditions in the dryer. For instance, when temperature in the dryer is lower than the required drying
temperature, DHT22 sensor will send signal to the microprocessor for the microprocessor to start the operation
of the suction pump.
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Fig. 11: Schematic circuit of the automated system

Shutters

Fig. 12: Prototype of the dryer with the integration of the shutters of the automated system

4. Conclusion
The aim of this work was to develop a CFD model for the Solar Hybrid dryer. The resulting temperature
distribution for the heat transfer was compared to experimental data. The comparison showed that the status
quo of the dryer was abstracted in a suitable way by the CFD model. Although some deviations between the
model and the data exist, they can be explained by the differences between the geometry of the model and the
dryer at Ejura. In contrast to the ideal CAD geometry, the physical dryer has several leakages caused by the
manufacturing process.
A satisfactory model for describing the status quo of the prototype is compulsory for performing further case
studies. For example, case studies can be carried out to investigate the influence of different operation
conditions (higher inlet temperature with the furnace, variation of inlet velocities) on the drying process.
Furthermore, the dimensions of the shelves (height between the layers, depth of the maize on the layers) can
be varied to display effects on the heat and moisture distribution. Again, the integration of an automated system
which will aid in the controlled introduction of hot air at high air flow at the lower levels of the shelves in the
dryer would help in controlling the temperature of the dryer and then introduce heat from the biomass furnace
where weather conditions are not favourable.
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Abstract
Solar process heat is an important part of future decarbonised heat supply but has not been able to meet the
expectations of the market penetration. The automotive industry is a globally leading industry sector cutting edge
research and technical innovation. Together, a large-scale implementation within this sector could bring the muchneeded breakthrough for the widespread use of industrial solar process heat. To enable such a reality, several case
studies have been carried out within the research project “SolarAutomotive” to detail all relevant industrial heat
sinks suitable for solar process heat integration. Within this paper, exemplar results are presented, demonstrating
the potential of this application to reduce the CO2-emissions in industrial heat supply. The collector potential
identified in the presented case studies totals to more than 11,000 m²gr (gross area), which are currently being
discussed internally within the companies.
Keywords: Solar process heat, SHIP, Feasibility study, Automotive, Industry, Depreciation, Solar economics

1. Introduction
The automotive industry and their suppliers comprise the most important global industry sectors based on turnover and employees and have a leading role regarding technical innovations. More than three million people are
employed in the European automotive and associated industries representing more than 10 % of the EU
manufacturing employment. The sector accounts for about 4 % of the European gross domestic product (GDP).
The overall energy consumption (heat and electricity) is 39 TWh and annual CO2-emissions of 10 million (ACEA,
2017).
Solar heat for industrial processes (SHIP) is a reliable, carbon-free technology for industrial heat supply. Despite
hundreds of implementations world-wide, a significant market penetration has not yet been still achieved. If the
major automotive players begin to adopt the use of SHIP at their production sites, it can be a strong signal to begin
a sustainable and self-reinforcing market uptake. The automotive industry and their suppliers are comprised of
12 sectors, from the OEMs (Original Equipment Manufacturer) themselves to comparably small companies
producing textiles, plastics, or electronics. These sectors cover a wide spectrum of production processes required
to generalise SHIP projects and eventually transfer the results to other industrial sectors. Therefore, within the
research project “SolarAutomotive” several feasibility studies are conducted in the automotive industry. Based on
a detailed analysis of various production sites, including heat supply and heat-consuming processes, integration
concepts for solar process heat have been technically developed and economically evaluated. Twenty-five case
studies in eight European countries have been conducted with eight presented with this paper.

2. Methodology
The case studies are targeted at the complete value chain in the automotive industry and their suppliers. They
cover the most relevant heat sinks such as central heating networks, bath heating, drying, and supply of hot water.
Very influencing boundary conditions are represented, such as different climatic conditions (irradiation and
ambient temperature) and economic parameters (available subsidies, gas prices, internal CO2-reduction goals and
accepted mitigation costs). Within the feasibility assessment all relevant collector technologies such as flat plate
collectors (FPC), evacuated tube collectors (ETC), compound parabolic concentrators (CPC) and air collectors
(AirC) are considered depending on the respective heat sink and temperature level. The analysed production sites
and the relating industry sectors are in Fig. 1.
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Textile
2,000 FPC
Painting
161 m² ETC

Textile
1,200 AirC

Circuit Plates
250 m² FPC
Car Manufacturer
4,300 ETC

Electro Plating
550 m² ETC
Bearings
260 m² ETC
Car Manufacturer
1,800 FPC

Fig. 1: Analysed production sites within Europe and related industry sectors

2.1 Technical Evaluation
Based on the daily summer heat demand and the heat sink (process) temperature, the maximum potential collector
area is calculated. By this design, the solar heating plant produces no excess heat during regular operation and on
sunny days the entire heat demand can be covered. This method allows both a relatively high solar specific yield
and solar fraction in a highly economical way. Often, the largest solar process heat plant cannot be realised due
to site limitations and zoning restrictions. Using Lauterbach (2014), the solar yield and the utilisation ratio of the
solar heating plant can be determined for various daily heat demands and installed solar process heat plant size
ratios. The energy analysis and solar heating plant performance is then discussed with the company’s persons in
charge. If there is further interest, a detailed on-site inspection is performed to refine the analysis, which includes
suitable roof or ground areas identification and heat sinks as well as heat supply infrastructure. Based on the
situation at the production site and the results from the inspection, the collector area of the solar heating plant is
reassessed, which often leads to a reduced solar heating plant size and solar fraction. However, an undersized
solar heating plant can operate at lower collector temperatures, thus increasing efficiency and utilisation factor.
Finally, a detailed simulation with Polysun is performed to calculate the solar yield, utilisation ratio, and the solar
fraction, inputs for the economic assessment.
This approach is distilled into a pre-design tool to calculate all relevant parameters within the feasibility
assessment. It is based on hundreds of dynamic simulations with different load profiles, process temperatures,
geographic locations, and collector technologies (Lauterbach, 2014). The tool uses the production site’s latitude
to estimate the annual irradiation and peak solar availability in summer for plant sizing purposes. Process flow
and return temperatures and an estimated daily load and its profile can be selected by the user. With this
information, the tool calculates the potential collector area and storage size, followed in an estimated solar yield
and utilisation ratio. If the irradiation at the respective geographic location is known, the solar yield can be
recalculated by the product of annual irradiation and utilisation factor for a more accurate result. The tool and its
results for those feasibility assessments are validated with Polysun and prove very good compliance. The predesign tool can be used free of charge (designtool.solar4industry.info).
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2.2 Economic Evaluation
Two different economic evaluation approaches are considered. On the one hand, the levelised cost of solar heat
are calculated over the life time of the system based on the recommendations of Task 54 (Louvet et al., 2017),
comparing solar to conventional heat supply costs over a 25 year lifetime. The conventional heat supply costs are
calculated using a gas price and an estimated utilisation factor of the boiler (typically between 75..85 %). On the
other hand, the total cost of ownership method is used to determine payback time, internal rate of return and net
present value. The solar heating plant investments are estimated by experience and detailed analysis of solar
process heat systems in Germany based on size, collector technology, plant location, and integration effort. Other
relevant parameters for the economic calculation are in Tab. 1.
Tab. 1: Technical and economic parameters for the calculation of the levelised cost of solar heat
and for the total costs of ownership

Parameter

Value

Performance factor1

70..100

Price increase of fossil fuels

3 %/a

Inflation

0.8 %

Maintenance, repair, and insurance

0.7 %

Discount rate

4%

Operation time

25 a

In addition to the natural gas savings, the depreciation of the solar heating plant is considered for a detailed
economic assessment. Depreciation is an allocation method that enables a company to reduce the economic value
of an asset over a certain time. The depreciated value of the asset reduces to company-wide profit and thus the tax
load over the depreciation period. This can significantly decrease the payback time and increase the internal rate
of return. Approaches not considering the depreciation of the solar heating plants cannot evaluate the investment
correctly.
Assed depreciation is defined by the national tax law and varies between different countries in both number of
years and its calculation method. The method of depreciation can either be straight-line or a declined-balanced
method. Whereas the straight-line method continuously and equally depreciates the complete investment, the
declined-balanced method has an accelerated depreciation in the first years and a decelerated in the final years.
Therefore, it is not possible to depreciate the complete investment with the declined-balanced method. The actual
additional benefit of a solar heating plant by reducing a company’s tax burden is calculated on an annual basis by
the product of the depreciation rate per year (DEP in €) and the respective business tax rate (TR in %) shown in
eq. 1.
௦
௧

ܶܽ ݐ݂݅݁݊݁ܤݔൌ



ܲܧܦ ܴܶ ڄ

(eq. 1)

ୀଵ

In tab. 2Fehler! Verweisquelle konnte nicht gefunden werden. different depreciation parameters and tax rates
are presented for the analysed countries showing the additional benefit of depreciating a solar heating plant. The
depreciation duration plays a significant role regarding the tax benefit of the solar heating plant, most notable for
the declined-balanced method within the first four years. Since nearly all companies solely base capital investment
on payback time, the first years are most important in reaching a decision in industrial companies.

1

Ratio of delivered solar heat to used electricity
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Tab. 2: Overview of the depreciation methods and rates in the related countries of the EU

Corporate
tax rates

Additional
benefit2
within the
first 4
years

Country

Depreciation
method

Depreciation
factor1

Years of
depreciation

Depreciated
investment
in the first 4
years

DE

Straight-line

-

10

40 %

29.88 %

12 %

ES

Straight-line

-

14

29 %

25 %

7%

FR

Declinedbalanced

2.25

10

64 %

34.43 %

22 %

NL

Straight-line

-

5

80 %

25 %

20 %

PT

Declinedbalanced

2.5

4

98 %

25.5 %

25 %

As an example, the German depreciation method is fixed to the straight-line method with a 10 years depreciation
period and the business tax of 29.83 %. In contrast, the Portuguese depreciation period is reduced to four years
and applies the declined-balanced method (with an accelerating factor of 2.5). The business tax in Portugal is
25.5 %. Assuming 100,000 € investment, 40,000 € can be depreciated within the first four years in Germany,
resulting in an additional economic benefit of 11,932 €. In contrast, the benefit in Portugal is more than double
with 24,955 € within four years, nearly depreciating the entire solar heating plant. For a better understanding of
the cash flows regarding both depreciation methods, Fig. 2 shows the annual depreciation rates (bars) and the
additional benefit (dashed line) of solar heating plants. The Portuguese results for the declined-balanced method
with four years depreciation period are in green and the German straight-line method over ten years is shown in
red. Exemplarily, a corporate tax rate of 25 % has been assumed for both calculations for a better consistency. As
quickly seen, the tax benefit of both methods is the same over ten years. In Portugal, a greater tax benefit is realised
within the first years and as such the payback time is significantly reduced.
1) Depreciation rate
2) Additional Benefit of SHIP
both in % of intial investment

80%
Depreciation
rate declined-balanced
4 yr10 yr
Depreciation
rate straight-line
Additional
benefit declined-balanced
4 yr
Depreciation
rate declined-balanced
4 yr
Depreciation
rate straight-line 10 yr
Datenreihen3

60%

Datenreihen4
Additional
benefit straight-line 10 yr

40%
20%
0%
1

2

3

4

5

6

7

8

9

10

Typically accepted payback time

Year of operation
Fig. 2: Comparison between two depreciation methods and duration regarding the depreciation rate and additional tax benefit of
a solar heating plant. The depreciation factor for declined-balanced method is 2.5 and the corporate tax rate is 25 %

To conclude, the payback time of solar heating plants in industry is reduced by depreciating capital investments.
This boosts the market uptake, already seen in some countries, such as Portugal, France, and also in India. In
addition, governmental tax revenue is not affected long term by the inclusion of depreciation and should not be a
hinderance in future economic policy.
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3. Results
As already mentioned, numerous feasibility studies including solar heating plant pre-design are carried out within
the project “SolarAutomotive”. By several case studies in companies specialised in surface treatment, it is seen
that this sector in general and electro plating in specific are very promising for the use of solar process heat. In
this sector, many baths must be heated and kept at elevated temperatures, easily achievable for solar heating plants.
In summer, there is a significant base heat load and any possible heat recovery barely reduces overall heat demand.
Solar process heat integration for heated baths is also fairly easy through dimple plates or by external heat
exchangers.
Only a few selected case studies are discussed in this work to provide a wide range of examples. For a more
detailed assessment on a German electroplating company Pag et al. (2017) details a performed case study and
proposes a concept to use of solar process heat in combination with a micro gas turbine.
Tab. 3 shows an overview of the selected feasibility studies, followed by a summarised explanation.
Tab. 3: Overview of the performed feasibility studies
Heating network, supply/return temperature; Heat recovery network, supply/return temperature;
Hot water, start..set temperature; Bath heating, bath temperature; Drying, start..set temperature

Country

Sector

Heat sink

Pre-design1

Irradiation
in
kWh/m²a2

Specific
solar yield
in kWh/m²gra

ESP

Car
manufacturing

Heating
network,
130/110 °C

4,300 m² ETC

1,670

410

5%

PT

Car
manufacturing

Heating
network,
70/40 °C

1,800 m² FPC,
75 m³

1,920

830

34 %

GER

Electro
Plating of
Plastics

Heating
network,
80/70 °C

1,000 m² ETC
+ 317 kWth
CHP,

1,010

350

18 %

NL

Circuit boards

Hot water
15..60 °C

250 m² FPC,
15 m³

1,130

430

5%

FR

Bearings

Heat recovery
network,
80/60 °C

260 m² ETC,
25 m³

1,210

485

5%

GER

Textile
processing

Drying,
10..60 °C

1,200 m² AirC

1,040

480

10 %

SWE

Textile
processing

Hot water,
10..60 °C

2,000 m² FPC,
175 m³

1,040

550

23 %

GER

Painting

Bath heating,
43 °C

161 m² ETC,
8 m³

960

390

31 %

Solar
fraction3

3.1 Car manufacturing in Spain
The production site analysis in northern Spain shows that the specific yield does not allow an economic integration
of solar heat at the moment, even though there is a good irradiation and significant open land for plant construction.
The return and flow temperatures of the central hot water network are unnecessarily high but cannot be lowered
due to one single process (wax bath) with a high temperature level. In addition, there are six weeks in summer
1

If not specified differently, the collector area given refers to the summarised gross area of the collector field
On tilted surface
3
Solar fraction is given with respect to overall heat consumption (central heating network) or to process heat
demand (Hot Water, Bath heating, Drying) if not specified differently.
2
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(two weeks in June and four weeks in August) when the production site is closed completely and the hot water
network is shut down. To handle this long period during times of high irradiation without a heat sink, parabolic
trough collectors that can be defocused and evacuated tube collectors with a built-in switch-off temperature are
considered within the feasibility assessment. The latter concept with 4,300 m² collector area still reaches specific
annual yields of more than 400 kWh/m²gr. The potential plant site is located more than a kilometre away from the
boiler site and complicates the integration. The closest reasonable integration point is 900 m away and still
challenging. Due to no subsidy program for solar process heat plants in Spain, an implementation is not realistic
and further investigations have been put on hold.

3.2 Car manufacturing in Portugal
Within the production site of a Portuguese car manufacturer, a hot water network is operated with a 70 °C flow
and process dependent 40..50 °C return temperature. In addition to heat recovery from the thermal oxidiser in the
paint-shop, three gas boilers with an overall capacity of 13 MW provide heat for an annual heat demand of
4.4 GWh. Process heat demand is distributed more or less evenly over the day with a light peak in the morning.
Heat demand will be significantly increased due to a doubling of production capacity until the end of 2017. The
future designed heat load is estimated to be 7 MWh/d to be served with a flat-plate collector field of 1,800 m².
Due to the high local irradiance, a low temperature level and constant load profile, a specific solar yield of
830 kWh/m²a can be achieved. The levelised cost of heat were calculated with 25 €/MWh over 25 years. Despite
the four-year declined-balanced deprecation period for solar heating plants in Portugal, the payback time is
15 years due to the low gas price and no other solar process heat plant subsidies.

3.3 Electro plating of plastics in Germany
The analysed electro plating line has a heat demand of 2 GWh/a. Due to a high electrical base load, a combined
heat and power plant (CHP) is taken into consideration. In Germany, subsidies for a CHP are paid over a fixed
period of full load hours. This opens up the possibility to change the typical dimensioning of a CHP and its
operational mode because it is no longer necessary to continually operate the best economic return. To increase
the share of heat supplied by CHP in winter, the plant is designed based on the winter load. In return, the CHP is
switched off between May and September to avoid inefficient part load behaviour and increased burner cycling.
This enables a larger solar heating plant to be integrated, covering a relevant share of the summer heat demand.
The residual heat load is covered by a conventional gas boiler. The CHP has a thermal capacity of 318 kW. The
collector field is designed with 1,000 m² ETC. This technology coupling covers more than two thirds of the heat
demand with low carbon heating technologies (CHP: 50 %, solar: 18 %). The investment is estimated to be
570,000 €, with an internal rate of return of nearly 10 % over 15 years. Using the conventional design rules for
CHP (summer load), a CHP with a thermal capacity of only 212 kW could be implemented with no further
potential for solar heat due to the reduced heat load during summer that is already covered by CHP.

3.4 Production of circuit boards in the Netherlands
Circuit boards are produced in continuous loop and plunged consecutively into various baths. The company has
several production lines with over 500 baths in total (several hundred litres each), with 56 requiring heat up to
60 °C. The baths are electrically heated with an overall nominal capacity of 455 kW. Due to the large number of
baths and their small volume, solar process heat integration for direct bath heating would be very complex and
expensive. However, the baths are fed with fresh water to compensate evaporation and carryover losses. This is
currently done by cold water, which has to be electrically heated. A new concept is developed with a second feed
line for fresh water at 60 °C. This enables a simple and cost-efficient possibility to integrate solar heat. The amount
of hot water is estimated to be 7 m³/d with a FPC solar process heat potential of up to 250 m². Due to the constant
load profile during the week (five days, two to three shifts), a specific yield of 430 kWh/m²a can be achieved
(118 MWh/a) and corresponds to a solar fraction of about 5 % with respect to the overall heat demand at the
production site. The levelised cost of heat is estimated between 24.5 €/MWh and 37.2 €/MWh depending on the
development of the tariffs of the feed-in subsidy scheme.

3.5 Production of bearings in France
The heat for the French production site is currently supplied by a steam boiler. Within 2018, the steam network
will be completely replaced by a hot water network with a 70 °C supply and 40 °C return temperature and a
condensing gas boiler. Heat recovery from compressed air generation from compression chillers will be
implemented and its recovered heat is fed into the network. There is a still a residual heat demand that can partially
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be covered by solar heat. A solar heating plant is designed to have 260 m² ETC collectors and includes a storage
of 25 m³ generating 126 MWh/a. The levelised cost of solar heat is approximately 20 €/MWh due to an existing
national subsidy for solar process heat in France. Following detailed measurements after the implementation of
the new heat network, the solar heating plant will be redesigned and built by the end of 2018 if the solar heating
plant is still economically feasible.

3.6 Textile processing in Germany
This company with more than 140 employees covers the whole spectrum of product finishing with processes such
as sizing, dyeing, and coating of textiles and relating materials. The three-shift operation over five days is very
water and energy intensive, constantly needing massive amounts of hot water at different temperature levels up
to 90 °C. Due to expansive use of heat recovery from a regenerative thermal oxidiser that purifies exhaust air, the
hot water demand is nearly fully covered. The exhaust air originates from several stenters and a dryer that uses
fresh air heated to 200 °C. By using all the heat recovery for water (pre-) heating, the fresh air for these
applications must be heated internally by internal and external heat exchangers from the central steam network.
Solar air collectors can be used to preheat the required air for these heat sinks. Based on the air volumetric flow
rates and the set temperatures of the stenters (46,400 m³/h; 200 °C) and the dryer (8,000 m³/h; 140 °C), the heat
demand has been estimated by 22.4 MWh/d in summer (ambient air temperature 20 °C), considering a
simultaneity factor of 0.5 and 15 hours of operation per day. This results in a yearly heat demand of 5.2 GWh. To
cover a relevant share by solar collectors, an air collector system with 1,200 m² is designed and simulated. These
collectors preheat the incoming air from ambient temperature to a maximum of 60 °C. The solar heating plant
obtains a collector yield of 707 kWh/m²a but only 481 kWh/m²a can be used in the processes due to the lack of
storage. Still, a solar fraction of 10 % with respect to the process can be achieved. The estimated investment of
350,000 € including 50,000 € for installation, results in solar heating costs of 12 €/MWh.

3.7 Textile processing in Sweden
The production site is operated 24 hours per day and 6 days per week with a three weeks summer production
break. More than 400 m³/d of 60 °C hot water is required for dyeing and washing leading to a daily heat demand
of 21 MWh in the summer. The heat demand is met with a steam boiler at 190 °C. To cover the summer daily
heat demand, nearly 5,000 m² FPC are theoretically required. A flat roof offers an area of about 10,000 m² but
considering roof statics, skylights, and collector spacing the feasible collector area is approximately 2,000 m².
Depending on the currently unknown actual hourly load profile the specific solar yield can range between 520
and 580 kWh/m²a and up to 1.2 GWh/a in total. This corresponds to an annual solar fraction of about 22.5 %. A
hot water storage of 90 m³ is already installed to ensure the hot water supply during peak demand. This must be
complemented with a solar heat storage with up to 175 m³, depending on the load profile and the actual peak
loads. During the detailed planning, it will be investigated if the current storage can be used to store the solar heat.
Given the size of the collector field, selected technology and integration type, a specific investment of 450 €/m²
is estimated. This way, solar heat can be provided with levelised costs of heat of 49 €/MWh, currently below the
actual cost of steam.

3.8 Painting process in Germany
This company is specialised in the painting of large scale parts, e.g. of commercial vehicles. In a pre-treatment
step, these parts must be removed from rust and debris (pickling). This is done in a 15 m³ acid bath, kept at 43 °C
with electrical heaters having a nominal capacity of 42 kW. Measurements show that 28 kW (67 % of the nominal
capacity) are constantly required 24 hours per day. The electrical heaters are switched off midday on Saturday
until early Monday morning to provide the set temperature for production. This corresponds to a daily heat demand
of about 700 kWh in summer and 210 MWh per year.
Based on these data and available roof areas, four solar heating plants with different collector field sizes are
designed and simulated with Polysun. Double sided evacuated tube collectors have been chosen due to their low
static load when installed. The solar heating heat is integrated with an external heat exchanger into a circulation
pipe, which constantly mixes the bath contents. The simulated result are in Fig. 3. The corresponding solar
fractions range between 15 % (88 m², no storage) and 58 % (337 m², 32 m³). The company decided for a mediumsized collector field of 161 m² in combination with an 8 m³ storage having a solar fraction of 31 %. Due to
expensive electrical energy used to currently heat the bath, a 35 % internal rate of return and a payback time of
less than three years can be achieved.
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Fig. 3: Specific solar yields for the four different collector field sizes and storage volume variation

The painting hall, where the painting process itself is performed by hand, requires heat that can be covered by
solar heat. During the painting process fresh air (74,000 m³/h) must be supplied at 20 °C to guarantee acceptable
working conditions. Due to a high load of paint particles, the air cannot be circulated. Afterwards, the painted
parts must be dried. Therefore, the hall is heated up to 60 °C with the same air volumetric flow rate as in the
painting mode, whereas 67,000 m³/h (90 %) is recirculated and the rest is provided by fresh air. The air volumetric
flow rates are provided by an air handling unit that can switch between the painting/drying operational modes and
is heated by an air-to-water heat exchanger. A heat recovery system is installed for preheating the fresh air by the
exhaust air. By conducting detailed air measurements, it is established that there are either one or two painting
cycles per day followed by a drying period during night. Based on these measurements, the heat load profile for
the air-handling unit can be calculated and in a further step extrapolated over the year taking into account the
seasonal temperature profile of a near-by weather station. The yearly energy demand is estimated to be
270 MWh/a with a daily summer load of 800 kWh/d. By installing an additional heat exchanger, solar heat can
be integrated. First simulations recommend a 250 m²gr ETC solar heating plant. The efficiency of the solar heating
plant is increased by varying the supply temperature depending on the actual operation mode (painting vs. drying).

4. Conclusion
The automotive industry and their suppliers have many technical possibilities to integrate solar heat into various
processes. In general, central heating networks are available that can be used for solar integration. Depending on
the industry sector, there are also individual processes that allow an efficient decentralised use of solar process
heat. Generally, companies who specialise in textile and surface treatment, operate multiple baths at a feasible
temperature for solar process heat. If there are any restrictions on-site (e.g. space) and solar heat cannot be
integrated easily into the baths, the pre-heating of feed-water for carry-over and evaporation loss compensation
offers a possibility to cover a small fraction of the overall heat demand with solar heat. Drying for paint-shops,
which is comparable to other industries plays a key role with respect to the energy demand. Since fresh air is often
needed, the use of solar for air pre-heating can be a cost-effective solution.
Many economically feasible solutions were identified, which were highly dependent on national subsidy programs
and on-site boundary conditions. Within the performed case studies, the levelised cost of solar heat ranged
between 12 and 49 €/MWh. The most economical concept has an internal rate of return of 35 % and the least
economical still has a return of 6 %. Unfortunately, the decision for or against a capital investment in efficiency
and renewable energy is still primarily made based on the payback time, regardless of solar process heat’s proven
long term economic benefit. To help overcome this hurdle, regulations regarding depreciation and corporate tax
have a major positive influence on payback time. As such the national tax legislation plays a significant role to
obtain the required financial decision metrics by industry.
To date, only a few companies have committed themselves to significantly reduce CO 2-emissions in a way that
may conflict with economic decision criteria. Additionally, low natural gas prices currently globally impede
further market uptake of solar heating plants. The subsidy programs for solar process heat, if existent, are typically
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not sufficient to satisfy the economic targets in industry due to the small difference between the conventional
heating costs and the solar heating costs. If some stakeholders in the automotive industry and their suppliers can
be encouraged to take the first step, it will be a tipping point for a wider adoption of this reliable, CO2-free
technology. Optimising the depreciation tax legislation for low carbon heat capital investments is a promising
possibility to support the necessary market uptake.
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Abstract

A solar tunnel dryer system utilizes solar energy to heat up air and to dry any food substance loaded to it, this leads
to reduce wastage of agricultural products and prolong their life by natural drying, and has limitations such as,
exposure to sunlight, liability pests and rodents, and lack of proper monitoring. The aim of this paper is to design
and simulation a solar tunnel dryer for drying of cereal’s, fruits and vegetables. In this dryer, the grains have
placed directly at absorber and exposed to direct solar radiation. The airflow and associated pressure development
in the drying chamber is analyzed with CFD.
The initial and final moisture content considered were 35 and 15 percent for maize, and 94 and 10 percent for
tomato. The dryer is designed to dry one-ton of maize in four days, and 250Kg of sliced tomato in two days. The
dryer has an integrated fan to drive the moist air, which is powered by energy. The simulation considers Mekelle,
weather data as its input.
Keywords: Tunnel dryer; solar dryer; postharvest loss; tomato dryer; simulation of tunnel dryer; Forced dryer

1. Introduction
Food security is a common problem in developing countries that happened not only because of less yields, but also
because of poor harvesting and post harvesting management. Proper post-harvest management in developing
countries can significantly contribute to the availability of food [2]. Common post-harvest losses are due to
improper and/or untimely drying of foodstuffs such as cereal, grains, pulses, tubers, meat, fish, etc…[2].
Traditional drying, which frequently performed on the ground in an open air, is the most widespread method used
in developing countries because of its simplicity and does not incur additional cost. Nevertheless, this drying
technique has many drawbacks contamination, uneven drying, and uncontrolled moisture content of the products,
which in return causes degradation in quality, insect infestation, and attack by animals etc. Traditional dried food
items does not fulfil the international quality standards, and it has international market process [4].
To improve the traditional drying techniques, solar dryers have received considerable attentions to improve postharvest management [1]. Though many developing countries are endowed with higher solar energy potential,
unfortunately solar dryers have not well introduced, on these regions the reason for the less technology infiltration
includes such as; economically unviable, unsatisfactory technology development and limited knowledge of the
technology [3].
Like many developing countries; the, majority of the population of Ethiopia engaged in farming and about 80% the
countries food products cultivated by small farmers, these farmers do not use proper postharvest management
technologies, but the traditional open air dryer techniques. In this regard, the development and introduction of solar
drying as post-harvest technologies are significantly important in improving livelihood development of developing
countries [24].
Many solar dryers have been introduced, but accomplishing it is very important performed unsatisfactorily. There
is a need to understand the overall operation of the dryer, the interaction between its component parts, the influence
of various design and operating parameters on its performance, and the development of systematic design
procedures and guidelines. These technical constraints have been limiting the use of natural convection solar
dryers. In addition, during drying some materials absorb heat directly from the radiation of the sun and tends to
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decolorization of the product, which decrease the quality of the product.
Solar dryers of forced convection type can effectively be used. However, which needs power to drive the fan, and
unfortunately many rural areas, do not have power. Because of this forced convection were not introduced widely
in many developing countries. In direct driers have low drying rate compare to direct forced dryer, but they have
better quality and have potential to access the market as a result it enhances the income of individual farmers [3].
According to FAO report in 2000, Ethiopia produces 115,000Mg from 7,800 hectare and increased to 10,000 ha
and 150,000 Mg in 2008(FAO, 2010). Most of the fruits produced in Ethiopia are consumed locally.
Fresh fruits are regarded as highly perishable and bulky commodities as they contain more than 80% moisture.
Consequently, their transportation to distant places is costly and their condition on arrival might be less than
satisfactory. The best way to maintain the nutritional value of fruit is by keeping the products fresh. On the other
hand, its cold chain is difficult to maintain throughout the developing countries. Fruits have an average shelf life of
7 to 36 days [6]. Those losses at fruits could be happen because of thing, poor postharvest handling, and market
conditions. For example during the rain season harvesting period of these exist excess, but according many losses
happened on the country shortage of supply happens during the other period of the year this cause fluctuation in
market.
In this paper crop, fruit and vegetable have considered for drying, Modelling and Simulation of a forced convective
solar tunnel dryer has studied. CFD has used to show the flow through the duct and to simulate air pressure and air
velocity profiles in the drying chamber.

2. Materials and Methods’
2.1. Solar Tunnel Dryer Construction Material Selection
The construction materials of the solar tunnel dryer based on its quality and suitability. The materials include
absorber, metal frame, drying tunnel, rolling bar, concrete block substructure, PV module and fan. Solar absorber is
a device that receives solar radiation and converts it into thermal energy. The absorber material is mild steel of
thickness 0.9mm or (24.2 × 2 × 0.0009 m). The absorber is black painted metallic in order to increase its
absorbance thereby heating the air between it and the cover.
The absorber and the cover have created a triangular shaped tunnel. This tunnel volume of 0.044 m3 air is heated
and the hot air is transported by means of forced convection
The cover plate: of the dryer is transparent sheet used to cover the absorber, to prevent dust and rain entering to the
absorber. It permits solar radiation into the system, but hinders reflected radiation from the system. This cover plate
is made up of glass with thickness 4 mm or (24.2 × 2.3 ×0.002 m).
Drying Tunnel: is the drying chamber made of a highly polished plywood box (24.2×2 ×0.016 m ) held in place by
galvanized iron, the material has been chosen because of its poor thermal conductivity , its smooth surface finish,
and minimized radiation loss. The cover of the drying chamber is corrugated plastic of thickness of 2-3 mm, or
(24.2 ×2.3 × 0.002 m). In order to reduce with radiation and avoid moisture absorption by the wood aluminum foil
is wrapped on the inside of the chamber, with Nail and glue fasteners.
Insect net at air inlet and outlet has used to prevent insects from entering into the dryer. The hinges and handle for
the dryers door.
Brick block: have used to protect bending of the dryer and collectors structure with dimensions (0.4×0.4 ×0.5 m ).
The frame has covered by aluminum wire mesh to hold the product to be dried. Axial Fan has selected because of
its low static pressure, is required to drive the moist air out of the dryer and the fan has 18 m3/min with a power of
0.626 Hp ( 0.46 kW).
Insulators: the insulation material used in this system is fiberglass with 150 mm thickness under the absorber
surface, which compromises 48.5 x2 x0.15 m3 volume of material.

2.2. Methods
The design of the solar tunnel dryer taken into consideration different design criteria and parameters. Some of these
were from literature while others were determined by a series of mathematical analysis. The design parameters
included environmental conditions of the test location, drying temperature, amount of moisture to be removed, heat
energy requirement and airflow required.
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The test location is found at a latitude 13° 29 ׳N and longitude 39° 28׳E with elevation of 2084 m. ambient
temperature, Ta, of 24Ԩ and relative humidity 55 %.
Then the following models are applying through the tunnel dryer.
Mathematical
Geometric modelling
Simulation
The mathematical modelling developed for the tunnel dryer is standing form cooling law, and the geometrical
modelling is verified using Catia or simply ANSYS software, finally the simulation of the solar tunnel dryer is
going on ANSYS Fluent software with version 15.01 the helping of designed and environmental conditions.

3. Analysis
3.1. Input data
The weather condition of Mekelle is obtained from National Metrology Agency
 The average sunshine is 8 hours
 Average temperature is 240C
 Relative humidity 55%
 Drying temperature is 600C
 Solar radiation average 697.8W/m2

3.2. Design
The design analysis sets dimension components of solar tunnel dryer, and the thermal analysis of the tunnel dryer.
The total load of the drying is one tone maize to be dried in 8 sunshine hours. The 5000 cobs of maize is required
with an average mass 0.2Kg each Maize has fed at once. Referee in the tale shows the design parameter of the solar
dryer.
Table 1:

No.

Description

1.
2.

The mass of water evaporated from
the product
Equilibrium Moisture content

3.
4.
5.
6.
7.
8.
9.
10.
11.

Water activity
Equilibrium relative humidity
Initial humidity ratio
Final humidity ratio
Initial Enthalpy
Final Enthalpy
Mass flow rate
Total Energy
Area of collector

12.
13
14

Drying area
Volume flowrate of fan
Power of fan =

Equation
୵ ൌ  ୲ ሾሺ୧ െ   ሻΤሺͳͲͲ െ  ሻሿ
୫ ୵
ሺͳ െ ୵ ሻሾͳ  ሺ െ ͳሻ୵ ሿ
ܽ௪ ൌ ͳ െ ሾെ ሺͲǤͻͳͶ  ͲǤͷ͵ͻ ሺܯሻሻሿ
 ൌ ͳͲͲ୵
i
ୣ ൌ 

f

hi
 ൌ ͳͲͲǤͻ  ɘሾʹͷͳʹͳ͵ͳ  ͳͷͷʹǤͶሿ
ሶୟ ൌ  ɏୟ  כୟ
 ൌ  ୟ ሺ െ  ୧ ሻ
ܧ
ܣ ൌ 
ܫɄ
ୢ୰ ൌ   כ

Result
235.3Kg
10.33
0.61
61%
0.012
0.021
50KJ/Kg
115.13KJ/Kg
0.24Kg/s
1778MJ
56m2
48.5m2

420.3 CFM
0.46 KW
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K= 0.14
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b = 0.00108
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Table 2: The loading rate per batch of the drying products

SN

Name of the drying products.

The loading rate per batch

Loading density in Kg/m2

1
2
3
4
5
6
7

Maize
Tomato
Potato
Onions
Grape
Fish
Banana

1000 Kg
250 Kg
330 Kg
300 Kg
315 Kg
335 Kg
310 Kg

30.3
7.6
10
9
9.5
10
9.4

3.3. fan
Drying depends on airflow rate and the ability of the air to carry moisture. The fan should move air through the
grain by overcoming the resistance to flow. This resistance to airflow is the static pressure drop through the grain.
Multiply this pressure drop for clean grain by a factor 1.3 to 1.5 to adjust for packing and foreign material in the
grain. This value varies depending on the cleanliness and physical properties of the grain. A value of 1.3 is
commonly used for wheat and 1.5 for other crops [21].
By considering the specific volume of air from the psychrometric chart, the volume flowrate required to be 731.6
m3/ hr.

3.4. Fan drive
The fan should run under forecasted weather conditions. The PV panel therefore needs to be chosen bigger. A
factor of 2.5 is reasonable. If a fan requires 2W it should choose as 5 W panels [22]. It is best to select the PV panel
with 340 watt per unit cell, and the solar tunnel dryer needs 3 panels to drive the fan.

3.5. Model preprocessing
Figure 1, shows the placement of Maize cobs inside the tunnel dryer. The cobs have ordered in parallel to the
direction of airflow and have a gap of 5 mm each other in order to expose the surface of drying product to the
heated air, and creates uniform drying products.

Figure1, Placement of Maize inside a solar tunnel dryer

The geometrical modeling of the dryer is shown in Figure 2 model consists of transparent glass, cob tray, absorber,
insulation and the supporting walls.

Figure2, Sample geometrical modeling of solar tunnel dryer.
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Through this edge two types of meshing for three-dimensional models have applied, Cut cell and tetrahedrons. This
study use Cut cell meshing type, because of its convenient for assembly better accuracies of analysing and come up
with distributed loads. In additionally, the Cut cell algorithm is suitable for a large range of applications.

(a)

(b)

Figure 3: cut cell meshing of the solar tunnel dryer. Figure 4, model contact regions of the product after meshing.

There are five types of zones considering the entire of solar tunnel dryers.
1.
2.
3.
4.
5.

Inlet zones: this is the flowing of air in the inlet conditions.
Out let zones: this is the properties of air at the exit sides.
Absorber: Energy accumulated in the black painted sheets.
Insulation: this protects energy losses from absorber.
Wall zones: this is considered on both sides of the solar tunnel dryers.

The figure 5, shows the model contact regions of the product after meshing.
This show the continuity and energy equations converge to some constant value after some iterations.

Figure 5, iteration of Maize for a solar tunnel dryer.

4. Results and discussion
4.1. Drying of Maize
Figure 6 and 7 moisture content on dry biases versus the drying time of maize. This model is based on the Midilli
et al model since it is more convenient to describe on maize drying. Drying is faster in the first two days then it
evaporates its moisture slowly until constant drying happen, there after the maize will reach its minimum moisture
content or the equilibrium moisture content of the products.

1612

A.H. Tesfay / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Figure 6, Drying time versus moisture content for Maize Figure 7, Drying curve of Maize

Figure 7, shows the log of moisture ratio versus drying time, which represents the typical characteristic-drying
curve of maize during thin-layer drying operation when using solar tunnel dryer. The drying constants are = -0.041
and = 1.233 are the slops and constants of the linear drying curves respectively. The drying curve is above the
linear trend for the first five hours and below the linear line up to twenty four hours.
The temperature contour of fluid flow is displayed here at the position of the solar tunnel dryer at different time
intervals, then the maize absorbs heat and its moisture releases as the heated air passes over the maize. The flowing
air rises up its temperature from the absorber to the upper glass, and reaches the maximum drying temperature.

Figure 1, Temperature contour of interior fluid inside a solar tunnel dryer

Pressure contour is defined as the pressure distribution across the length of the tunnel dryer. It helps to define the
pressure variation between flowing heated air. The streams of static pressure is maximum at the exit as seen from
the figure 9.

Figure 9, Pressure contour of interior fluid Figure10, Velocity contour of flow ai

Figure 9&10, shows velocity contour, which justifies the velocity distribution across the solar tunnel dryer.as the
velocity is maximum at the center, and decreases from center towards the absorber and the cover plate sides.
Therefore, grains remove its moisture content when exposure to warm air flow.
The velocity shown is the velocity of the interior fluid that passes through the drying products and the velocity is
maximum near the center and drops down when the flow is near the walls. Line 15 which lies in the coordinate x
(0, 24.2) and y (1, 1), and line 16 which lies in the coordinate x (0, 24.2) and y (2, 2) shown in the figure describes
the velocity throughout the length of the solar tunnel dryer at the center and near the wall side respectively.
Therefore, the two flows near the wall have frictional effects and have a zero velocities.

Figure11, Velocity flow interior fluid inside solar tunnel dryer Figure12, Velocity stream line flow
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4.2. Modeling of Tomato in solar tunnel drying

Figure13, Drying time versus moisture content of tomato Figure14, Drying curve of tomato

The figure above shows the moisture ratio versus drying time, which represents the typical characteristic-drying
curve of Tomato during thin-layer drying operation. From the Henderson and Pabis model of equation (14) the
slope and the constants are k = 0.2 and a = 0.755 respectively.
When we see the drying time characteristics of tomato and maize on same solar tunnel dryer tomato will have a
faster drying rate than maize, this tells us products with higher moisture content have higher drying rate than lower
moisture content on wet biases.

60

Moisture content on dry
baises[%]

50
40

Tomato

Maize

30
20
10
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 0

Drying time [h]
Figure15, Comparison of Tomato and Maize on moisture content versus drying time

Figure16, This is the arrangement of the Tomato in the solar tunnel dryer
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Figure17, Pressure contour of interior fluid. Figure 18, Temperature contour of tomato in side the solar tunnel dryer

The figure shown below is the velocity distribution of the solar tunnel dryer for Tomato, and has a velocity of
around 2.4 m/s at the center and 1.12 m/s near the wall.

Figure 19, Velocity contour of tomato Figure20, Velocity of interior fluid flow inside a solar tunnel dryer throughout the length

The figure 20 shows the velocity flow inside a solar tunnel dryer and this velocity is turbulent effect near the walls
and flow at the centers are as shown blow. Therefore, the given lines, line 14 or the coordinates of x (0, 24.2) and y
(0, 0), line 15 or the coordinates of x ( 0, 24.2) and y (1,1), line 16 or the coordinates of x (0,24.2) and y (2,2),
line17 or the coordinates of x (0, 24.2) and y (1.5) , and line 18 or the coordinates of x (0,24.2), y(0.5)
The figure 21, shown is the velocity stream line of Tomato, hence the flowing hot air is passing over the product
which tells us the sliced tomato are in contact with flowing air and, evaporation takes place.

Figure21, Velocity streamline of tomato

5. Conclusion
A solar tunnel dryer was designed and simulated based on Preliminary investigations of maize. The designed solar
tunnel dryer to be used to dry maize, tomato, potato and other under controlled conditions. The designed dryer with
a collector area of 48 m2 is expecting to dry one-ton maize and 250 Kg of sliced tomato from 35 to15 percent and
94 to 10 percent wet basis in four and two days respectively during harvesting period. A proto type of the solar
tunnel dryer was simulated and discussed the results.
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Abstract
A material screening method for potable water certified plastics for solar-thermal applications based on superimposed
cyclic mechanical loading was conducted. One aliphatic polyamide and three semi-aromatic polyphtalamide grades
with various glass fiber contents were characterized on specimen level. Therefore, an electro-dynamic testing
machine equipped with an in-situ testing device was used to obtain the crack growth kinetics at different temperatures
(23°C and 80°C) in different media environments (air and H2O) . At 80°C in H2O, specimens revealed a significantly
reduced fatigue crack growth resistance compared to tests at the reference conditions of 23°C in air. Comparing all
investigated materials at 80°C in water, the polyamide grade and one polyphtalamide grade revealed the best
performance. Due to different slopes in their FCG curves, PA-GF30 showed a superior crack growth resistance at
low FCG rates.
Keywords: polyamide, polyphthalamide, fatigue crack growth, superimposed loading

1. Introduction
The performance of polymeric materials is strongly dependent on the mechanical and environmental loading
conditions (Stern et al., 1998a; Stern et al., 1998b; Lang et al., 2005). Hence, tests are necessary under application
relevant conditions. An objective in former research (Schoeffl et al., 2014; Fischer et al., 2016) was to develop and
implement advanced testing methods for the evaluation of the long-term behavior of polymeric materials for solarthermal collectors under service relevant loading conditions (e.g., for an integrated storage collector system). To
fulfill the application requirements for pressurized integrated storage collectors maximum internal pressures of 4 bar
and maximum application temperatures of 95°C should be considered (Solecrafte, 2017).
While in previous papers, fatigue crack growth kinetics of polyamide under superimposed mechanical loads were
described properly (Fischer et al., 2016) and a lifetime prediction approach (Bradler et al., 2016) was presented, this
paper deals with the investigation of potable water certified polyamide (PA) and polyphtalamide (PPA) grades with
various glass fiber contents under different superimposed mechanical and environmental loads.

2. Background
Polyamides can be classified according to their composition in different polyamide types. Two of them are used in
this study, namely (1) the aliphatic polyamides (PA) with an aliphatic main chain including the well known Nylon
or PA 6.6 (Gilbert and Brydson, 2017), and (2) the polyphtalamides (PPA) with a semi-aromatic main chain
(Wypych, 2016). In single-loop solar-thermal collector systems, potable water is acting as heat carrier fluid (Köhl et
al., 2012). Hence, various system components are getting in contact with drinking water. Materials used for such
applications should have an adequate drinking water certificate, which is limiting the use of stabilizers. Several
studies are describing the negative impact of the lack of stabilizers on the fatigue crack growth (FCG) behavior and
thus on the long-term failure (Lang et al., 1997; Pinter and Lang, 2003).
The long-term failure of polymers is usually characterized by the concept of linear elastic fracture mechanics (LEFM)
(Hertzberg and Manson, 1980; Lang, 1980). For these tests, some requirements have to be fulfilled (i.e., small plastic
zones and a linear-viscoelastic material behavior) (Lang, 1980; Lang et al., 1982). Based on results of fracture
mechanics tests, a FCG kinetics curve can be plotted, which is a double logarithmic plot of the fatigue crack growth
rate da/dN vs. the stress intensity factor range ∆KI. The resulting plot can be subdivided into three characteristic
regions, where region I describes the threshold, region II describes the stable crack growth which can be described
by a power law equation (see eq. 1) (Paris and Erdogan, 1963), and finally region III describes the unstable crack
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growth at high plastic deformations. Details and the characteristic plot are described elsewhere (Fischer et al., 2016;
Bradler et al., 2017).

ௗ
ௗே

ൌ  ܣή ο ܭ

(eq. 1)

The stress intensity factor range ∆KI for a cyclic loading (s. eq. 2) describes the difference between the maximum
and minimum stress intensity factor (KI,max -KI,min) in the loading mode I, which indicates crack opening. “∆σ”
describes the difference between maximum and minimum global loading, “a” the crack length and “Y” a geometry
and specimen dependent shape factor.

οܭூ ൌ οߪ ή ξܽ ή ܻ

(eq. 2)

3. Methodology and experimental
Materials and specimens
One aliphatic polyamide (PA) and three different semi-aromatic polyphtalamide (PPA) grades were investigated
regarding fatigue crack growth (FCG) resistance. An overview of selected information on these grades is given in
Table 1. The grades are varying in chemical composition as well as in glass fiber content.

Tab. 1: Material designation, grade, and glass fiber content.

Material designation

Grade

Glass fiber content

PA-GF30

polyamide 6.6

30 w%

PPA-GF40

polyphthalamide

40 w%

PPA-GF50-1

polyphthalamide

50 w%

PPA-GF50-2

polyphthalamide

50 w%

Fig. 1 depicts a standardized compact type (CT) specimen (E08 Committee, 2000; ISO/TC 156 - Corrosion of metals
and alloys, 2011). Specimens were manufactured via milling out of injection molded plaques. According to previous
results (Schlaeger, 2015; Fischer et al., 2016), for FCG tests with glass fiber reinforced polyamides and a specimen
thickness of 4 mm, specimens with the initial crack in flow direction are most critical.

Fig. 1: Compact type (CT) specimen with relevant dimensions for data reduction.
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Fatigue tests and data reduction
All FCG experiments were carried out on an electro-dynamic testing machine (Instron ElectroPls E3000; Nordwood,
USA). For tests under different environmental conditions, an in-situ testing device was used, which was originally
implemented for tests in liquid hydrocarbons by Schoeffl et al. (Schoeffl, 2014; Schoeffl et al., 2014). All tests were
conducted with a frequency of 5 Hz and a sinusoidal loading with an R-ratio of 0.1. The R-ratio describes the ratio
between the maximum to minimum applied stress intensity factor. The subsequent calculation of the stress intensity
factor range “∆K “ was done according to eq. 3 (Gross and Seelig, 2011), where “∆F” is the difference between
maximum and minimum applied force, “B” the thickness of the specimen, “W” the width of the specimen and
“f(a/W)” a geometry dependent shape factor.
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(eq. 3)

4. Results and discussion
The effect of different temperatures and different media on the fatigue crack growth resistance of the grade PPAGF50-2 is shown in Fig. 2. In terms of temperature, in both media, the material performance was enhanced at the
lower temperature of 23°C. At both temperatures, inferior FCG resistances were determined in water. These results
are exhibiting hot water as the more critical environment compared to air and are in good agreement with
conventional aging data obtained in another research (Geretschlaeger and Wallner, 2016). All further tests were
carried out at the best and worst conditions, 23°C in air and 80°C in water, respectively.

Fig. 2: Fatigue crack growth kinetics for the grade PPA-GF50-2 at various temperatures in various media.

A comparison of the FCG kinetics curves for the two polyphtalamide grades with the same glass fiber content of
50 w% (PPA-GF50-1 and PPA-GF50-2) tested at the best and worst environmental conditions is depicted in Fig. 3.
Tests at 23°C in air exhibited a better FCG behavior for both materials compared with tests at 80°C in water, resulting
in higher ∆KI-values at specific fatigue crack growth rates. The material PPA-GF50-1 reveals a better FCG resistance
at both conditions. At a comparable rather low crack growth rate of 2E-5 mm/cycle, the difference between the ∆KIvalues of the two materials at 23°C in air is given with a factor of about 1.2 and at 80°C in deionized water with a
factor of about 1.6. The results obtained are exhibiting a higher sensitivity of the PA-GF50-2 grade against elevated
temperatures and water environment.
Due to the same chemical composition of the matrix material, the grades PPA-GF40 and PPA-GF50-1 are only
differing in their glass fiber content. Thus, for these two materials, the effect of glass fiber content on the FCG rates
was investigated and is depicted in Fig.4. While the grade PPA-GF40 with the lower glass fiber content of 40 w%
shows an inferior FCG resistance, the PPA-GF50-1 with 50 w% of glass fiber reinforcement reveal clearly a higher
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FCG resistance.
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Fig. 3: Fatigue crack growth kinetics for PPA grades with 50 w% glass fiber reinforcement at 23°C in air and at 80°C in water.
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Fig. 4: Effect of glass fiber content on the fatigue crack growth kinetics for the PPA-grades at 23°C in air.

As, in this study, the most critical environmental condition for fatigue crack growth is 80°C in water, all materials
were tested at this condition and resulting FCG curves are illustrated in Fig. 5. The grade PPA-GF40 shows a
significantly lower FCG resistance, leading to a factor 2.6 lower ∆KI-value at a crack growth rate of 2E-5 mm/cycle
compared with PA-GF30, the best performing material at low crack growth rates. For PPA-GF50-2 and PPA-GF501 compared to PA-GF30, lower ∆KI-values with a factor 1.9 and 1.2, respectively, were obtained. PA-GF30 exhibits
a superior crack growth resistance at low crack growth rates. Due to a different slope in the FCG curve, at high FCG
rates, PPA-GF50-1 is slightly better.
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Fig. 5: Fatigue crack growth kinetics for all investigated material grades at 80°C in water.

5. Summary and outlook
The fatigue crack growth (FCG) resistance of one aliphatic polyamide and three semi-aromatic polyphthalamides
varying in their glass fiber content was investigated. Due to their certification for the transport of potable water, these
materials are of high relevance for solar-thermal applications. Fatigue crack growth measurements were performed
at application relevant conditions in two environmental media (air and water) at two temperatures (23°C and 80°C).
For the polyphtalamide PPA-GF50-2, tests at all four environmental combinations were conducted resulting in the
best performance at 23°C in air and in inferior FCG resistance at 80°C in water. As to the glass fiber content of the
polyphthalamides, PPA-GF50-1 showed superior FCG behavior and PPA-GF40 revealed inferior fatigue crack
growth resistance. Comparing all investigated materials at 80°C in water, the aliphatic polyamide PA-GF30 and the
polyphtalamide PPA-GF50-1 revealed the best performance. Due to different slopes in their FCG curves, PA-GF30
showed a superior crack growth resistance at low FCG rates. Conversely, at high FCG rates, PPA-GF50-1 is slightly
better.
In this study, a very fast screening method for materials for solar-thermal applications, especially for reinforced
plastics, was introduced. Based on an extension of the test program in terms of testing at different R-ratios, in a
further study a lifetime prediction of these materials could be conducted.
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Abstract

Hybrid solar PV/T has the potential to become a major player in the renewable energy sector, but one of the most
important barriers is the inexistence of a proven track record in terms of reliability and performance. In order to
address this issue, a study was conducted to monitor in-field energy performances of two indoor swimming pool
installations near Perpignan (France) equipped with an innovative unglazed PV/T collector (1.64m², 250Wp,
912Wth).
With 300m² of PV/T collectors for a 1100m3 indoor swimming pool and 6000L/day of hot water needs, an annual
thermal production of 120MWh and an annual photovoltaic production of 64MWh were achieved. Performances
were higher than simulated with the TRNSYS study.
Keywords: Photovoltaic thermal (PV/T) collector; Field test; Energy performance

1. PV/T characteristics
A review of PV/T technologies has been done by Zhang et al. (2012) and Good et al. (2015). The PV/T module in
the study is based on the unglazed flat-plate liquid design described in these reviews. It has 60 monocrystalline cells
for a nominal power of 250Wp. The photovoltaic characteristics are given in table 1.1. The thermal characteristics
(table 1.2) were determined by tests conducted at the TÜV Rheinland laboratory following the Solar Keymark
certification rules (ISO 9806 : 2013).
Tab. 1: Electrical and thermal characteristics

Electrical characteristics

Thermal characteristics

Dimensions

1677×990×40 mm3

Heat transfer fluid (HTF)

Water/glycol mix

Number of cells

60

Absorber surface area

1.58 m²

Type of cells

Monocrystalline (6 inches)

Conversion factor (η0)

57.8%

Nominal power (Pmpp)

250 Wp

Heat loss coeffiient (b1)

12.08 W/K/m²

PV module efficiency
(ηPV)

15.40%
(Tolerance : ±3%)

Wind dependency of
collector efficiency (bU)

0.028 s/m

Power loss /°C (βp)

-0.44% / °C

Wind dependency of heat
loss coefficient (b2)

1.842 W.s/K/m3

2. Presentation of the two field tests
Indoor swimming pool systems coupled with PV/T collectors have already been studied by simulation by
Buonomano et al. (2015), but few experimental works have confirmed the expected performances with real
installations, as has been done in this study.
For the two indoor swimming pools in the study, the PV/T modules are connected to heat exchangers and are used
to preheat the water for the showers and to heat the pools. As an auxiliary heat source, a heat pump is connected in
series to the solar heat exchanger to heat up the water instantly when needed. In the case that the system does not
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provide enough heat, the system is completed if necessary with a natural gas boiler. In order to monitor the system,
a calorimeter is placed just before the solar heat exchangers.
Data were recorded every 5 minutes. A diagram of the system and the monitoring is given in Figure 1.

Fig. 1: Simplified hydraulic scheme and monitoring system put in place

In order to verify the in-situ reliability and performance for indoor swimming pools of the innovative hybrid solar
PV/T module, two installations were monitored near Perpignan in the South of France (Lat/ Long. 42.6976 / 2.8954).
In Perpignan according to Meteonorm, the maximum ambient daily temperature in the day is on average 19.6°C and
the maximum daily irradiation in the day is on average 576W/m² over the year.
In Sete (Figure 2) as in Perpignan (Figure 3), 180 PV/T modules were installed as a solar canopy.

Fig. 2: picture of the PV/T canopy for the municipal swimming pool of Sète (France)

Fig. 3: picture of the PV/T canopy for the municipal swimming pool of Perpignan (France)

Key parameters of the two solar installations are provided in Table 2.

1625

L. Brottier / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Tab. 2: parameter of the 2 installations

Swimming pool dimensions

Sète

Perpignan

720 m² for 1100 m3 = 1 056 MWh/an

730 m² for 1095 m3 = 1 016 MWh/an

Pool temperature setup

28 °C

Shower needs

~ 6000L/day = ~ 125 MWh/an

Number of unglazed PV/T

180 (300 m²)

Integration type

Solar canopy

Orientation (0° = South)

South-East (-20°)

South (0°)

Slope

10 °

30 °

The solar energy goes to hot water preheating if the temperature of the panels is 6°C higher than the bottom of the
sanitary tank or to the pool if it is higher than 30°C. The panels and the technical room, where the heat exchangers
and the calorimeter are located, are separated by a distance of 70m. The pipes are buried over this distance.

3. TRNSYS study
A TRNSYS model has been performed, the diagram is given in Figure 4.

Fig. 4: TRNSYS diagram of the installation

The photovoltaic simulation does not take into account the cooling of the cells, and the storage of the heat for the
showers in Perpignan is not included in the model.
The loss coefficient in the 70m buried pipe was taken at 24 W/(m².K).
The hot water profile was built from the scenario for sport facilities in the French thermal regulation method (RT
2012), and the typical day profile is given in Figure 5.
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Fig. 5: Hot water need profile in the simulation

The hot water needs are estimated at 1.2GWh/yr, wich seemed very accurate with the 1,27GWh/yr (127 782 m3 gas
volume) consumed in Sète for a year before the solar installation. Recently a monthly detail of the previous gas
consumption revealed some significative difference between the monthly distribution of the simulated consumption
and the real one before the solar installation as seen in Table 3.
Tab. 3: Real and simulated global heat needs

TRNSYS
Heat needs

Gas consumption
(before solar)

Energy consumption
(before solar)

Month

(kWh)

(m3)

(kWh, η=90%)

January

139 937

16 911

167 727

February

120 905

16 770

166 321

March

117 706

15 725

155 961

April

101 207

13 218

131 099

May

88 562

9 463

93 853

June

65 746

7 491

74 294

July

60 373

5 460

54 150

August

58 353

4 001

39 684

September

72 506

5 091

50 493

October

101 365

7 121

70 628

November

118 812

12 617

125 137

December

135 364

13 914

137 996

Total /yr

1 180 835

127 782

1 267 343

At Sète, the production of the solar module to 81MWh/yr for the thermal part (6.9% of the heat needs) and 56MWh/yr
for the electrical part (Table 4). At Perpignan were the slope and the orientation of the modules are more favorable,
97MWh/yr for the thermal part (8.5% of the heat needs) and 60MWh/yr for the electrical part (Table 5).
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Tab. 4: TRNSYS model results for Sète

Hot water needs
(kWh)

Solar for hot
water (kWh)

Pool needs
(kWh)

Solar for
pool (kWh)

PV
electricity
(kWh)

January

11 583

1 014

128 354

0

2 538

February

10 392

1 379

110 513

142

2 892

March

11 198

2 319

106 507

1 875

4 674

April

10 479

2 587

90 728

3 470

5 516

May

10 468

3 137

78 094

6 859

6 595

June

9 708

3 382

56 038

10 259

6 945

July

9 706

3 565

50 667

13 213

7 262

August

9 598

3 129

48 755

11 322

6 446

September

9 501

2 371

63 005

6 208

5 033

October

10 254

1 587

91 111

1 624

3 485

November

10 431

1 058

108 381

110

2 392

December

11 279

744

124 085

0

2 048

Total kWh/yr

124 596

26 271

1 056 239

55 083

55 826

Month

Tab. 5: TRNSYS model results for Perpignan

Hot water needs
(kWh)

Solar for hot
water (kWh)

Pool needs
(kWh)

Solar for
pool (kWh)

PV
electricity
(kWh)

January

11 583

1 772

123 747

432

3 441

February

10 392

2 019

104 845

1 014

3 798

March

11 198

2 748

106 154

3 206

5 454

April

10 479

2 775

90 286

4 587

5 644

May

10 468

3 103

76 208

6 342

5 831

June

9 708

3 336

54 972

9 641

6 203

July

9 706

3 696

44 745

13 078

6 663

August

9 598

3 345

44 316

12 616

6 408

September

9 501

2 719

60 786

9 015

5 645

October

10 254

2 188

85 017

4 250

4 592

November

10 431

1 648

104 041

1 569

3 608

December

11 279

1 584

120 807

394

3 247

Total kWh/yr

124 596

30 932

1 015 924

66 144

60 535

Month
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4. Field test results
The measured results of the PV/T panels are very close to the simulated results for the first year.
At Sète (Table 6), the thermal solar production is 2% higher than simulated, which confirms the accuracy of the
model. At Perpignan (Table 7), the production is 23% higher, which proves the good impact of the storage for hot
water to improve the solar share covering these needs.
The photovoltaic production measured are respectively 5,9% and 5,6% higher at Sète and at Perpignan, which is to
attribute to the cooling of the cells that improves the performances.
Tab. 6: Comparison measurement and model for Sète

Solar for heat

Solar PV electricity

(kWh)

(kWh)

Month

TRNSYS

MEASURED

TRNSYS

MEASURED

Jan-17

1 014

1 000

2 538

3 280

Feb-17

1 521

1 000

2 892

1 828

Mar-17

4 194

4 000

4 674

4 904

Apr-17

6 057

8 000

5 516

6 452

May-17

9 996

8 000

6 595

6 575

Jun-17

13 641

12 000

6 945

4 361

Jul-17

16 778

16 000

7 262

6 669

Aug-16

14 451

15 000

6 446

8 604

Sep-16

8 580

8 000

5 033

6 386

Oct-16

3 211

7 000

3 485

4 514

Nov-16

1 168

2 000

2 392

3 239

Dec-16

744

100

2 048

2 301

Total kWh/yr

81 354

82 100

55 826

59 113
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Tab. 7: Comparison measurement and model for Perpignan

Solar for heat

Solar PV electricity

(kWh)

(kWh)

Month

TRNSYS

MEASURED

TRNSYS

MEASURED

Jan-17

2 204

2 600

3 441

2 603

Feb-17

3 033

4 000

3 798

3 387

Mar-17

5 954

9 100

5 454

4 060

Apr-17

7 361

10 250

5 644

6 179

May-17

9 445

10 250

5 831

8 147

Jun-17

12 977

11 490

6 203

7 461

Jul-17

16 774

16 080

6 663

7 836

Aug-16

15 961

18 100

6 408

8 058

Sep-16

11 734

15 800

5 645

5 736

Oct-16

6 439

10 000

4 592

4 223

Nov-16

3 217

8 900

3 608

3 813

Dec-16

1 978

3 300

3 247

2 439

Total kWh/yr

97 077

119 870

60 535

63 942

The cost of these installations was around 250 k€ (no subsidies taken into account), around 100 k€ for the PV side
and 150 k€ for the thermal solar side. If we assume a solar production of 20 years, which seems reasonable, the solar
electrical price was around 9c€/kWh and the solar thermal price around 6c€/kWh for the swimming pool at Perpignan
(in the South of France). It seems very promising for this innovation, and as the cost reduction potential exists still,
the competitivity even with gas may be achieved in the few years.

5. Conclusion
The 300m² PV/T panels provide 30% of the energy for the 6000L/day shower needs and 20% of the heating needs
for the 1100m3 indoor swimming pool during 4 months of the year (June – September).
The measured thermal results of the PV/T panels are very close in this first year, and to add a storage seem to better
of 20% the share of solar energy in hot water needs. The positive effect of the cooling of the cells can be estimated
around 5.5 and 6% in this type of installation.
With a global cost of energy over 20 years of 7c€/kWh, this promising innovation may be competitive even with
natural gas in a few years.
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7KHSULQFLSDOFRPSRQHQWRIWKHVRODUWKHUPDOKRWZDWHUV\VWHPLVWKHFROOHFWRU7KHVRODUWKHUPDOFROOHFWRULVD
XQLTXH KHDW H[FKDQJHU ZKLFK FRQVLVWV RI DQ DEVRUEHU WKH FRPSRQHQW ZKLFK DEVRUEV LQFLGHQW HOHFWURPDJQHWLF
HQHUJ\UDGLDWHGIURPWKHVXQDQGFRQYHUWVWKLVHQHUJ\WRXVHIXOWKHUPDOHQHUJ\YLDDQDEVRUSWLRQSURFHVV7KHUPDO
HQHUJ\LVWKHQWUDQVIHUUHGWRWKHWUDQVSRUWPHGLXP W\SLFDOO\ZDWHURUDZDWHUJO\FROPL[WXUH ZKLFKLVFLUFXODWHG
ZLWKLQWKHDEVRUEHU7KHUPRG\QDPLFDOO\WKHGHVLJQRIDVRODUWKHUPDOFROOHFWRUDLPVWRPD[LPLVHWKHDEVRUSWLRQ
RIVRODUUDGLDWLRQDQGWKHKHDWWUDQVIHUIURPWKHDEVRUEHUWRWKHWUDQVSRUWPHGLXPZKLOHPLQLPLVLQJKHDWORVVHV
WRWKHHQYLURQPHQW$QXPEHURIFROOHFWRUGHVLJQVFXUUHQWO\H[LVWWRDFKLHYHWKHVHHQJLQHHULQJJRDOVZLWKWKH
VWDWLRQDU\QRQFRQFHQWUDWLQJW\SHIODWSODWHFROOHFWRUDQGHYDFXDWHGWXEHFROOHFWRUSUHGRPLQDQWLQWKH$XVWUDOLDQ
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LGHQWLILHG,QFLGHQWVRODUUDGLDWLRQLVDWWHQXDWHGWKURXJKWKHJOD]LQJJHQHUDOO\KLJKWUDQVPLVVLRQORZLURQJODVV
RQWR WKH DEVRUEHU VXUIDFH 7KH DEVRUEHU LV PDGH IURP D PDWHULDO RI KLJK WKHUPDO FRQGXFWLYLW\ VXFK DV VWHHO
DOXPLQLXPRUFRSSHUDQGFRDWHGWRLQFUHDVHLWVDEVRUSWLYLW\$VDUHVXOWRIWKHLPSLQJLQJVRODUUDGLDWLRQEHLQJ
DEVRUEHG WKH WHPSHUDWXUH RI WKH DEVRUEHU ZLOO LQFUHDVH 7KH PDMRULW\ RI WKLV HQHUJ\ LV WKHQ WUDQVIHUUHG WR WKH
WUDQVSRUWPHGLXP HJZDWHU WKDWLVIORZLQJZLWKLQDVHULHVRIIOXLGULVHUVWKDWDUHSODFHGLQWKHUPDOFRQWDFWZLWK
WKHDEVRUEHUYLDFRQYHFWLRQKHDWWUDQVIHU

$QDO\VLQJWKHSHUIRUPDQFHRIDVRODUFROOHFWRUFDQEHVLPSOLILHGWRKLJKOLJKWWKHLQIOXHQFHRIWKHPRVWLPSRUWDQW
PDWHULDOV7KHRSWLFDOHIILFLHQF\ ό RIDVRODUFROOHFWRULVGHSHQGHQWRQWKHSURSHUWLHVRIWKHDEVRUEHUDQGJOD]LQJ
7KHDEVRUEHULVDIXQFWLRQRIWZRGRPLQDQWSURSHUWLHVWKHDEVRUSWDQFHRIWKHDEVRUEHUFRDWLQJDQGWKHFROOHFWRU
HIILFLHQF\IDFWRU )¶ DVVKRZQE\(T   )UHLDQG%UXQROG 


KR
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:KHUHĮLVWKHDEVRUSWDQFHĲLVWKHWUDQVPLVVLRQRIWKHJOD]LQJ)¶LVWKHFROOHFWRUHIILFLHQF\IDFWRUDQG ĮĲ HLV
WKHHIIHFWLYHDEVRUSWLRQWUDQVPLWWDQFHSURGXFW7KHHIILFLHQF\RIDFROOHFWRUZKLOHLQRSHUDWLRQLVFDOFXODWHGXVLQJ
(T  

K

) DW

H
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:KHUH8/LVWKHRYHUDOOKHDWORVVFRHIILFLHQW7PLVWKHPHDQFROOHFWRUWHPSHUDWXUH7DLVWKHDPELHQWWHPSHUDWXUH
DQG*WLVWKHVRODULQVRODWLRQRQWKHFROOHFWRUSODQH




)LJ7\SLFDOFRPSRQHQWVRIDIODWSODWHFROOHFWRU

([DPLQLQJ(T  ZHFDQVHHWKDWWKHWKHUPDOHIILFLHQF\RIDVRODUWKHUPDOFROOHFWRULVUHGXFHGE\WKHKHDWORVV
WHUPZKLFKLVDIDFWRURIWKHWHPSHUDWXUHGLIIHUHQFHEHWZHHQWKHPHDQFROOHFWRUWHPSHUDWXUH 7P DQGWKHDPELHQW
WHPSHUDWXUH 7D  $VWKHPHDQ DEVRUEHUWHPSHUDWXUHULVHV DERYH DPELHQWKHDWORVVHV ZLOO LQHYLWDEO\ RFFXU YLD
UDGLDWLRQFRQYHFWLRQDQGFRQGXFWLRQPRGHVUHGXFLQJWKHWKHUPDOHIILFLHQF\DQGWKHUHIRUH\LHOGRIWKHFROOHFWRU
7KHFKDUDFWHULVWLFSHUIRUPDQFHRIDVRODUWKHUPDOFROOHFWRULVW\SLFDOO\H[SUHVVHGXVLQJ(T  EHORZ
B

KWK

B

7  7D
7  7D
D  D
 D
*W
*W













:KHUHDDDQGDDUHWKHFROOHFWRUSHUIRUPDQFHFKDUDFWHULVWLFVGHWHUPLQHGE\DODERUDWRU\WRWKHORFDOUHOHYDQW
WHVWVWDQGDUG,WLVRIFRXUVHLGHDOWRPD[LPLVHFROOHFWRUHIILFLHQF\IRUWKHUDQJHRIRSHUDWLQJWHPSHUDWXUHVDVRODU
FROOHFWRUZLOORSHUDWHZLWKLQZKLFKLVGHSHQGHQWRQWKHDSSOLFDWLRQ HJGRPHVWLFKRWZDWHURULQGXVWULDOSURFHVV
KHDWDSSOLFDWLRQ )RUGRPHVWLFKRWZDWHUDSSOLFDWLRQVWKLVFDQUDQJHXSWRGHJUHHV&ZKHUHDVWDQGDUGIODW
SODWHFROOHFWRUFDQH[SHULHQFHVLJQLILFDQWKHDWORVVHVUHGXFLQJWKHXVHIXOHQHUJ\JDLQHGE\WKHWUDQVSRUWPHGLXP
7RPLQLPLVHWKLVORVVDQXPEHURIVWUDWHJLHVPD\EHHPSOR\HG2QHVXFFHVVIXOPHWKRGZKLFKKDVEHHQVKRZQLQ
SUHYLRXV VWXGLHV -XQJ  (LVHQKDPPHU 0DKU HW DO  6FKOHU *HQJ HW DO  5REHUWV   WR
VLJQLILFDQWO\LPSURYHWKHWKHUPDOSHUIRUPDQFHRIDFROOHFWRULVWKHXVHRIVSHFWUDOO\VHOHFWLYHDEVRUEHUFRDWLQJV
RQWR WKH DEVRUEHU VXEVWUDWH %\ DSSO\LQJ D VSHFWUDOO\ VHOHFWLYH FRDWLQJ RQWR WKH DEVRUEHU DEVRUSWLRQ Į  DQG
HPLWWDQFH İ YDOXHVFDQEHDOWHUHGDQGRSWLPLVHGVXFKWKDWWKHUPDOUDGLDWLRQORVVHVFDQEHUHGXFHG+HDWORVVYLD
FRQYHFWLRQPD\DOVREHUHWDUGHGE\WKHHYDFXDWLRQRIWKHDLUEHWZHHQWKHDEVRUEHUDQGRXWHUJOD]LQJUHGXFLQJKHDW
ORVV7KLVLVWKHNH\IHDWXUHRIWKHHYDFXDWHGWXEHFROOHFWRU *DR)DQHWDO %\FUHDWLQJDYDFXXPHQYHORSH
WKHWKHUPDOHIILFLHQF\RIWKHHYDFXDWHGWXEHFROOHFWRULVOHVVLQIOXHQFHGE\DPELHQWFRQGLWLRQV WHPSHUDWXUHDQG
ZLQG DOORZLQJKLJKHUFROOHFWRURSHUDWLRQDOWHPSHUDWXUHV

7KHSHUIRUPDQFHRIDVRODUKRWZDWHUV\VWHPKRZHYHULVQRWRQO\GHSHQGHQWRQWKHFROOHFWRUEXWWKHGHVLJQRIWKH
ZKROHV\VWHP7KHUPDOHQHUJ\FROOHFWHGIURPWKHFROOHFWRUPXVWEHVWRUHGLQDWKHUPDOO\LQVXODWHGFRQWDLQHUVR
WKDW LW FDQ EH ODWHU XVHG E\ WKH KRXVHKROG 7KH FKDUDFWHULVWLFV RI WKH VWRUDJH WDQN VL]H KHDW ORVV ORFDWLRQ RI
SOXPELQJSRUWVHWF ZLOOGLUHFWO\LQIOXHQFHWKHFROOHFWRUDQGWKHTXDQWLW\RIKRWZDWHUDYDLODEOHWRWKHKRXVHKROG
$WDQNWKDWLVXQGHUVL]HGIRUDJLYHQFROOHFWRUDSSOLFDWLRQDQGFOLPDWHZLOOORZHUWKHHIILFLHQF\RIWKHFROOHFWRU
GXHWRDQHOHYDWHGPHDQFROOHFWRUWHPSHUDWXUH DQGLQFUHDVHWKHOLNHOLKRRGRIVWDJQDWLRQDQGWKHDVVRFLDWHGULVNV
$QRYHUVL]HGWDQNRQWKHRWKHUKDQGZLOOLQFUHDVHWKHFRVWRIWKHV\VWHPDQGKDYHDGHWULPHQWDOLPSDFWRQWKH
FRVWSHUIRUPDQFHUDWLRDQGH[FHVVLYHKHDWORVV
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7KHPDQQHULQZKLFKHQHUJ\LVWUDQVIHUUHGEHWZHHQWKHFROOHFWRUDQGWDQNZLOOKDYHDVLJQLILFDQWLQIOXHQFHRQWKH
SHUIRUPDQFHRIWKHV\VWHP7KLVFDQEHSHUIRUPHGHLWKHUE\DFWLYHRUSDVVLYHPHDQV$QDFWLYHV\VWHPLVZKHUH
DQHOHFWULFDOO\GULYHQFLUFXODWRULVXVHGLQFRQMXQFWLRQZLWKDFRQWUROOHUWRSXPSIOXLGDURXQGWKHFROOHFWRUORRS
$OWHUQDWLYHO\WKHSDVVLYHRUWKHUPRVLSKRQV\VWHPZRUNVRIWKHSULQFLSOHRIQDWXUDOFRQYHFWLRQDQGIORZLQGXFHG
E\DGHQVLW\GLIIHUHQWLDODQGWKHUHIRUHGRHVQRWQHHGDSXPSRUFRQWUROOHU2IWKHVHWZRPHWKRGVWKHDFWLYHV\VWHP
ZLOORSHUDWHZLWKWKHKLJKHUIOXLGYHORFLW\ZKLFKZLOOLPSURYHWKHKHDWWUDQVIHUIURPWKHDEVRUEHUWRWKHWUDQVSRUW
PHGLXP LPSURYLQJ WKH WKHUPDO HIILFLHQF\ RI WKH FROOHFWRU 7KH SDVVLYHWKHUPRVLSKRQ V\VWHP KRZHYHU ZLOO
RSHUDWHZLWKUHGXFHGHOHFWULFLW\FRQVXPSWLRQDQGSRWHQWLDOO\ORZHUDQQXDORSHUDWLRQDOFRVW

)LQDOO\ZKHQGHVLJQLQJDVRODUKRWZDWHUV\VWHPDPHDQVWRSURYLGHDGGLWLRQDOKHDWLQJSRZHUHGE\FRQYHQWLRQDO
IXHOV HJHOHFWULFLW\JDV LVJHQHUDOO\LQFRUSRUDWHGWRHQVXUHWKHUPDOORDGVDUHPHWGXULQJSHULRGVRILQVXIILFLHQW
UDGLDWLRQ$QXPEHURIPHWKRGVFXUUHQWO\H[LVWWRDFKLHYHWKLVZLWKLQWDQNHOHFWULFERRVWLQJDQGLQOLQHFRQWLQXRXV
JDVERRVWLQJPHWKRGVWKHGRPLQDQWPHWKRGVLQ$XVWUDOLD7KHLQWDQNHOHFWULFERRVWLQJPHWKRGLVZKHUHDQHOHFWULF
HOHPHQWLVLPPHUVHGLQWKHWDQNDQGFRQWUROOHGYLDDWKHUPRVWDW$OWKRXJKVLPSOHDQGFKHDSDVLJQLILFDQWSLWIDOO
ZLWKWKLVPHWKRGLVWKHDGGLWLRQRIHQHUJ\GLUHFWO\WRWKHIOXLGEHLQJFLUFXODWHGWKURXJKWKHFROOHFWRUV$VWKLVZLOO
HOHYDWHWKHPHDQRSHUDWLQJWHPSHUDWXUHRIWKHFROOHFWRULWZLOODOVRUHGXFHLWVRSHUDWLRQDOHIILFLHQF\7RDYRLGWKLV
LVVXHDJDVERRVWHUFDQEHSODFHGEHWZHHQWKHRXWOHWRIWKHVWRUDJHWDQNDQGWKHKRWZDWHUVXSSO\OLQHPDNLQJDQ
µLQOLQH¶FRQILJXUDWLRQ7KLVZD\HQHUJ\LVRQO\DGGHGWRWKHIOXLGZKHQUHTXLUHGDQGZLOOQRWDGYHUVHO\DIIHFW
WKHFROOHFWRUSHUIRUPDQFH

7KHFRPELQDWLRQRIFROOHFWRUWDQNFLUFXODWLRQPHWKRGDQGDX[LOLDU\ERRVWLQJPHWKRGZLOODOOFRQWULEXWHWRWKH
SHUIRUPDQFHDQGFRVWRIDVRODUKRWZDWHUV\VWHP7KHRSWLPDOFRQILJXUDWLRQZLOOEHGHSHQGHQWRQDQXPEHURI
IDFWRUVLQFOXGLQJWKHWKHUPDOORDGLQVWDOODWLRQSDUDPHWHUVDQGFOLPDWH




$LPVRIWKLVVWXG\

,WZDVGLVFXVVHGLQWKHSUHYLRXVVHFWLRQWKDWDQXPEHURIFROOHFWRUW\SHVDQGV\VWHPFRQILJXUDWLRQVDUHW\SLFDOO\
HPSOR\HGLQ$XVWUDOLD:KHQRQHFRQVLGHUVWKHYDVWVL]HRI$XVWUDOLDDQGFRQVHTXHQWO\WKHYDVWGLIIHUHQFHVLQ
FOLPDWHDFURVVWKHFRQWLQHQWWKHRSWLPDOFRQILJXUDWLRQRIVRODUWKHUPDOV\VWHPFRPSRQHQWVFDQDOVREHH[SHFWHG
WRYDU\FRQVLGHUDEO\ZKHQERWKWKHUPRG\QDPLFVDQGHFRQRPLFVDUHWDNHQLQWRDFFRXQW

7KHDLPRIWKLVVWXG\LVWRFRQGXFWDFRPSXWDWLRQDOVWXG\WRGHWHUPLQHWKHWKHUPDOSHUIRUPDQFHRIDQXPEHURI
VRODUKRWZDWHUV\VWHPVIRUDW\SLFDOIRXUSHUVRQKRXVHKROGLQ$XVWUDOLD7KLVVWXG\ZLOOEHOLPLWHGWRVWDWLRQDU\
QRQFRQFHQWUDWLQJW\SHFROOHFWRUV LHIODWSODWHDQGHYDFXDWHGWXEHFROOHFWRUVRQO\ WKDWDUHERRVWHGYLDDQLQOLQH
FRQWLQXRXVJDVERRVWHUDVGLVFXVVHGSUHYLRXVO\LQ6HFWLRQ2QHDUHDRIIRFXVIRUWKLVVWXG\ZLOOEHWRFRPSDUH
SHUIRUPDQFH DQG HFRQRPLF PHWULFV EHWZHHQ WKH IODW SODWH DQG HYDFXDWHG WXEH FROOHFWRUV $Q HPSKDVLV ZLOO
WKHUHIRUHEHSODFHGLQWKLVVWXG\WRH[DPLQHWKLVVSHFLILFLVVXHIXUWKHU




0HWKRG

$ FRPSXWDWLRQDO DSSURDFK ZDV DSSOLHG LQ WKLV ZRUN DV LW KDV QRZ EHFRPH FRPPRQ SUDFWLFH WR LQFRUSRUDWH
VLPXODWLRQVIRUWKHGHVLJQRIDVRODUWKHUPDOV\VWHPV'RLQJVRDOORZVWKHSHUIRUPDQFHWREHDSSUR[LPDWHGIRUD
VSHFLILHGV\VWHPRSHUDWLQJXQGHUWUDQVLHQWHQYLURQPHQWDOFRQGLWLRQV&RPSXWHUVLPXODWLRQVDOORZDQXPEHURI
V\VWHPGHVLJQSDUDPHWHUVVXFKDVWKHFKDUDFWHULVWLFVRIWKHFROOHFWRUKRZLWLVRULHQWDWHG D]LPXWKDQGLQFOLQDWLRQ 
FOLPDWHGDWDWKHUPDOORDGVHWFWREHYDULHGVRWKDWWKHLULQIOXHQFHRQRXWSXWFDQEHTXDQWLILHGDQGWKHQH[DPLQHG
DQGRSWLPLVHG$OWKRXJKH[SHULPHQWDOZRUNLVWKHSUHIHUUHGPHWKRGRIDFTXLULQJGDWDIURPDQHQJLQHHUHGV\VWHP
LWLV RIWHQQRW SUDFWLFDODQG IHDVLEOH FRQVLGHULQJWLPH DQG FRVWV 6XFKLV WKH FDVH IRU WKLV VWXG\ DV ZH ZLVK WR
LQYHVWLJDWHDQXPEHURIV\VWHPGHVLJQVRSHUDWLQJLQGLIIHUHQWFOLPDWH]RQHV

$QXPEHURIVRSKLVWLFDWHGRIIWKHVKHOIFRPSXWHUVLPXODWLRQSURJUDPPHVIRUFDUU\LQJRXWVRODUVLPXODWLRQVDUH
FXUUHQWO\DYDLODEOHVXFKDV7516<6 7516<6 7 62/ 7 62/ DQG32/<681 32/<681 32/<681
VRIWZDUHSDFNDJHLVXVHGLQWKLVVWXG\DQGKDVDOVREHHQDSSOLHGVXFFHVVIXOO\LQSUHYLRXVVWXGLHV .DORJLURX
%RUQDWLFR3IHLIIHUHWDO&DUERQHOO+DOOHUHWDO 7KHDFFXUDF\RIDQ\FRPSXWHUVLPXODWLRQKRZHYHU
LVQRWRQO\GHSHQGHQWRQWKHVRIWZDUHSDFNDJHXVHGEXWDOVRE\WKHTXDOLW\RIWKHVLPXODWLRQVHWXSDQGWKHLQSXW
RI UHDOLVWLF SDUDPHWHUV E\ WKH XVHU DQG WKH FRQVLGHUDWLRQ RI V\VWHP XQFHUWDLQWLHV 'RPLQJXH]0XQR] &HMXGR
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/RSH]HWDO 'HWDLOVRIWKHVRODUWKHUPDOV\VWHPVDQGWKHSDUDPHWHUVIRUWKHVLPXODWLRQDUHSURYLGHGLQWKH
QH[WVHFWLRQ




6LPXODWLRQVHWXS

,QWRWDOVL[VRODUWKHUPDOGRPHVWLFKRWZDWHUV\VWHPVZHUHLQYHVWLJDWHGLQWKLVZRUNRSHUDWLQJXQGHUIRXUFOLPDWH
]RQHVRI$XVWUDOLD'HWDLOVRIHDFKV\VWHPFRQILJXUDWLRQDUHSURYLGHGLQ7DE:LWKUHJDUGVWRWKHW\SHVRIVRODU
WKHUPDOFROOHFWRUVLQYHVWLJDWHGKLJKDQGORZSHUIRUPDQFHIODWSODWHFROOHFWRUVDVZHOODVDQHYDFXDWHGWXEHW\SH
FROOHFWRUZHUHH[DPLQHGLQWKLVZRUN$OOV\VWHPVZHUHFRXSOHGZLWKDOLWUHVWRUDJHWDQNZLWKDGDLO\GUDZ
RIIRIOLWUHVSHUGD\DW&HOVLXVVXIILFLHQWIRUDIDPLO\GZHOOLQJRISHRSOH OLWUHVSHUVRQ 7KHHQHUJ\
GUDZRIISDWWHUQVKRZQLQ)LJXUHZDVGHILQHGDQGDVVXPHGIRUDOOVLPXODWLRQVWXGLHVFRQGXFWHG$OOV\VWHPV
ZHUHDX[LOLDU\ERRVWHGYLDWKHLQOLQHFRQWLQXRXVJDVERRVWHGPHWKRGRORJ\GLVFXVVHGSUHYLRXVO\LQ6HFWLRQ
7KHJDVERRVWHUFKRVHQLQWKLVVWXG\ZDVDJHQHULFN:QDWXUDOJDVILUHGW\SHRSHUDWLQJZLWKDWKHUPDOHIILFLHQF\
όWK RISHUFHQW

7KHSHUIRUPDQFHFKDUDFWHULVWLFVIRUHDFKRIWKHWKUHHVRODUWKHUPDOFROOHFWRUVDUHSURYLGHGLQ
7DE EHORZ,QDOOVLPXODWLRQVFDUULHGRXWLWZDVDVVXPHGWKDWWKHFROOHFWRUVZHUHRULHQWDWHGGLUHFWO\QRUWKDQG
WLOWHGDWGHJUHHVLQDFFRUGDQFHZLWKWKH$XVWUDOLDQVWDQGDUGVUHOHYDQWWRWKHVLPXODWLRQRIVRODUWKHUPDOV\VWHPV
  $OO VWRUDJH WDQNV ERWK DFWLYH DQG WKHUPRVLSKRQ  ZHUH  OLWUHV LQ VWRUDJH FDSDFLW\ IDEULFDWHG IURP
VWDLQOHVVVWHHODQGLQVXODWHGZLWKULJLGSRO\XUHWKDQH 38 $GGLWLRQDOO\SLSLQJOHQJWKEHWZHHQWKHVWRUDJHWDQN
DQGFROOHFWRUVZDVIL[HGDWPIRUDOODFWLYHV\VWHPVZLWKORRVHJODVVILEUH?PLQHUDOZRROW\SHLQVXODWLRQ ȡ 
NJPDQGNWK :PN PPLQWKLFNQHVV)RUDFWLYHV\VWHPVSLSLQJOHQJWKEHWZHHQFROOHFWRUVDQGWDQN
ZDVIL[HGDWP

7DE'HWDLOVRIWKHVL[VRODUWKHUPDOV\VWHPFRQILJXUDWLRQVLQYHVWLJDWHGLQWKLVZRUN

6\VWHP

7\SH

&ROOHFWRU

7DQN

$X[LOLDU\ERRVWHU



$FWLYH

[+LJKSHUIRUPDQFHIODWSODWH

/

N:LQOLQHJDVERRVWHU



$FWLYH

[/RZSHUIRUPDQFHIODWSODWH

/

N:LQOLQHJDVERRVWHU



7KHUPRVLSKRQ

[+LJKSHUIRUPDQFHIODWSODWH

/

N:LQOLQHJDVERRVWHU



7KHUPRVLSKRQ

[/RZSHUIRUPDQFHIODWSODWH

/

N:LQOLQHJDVERRVWHU



$FWLYH

[7XEHHYDFXDWHGWXEH

/

N:LQOLQHJDVERRVWHU



7KHUPRVLSKRQ

[7XEHHYDFXDWHGWXEH

/

N:LQOLQHJDVERRVWHU


7DE3HUIRUPDQFHFKDUDFWHULVWLFVRIHDFKRIWKHFROOHFWRUVLQYHVWLJDWHGLQWKLVZRUN

3DUDPHWHU

+LJKSHUIRUPDQFH
IODWSODWH [ 

/RZSHUIRUPDQFH
FROOHFWRU [ 

(YDFXDWHGFROOHFWRU[
WXEH

$DEVRUEHU P 







$JURVV P 







ό









D :P N 







D :PN 







7VWDJ R& 








$VSUHYLRXVO\VWDWHGRQHRIWKHNH\IDFWRUVXQGHULQYHVWLJDWLRQLQWKLVZRUNLVWKHLQIOXHQFHRIZHDWKHURQV\VWHP
EHKDYLRXU*LYHQWKHYDVWVL]HRI$XVWUDOLDIRXUFOLPDWH]RQHVKDYHEHHQLGHQWLILHGLQWKH$XVWUDOLDQ6WDQGDUGV
 WRVWDQGDUGLVHWKHSHUIRUPDQFHDVVHVVPHQWRIVRODUHQHUJ\V\VWHPVDFURVVWKHFRXQWU\7KHVHIRXU]RQHV
DUHVKRZQLQ)LJEHORZ)RUHDFKFOLPDWH]RQHWKHPHWHRURORJLFDOGDWDLVWDNHQIURPDVLQJOHFLW\7KHVHDUH
5RFNKDPSWRQ$OLFH6SULQJV6\GQH\DQG0HOERXUQHIRU=RQHVDQGKLJKOLJKWHGLQ)LJUHVSHFWLYHO\
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)LJ$PDSRI$XVWUDOLDLGHQWLI\LQJWKHIRXUFOLPDWH]RQHVXVHGIRUVLPXODWLRQVWXGLHV  



























RIGDLO\ORDG

:LWKUHJDUGWRWKHUPDOORDGLQJRQWKHKRWZDWHUV\VWHPXVHUSURILOHVZLOORIFRXUVHFKDQJHFRQVLGHUDEO\EDVHG
RQFRQVXPHUSUHIHUHQFHVDQGVHDVRQDOYDULDWLRQ,QWKLVZRUNZHZLOOXVHWKHWKHUPDOORDGSURILOHVSHFLILHGLQWKH
$XVWUDOLDQVWDQGDUGV  7KLVSURILOHVKRZQLQ)LJFRQVLVWVRIPRUQLQJDQGHYHQLQJSHDNVZLWKVRPHXVDJH
VKRXOGHULQJWKHOXQFKWLPHSHULRGV

,QVXPPDU\VL[VRODUWKHUPDOV\VWHPV VHH7DE RSHUDWLQJXQGHUIRXUZHDWKHUFOLPDWHVZHUHLQYHVWLJDWHGLQWKLV
ZRUN5HVXOWVDUHSUHVHQWHGLQWKHQH[WVHFWLRQ


















7LPHRIGD\



)LJ7KHUPDOORDGSURILOHIRUDOOVRODUKRWZDWHUV\VWHPVVWXGLHGLQWKLVZRUN  



5HVXOWVDQG'LVFXVVLRQ

7KHUHVXOWVZLWKUHVSHFWWRHQHUJ\DQGHFRQRPLFVDUHSUHVHQWHGLQWKLVVHFWLRQ




(QHUJ\DQDO\VLV

4XDQWLWDWLYHDQQXDOHQHUJ\UHVXOWVDUHSURYLGHGLQ7DEOHV$WR$IRU6\VWHPVWKURXJKWRUHVSHFWLYHO\7KH
IROORZLQJ NH\ SHUIRUPDQFHPHWULFV ZHUH WDNHQ IURPWKH 32/<681 JHQHUDWHGUHVXOWV LQ RUGHU WR HYDOXDWH WKH
RYHUDOOSHUIRUPDQFHRIWKHV\VWHPVVWXGLHG

D  (WRW ± WKH WRWDO DQQXDO HQHUJ\ WKDW PXVW EH SXUFKDVHG E\ WKH FRQVXPHU WR RSHUDWH WKH ERRVWHU DQG LI
DSSOLFDEOHDX[LOLDU\HTXLSPHQW N:K 
E  6RODUIUDFWLRQ 6I ±7KH32/<681WRWDOVRODUIUDFWLRQLVGHWHUPLQHGE\HTXDWLRQ(T  


6I

4VRO

4VRO  4DX[












:KHUH 4VRO LV WKH FROOHFWRU ILHOG \LHOG N:K  DQG 4DX[ LV WKH HQHUJ\ UHTXLUHG E\ WKH DX[LOLDU\ ERRVWHU
N:K 
F  &ROOHFWRUILHOG\LHOG 4VRO ±WKHWRWDODQQXDOHQHUJ\GHOLYHUHGE\WKHFROOHFWRUVWRWKHORRS N:K 
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G  6SHFLILF FROOHFWRU ILHOG \LHOG ± 7KH TXRWLHQW RI WKH DQQXDO FROOHFWRU ILHOG \LHOG 4VRO  DQG WKH JURVV
FROOHFWRUDUHD N:KP\HDU 
H  &ROOHFWRUHIILFLHQF\ όWKFRO ±WKHTXRWLHQWRIWKHDQQXDOFROOHFWRUILHOG\LHOG 4VRO DQGWKHDQQXDOJOREDO
LUUDGLDWLRQLQFLGHQWRQWKHFROOHFWRUDSHUWXUHDUHD

)URPWKHGDWDSUHVHQWHGLQ7DEOHV$WR$DQXPEHURINH\ILQGLQJVFDQEHH[WUDFWHG

 &RPSDULQJ 6\VWHP  DQG 6\VWHP  ZH VHH WKDW WKH HYDFXDWHG WXEH FROOHFWRUV RSHUDWH ZLWK D VOLJKWO\
KLJKHUWKHUPDOHIILFLHQF\+RZHYHUVRODUIUDFWLRQVDUHKLJKHUIRUWKHIODWSODWHV\VWHPGXHWRWKHODUJHU
DEVRUEHUDUHDRIWKHWZRIODWSODWHFROOHFWRUVUHVXOWLQJLQJUHDWHUFROOHFWRUILHOG\LHOG 4VRO DQGUHGXFHG
DX[LOLDU\HQHUJ\FRQVXPSWLRQ
 7KHVSHFLILFFROOHFWRUILHOG\LHOGIRUWKHKLJKSHUIRUPDQFHIODWSODWHFROOHFWRUV\VWHPLVKLJKHUWKDQWKH
HYDFXDWHGWXEHFROOHFWRU7KLVLVH[SODLQHGE\FRPSDULQJWKHUDWLRRIDEVRUEHUWRJURVVFROOHFWRUDUHDVIRU
ERWKFROOHFWRUV7KHIODWSODWHFROOHFWRUKDVDUDWLRRI$DEV$JURVV ZKLOHWKHHYDFXDWHGWXEHFROOHFWRU
LV
 )RU =RQHV  DQG  UHJLRQV RI $XVWUDOLD ZLWK KLJK VRODU LUUDGLDQFH WKH ORZHU SHUIRUPLQJ IODW SODWH
FROOHFWRULVDJRRGFKRLFHDVKLJKVRODUIUDFWLRQVFDQEHREWDLQHGLQERWKDFWLYHDQGWKHUPRVLSKRQV\VWHPV
ZKLOHUHGXFLQJWKHVWDJQDWLRQWHPSHUDWXUH
 7KHUPRVLSKRQV\VWHPVRSHUDWHWKHPLQLPXP(WRWYDOXHVGXHWRWKHSDVVLYHRUQDWXUDOFLUFXODWLRQRIIOXLG
 7KHGLIIHUHQFHLQVRODUFRQWULEXWLRQIURPDVRODUKRWZDWHUV\VWHPLVKHDYLO\LQIOXHQFHGRQLWVLQVWDOOHG
ORFDWLRQLQ$XVWUDOLD

4XDOLWDWLYHO\ H[DPLQLQJWKH WDEXODWHG GDWD SUHVHQWHGLQ $SSHQGL[ $ VSHFLILFDOO\ IRU =RQH  6\GQH\  ZH FDQ
YLVXDOO\FRPSDUHWKHEHKDYLRXURIHDFKV\VWHPIRUDVLQJOHFOLPDWH)LJFRPSDUHVWKHVSHFLILFFROOHFWRUILHOG
\LHOGDQGFROOHFWRUHIILFLHQFLHVEHWZHHQDOOVL[V\VWHPV)URPWKLVILJXUHZHREVHUYHWKDWDQDFWLYHV\VWHPFRXSOHG
ZLWKWKHKLJKSHUIRUPDQFHIODWSODWHFROOHFWRUV 6\VWHP RIIHUVWKHPD[LPXPVSHFLILF\LHOG 4VRO$JURVV GHVSLWH
RSHUDWLQJZLWKDFROOHFWRUHIILFLHQF\YDOXHVOLJKWO\ORZHUWKDQWKHHYDFXDWHGWXEHFROOHFWRU 6\VWHP 7KLVUHVXOW
ZKLFKZDVVLPLODUO\IRXQGLQRWKHUZRUN %XGLKDUGMRDQG0RUULVRQ FDQEHH[SODLQHGE\FRPSDULQJWKH
FROOHFWRUFKDUDFWHULVWLFVVSHFLILFDOO\WKHFROOHFWRUDUHDYDOXHVSURYLGHGLQ
7DE  7KHUDWLRV RI DEVRUEHUWR JURVV FROOHFWRUDUHDV DUH DQG  IRU WKHKLJK SHUIRUPDQFH IODW SODWHDQG
HYDFXDWHG WXEH FROOHFWRUVUHVSHFWLYHO\ $V WKH IODW SODWH FROOHFWRUKDV DPXFKKLJKHUUDWLR RI DEVRUEHU WR JURVV
FROOHFWRUDUHDLWLVDEOHWRFRPSHQVDWHIRULWVVOLJKWO\ORZHUWKHUPDOHIILFLHQF\7KLVLVDJDLQKLJKOLJKWHGLQ)LJ
ZKLFKSORWVVRODUIUDFWLRQDQGFROOHFWRUHIILFLHQF\IRUHDFKV\VWHPIRUZHDWKHU]RQH7KHDFWLYHV\VWHPZLWK
KLJKSHUIRUPDQFHFROOHFWRUVRIIHUVWKHPD[LPXPVRODUIUDFWLRQJUHDWHUWKDQWKHWXEHHYDFXDWHGWXEHV\VWHP
7KH V\VWHP ZLWK WKH JUHDWHVW VRODU IUDFWLRQ ZLOO UHTXLUH WKH OHDVW DPRXQW RI SXUFKDVHG HQHUJ\ DQG SRWHQWLDOO\
RSHUDWHZLWKWKHORZHVWDQQXDOUXQQLQJFRVW


^ƉĞĐŝĨŝĐĐŽůůĞĐƚŽƌǇŝĞůĚ
;ŬtŚͬŵϮͬǇĞĂƌͿ

ϴϬϬ

ϳϳϯ͘ϯ

ϳϱϴ͘ϰ

ϳϬϬ
ϲϬϬ
ϱϬϬ

ϱϯϴ͘ϳ
ϰϴ͘ϰ

ϰϬϬ

ϭϬϬ

ŽůůĞĐƚŽƌĞĨĨŝĐŝĞŶĐǇ;йͿ

ϴϬ

ϱϯϯ͘ϰ
ϰϳ͘ϱ

ϯϮ͘ϲ

ϯϬϬ

ŽůůĞĐƚŽƌĨŝĞůĚǇŝĞůĚƌĞůĂƚŝŶŐƚŽ
ŐƌŽƐƐĂƌĞĂ;ŬtŚͬŵϮͬǇĞĂƌͿ
ϱϴϬ͘ϴ

ϲϬϴ͘ϱ

ϱϬ͘ϳ

ϱϯ͘ϭ

ϳϬ
ϲϬ
ϱϬ
ϰϬ

ϯϬ

ϯϬ

ϮϬϬ

ϮϬ

ϭϬϬ
Ϭ

ϵϬ
ŽůůĞĐƚŽƌĞĨĨŝĐŝĞŶĐǇ;йͿ

ϵϬϬ

ϭϬ
^ǇƐƚĞŵϭ

^ǇƐƚĞŵϮ

^ǇƐƚĞŵϯ

^ǇƐƚĞŵϰ

^ǇƐƚĞŵϱ

^ǇƐƚĞŵϲ

)LJ&RPSDULQJVSHFLILFFROOHFWRURXWSXWDQGWKHUPDOHIILFLHQFLHVIRUDOOV\VWHPVLQFOLPDWH=RQH

Ϭ
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ϭϬϬ
ϵϬ
ϴϬ
ϳϬ
ϲϬ
ϱϬ
ϰϬ
ϯϬ
ϮϬ
ϭϬ
Ϭ

^ŽůĂƌĨƌĂĐƚŝŽŶ;йͿ
ϴϬ͘ϲ
ϳϰ

ϴϳ

ŽůůĞĐƚŽƌĞĨĨŝĐŝĞŶĐǇ;йͿ
ϴϯ͘ϲ

ϳϴ͘ϳ

ϲϰ͘ϴ
ϰϴ͘ϰ

ϰϳ͘ϱ
ϯϮ͘ϲ

^ǇƐƚĞŵϭ

ϱϬ͘ϳ

ϱϯ͘ϭ

^ǇƐƚĞŵϱ

^ǇƐƚĞŵϲ

ϯϬ

^ǇƐƚĞŵϮ

^ǇƐƚĞŵϯ

^ǇƐƚĞŵϰ

ϭϬϬ
ϵϬ
ϴϬ
ϳϬ
ϲϬ
ϱϬ
ϰϬ
ϯϬ
ϮϬ
ϭϬ
Ϭ

ŽůůĞĐƚŽƌĞĨĨŝĐŝĞŶĐǇ;йͿ

^ŽůĂƌĨƌĂĐƚŝŽŶ;йͿ





)LJ&RPSDULQJVRODUIUDFWLRQVDQGFROOHFWRUHIILFLHQFLHVIRUDOOV\VWHPVLQFOLPDWH=RQH



(FRQRPLFDQDO\VLV

$QHFRQRPLFDQDO\VLVRIWKHUHVXOWVZDVDOVRFRQGXFWHGZKHUHWKHDQQXDOHQHUJ\VDYLQJVDQGUHWXUQRQLQYHVWPHQW
52, IRUHDFKV\VWHPDQGZHDWKHU]RQHZHUHFDOFXODWHG6\VWHPFRVWVIRUHDFKRIWKHVL[VRODUKRWZDWHUV\VWHPV
XVHGIRUWKLVVWHSRIWKHDQDO\VLVDUHVXPPDULVHGLQ7DE7KHVHILJXUHVZHUHGHWHUPLQHGLQFRQVXOWDWLRQZLWK
6ROLPSHNV$XVWUDOLDRQHRI$XVWUDOLD¶VGLVWULEXWRUVRIVRODUWKHUPDOV\VWHPV,QVWDOODWLRQFRVWVZHUHDOVRLQFOXGHG
WR FRQVLGHU WKH GLIIHUHQFHV LQLQVWDOOLQJ DFWLYH DQG SDVVLYH W\SH VRODUWKHUPDO V\VWHPV LQWRWKH DQDO\VLV 7KHVH
ILJXUHVZHUHREWDLQHGIURP$XVWUDOLDQ3OXPELQJ *DV$XVWUDOLD3W\/WG

7DE$SSUR[LPDWHSULFLQJIRUDOOVL[V\VWHPVLQYHVWLJDWHGLQWKLVZRUNLQFOXGLQJLQVWDOODWLRQ$OOSULFHVDUHLQ$XVWUDOLDQGROODUV



6\VWHP


727$/
$8' 


























5HVXOWVIRUWKHDYHUDJHDQQXDOHQHUJ\VDYLQJVDQG52,DUHSUHVHQWHGLQ)LJDQG)LJUHVSHFWLYHO\([DPLQLQJ
WKHVHWZRILJXUHVZHFDQH[WUDFWWKHIROORZLQJNH\UHVXOWV

 7KHWKHUPRVLSKRQV\VWHPFRPSULVLQJRIKLJKSHUIRUPDQFHIODWSODWHV\VWHPRIIHUVWKHPD[LPXPDQQXDO
HQHUJ\VDYLQJVDQGIDVWHVWUHWXUQRQLQYHVWPHQWIRUDOOIRXUZHDWKHUFOLPDWHVLQYHVWLJDWHGIROORZHGE\D
WKHUPRVLSKRQV\VWHPFRXSOHGZLWKDQHYDFXDWHGWXEHFROOHFWRU
 )RUDOODFWLYHW\SHV\VWHPVVWXGLHGWKHKLJKSHUIRUPDQFHIODWSODWHFROOHFWRUV\VWHPRIIHUHGWKHJUHDWHVW
HQHUJ\VDYLQJVDQGIDVWHVWSD\EDFNSHULRG
 $ODUJHYDULDWLRQLQ52,YDOXHVZDVFDOFXODWHGUDQJLQJIURPWR\HDUVIRUWKHV\VWHPVVWXGLHG
XQGHUWKHODUJHO\YDU\LQJ$XVWUDOLDQFOLPDWH

7KH IDYRXUDEOH SD\EDFN SHULRG RI WKH IODW SODWH FROOHFWRU V\VWHP RYHU WKH HYDFXDWHGWXEH V\VWHP IRXQGLQ WKLV
VWXG\LVVXSSRUWHGE\WKHH[SHULPHQWDOZRUNFDUULHGRXWLQDSUHYLRXVVWXG\ &KRZ'RQJHWDO 7KHUHVXOWV
RIWKLVVWXG\KLJKOLJKWWKHLPSRUWDQFHRIFRQVLGHULQJWKHV\VWHP¶VKROLVWLFSHUIRUPDQFHLQLWVLQVWDOOHGORFDWLRQ
DQGLQWHQGHGXVHDVRSSRVHGWRWKHWKHUPDOHIILFLHQF\RIWKHFROOHFWRUDORQH+RZHYHUXQGHUFHUWDLQFLUFXPVWDQFHV
WKH HYDFXDWHG WXEH FROOHFWRU PD\ EH WKH EHWWHU FKRLFH SDUWLFXODUO\ IRU DSSOLFDWLRQV ZKLFK UHTXLUH KLJKHU IOXLG
WHPSHUDWXUHV !GHJUHHV& VXFKDVLQGXVWULDOSURFHVVKHDWDSSOLFDWLRQV
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Ψϭ͕ϬϬϬ
ΨϴϬϬ

^ǇƐƚĞŵϭ

ΨϲϬϬ

^ǇƐƚĞŵϮ
^ǇƐƚĞŵϯ

ΨϰϬϬ

^ǇƐƚĞŵϰ
^ǇƐƚĞŵϱ

ΨϮϬϬ
ΨϬ

^ǇƐƚĞŵϲ
ZŽĐŬŚĂŵƉƚŽŶ

ůŝĐĞƌ^ƉƌŝŶŐƐ
^ǇĚŶĞǇ
ůŝŵĂƚĞ

DĞůďŽƵƌŶĞ


)LJ$YHUDJHDQQXDOHQHUJ\VDYLQJVIRUHDFKV\VWHPLQHDFKRIWKHIRXUZHDWKHUFOLPDWHVLQYHVWLJDWHG

ϭϬ
ϵ

ZK/;ǇĞĂƌƐͿ

ϴ
ϳ

^ǇƐƚĞŵϭ

ϲ

^ǇƐƚĞŵϮ

ϱ
ϰ

^ǇƐƚĞŵϯ
^ǇƐƚĞŵϰ

ϯ

^ǇƐƚĞŵϱ

Ϯ

^ǇƐƚĞŵϲ

ϭ
Ϭ

ZŽĐŬŚĂŵƉƚŽŶ

ůŝĐĞƌ^ƉƌŝŶŐƐ

^ǇĚŶĞǇ

DĞůďŽƵƌŶĞ

ůŝŵĂƚĞ
)LJ3D\EDFNSHULRGVIRUDOOV\VWHPVLQYHVWLJDWHGIRUDOOIRXUFOLPDWHVLQ$XVWUDOLD



&RQFOXVLRQVDQGUHFRPPHQGDWLRQV
,Q WKLV VWXG\ D QXPEHU RI FRPSXWDWLRQDO VLPXODWLRQV KDYH EHHQ FDUULHG RXW RQ W\SLFDO VRODU WKHUPDO V\VWHPV
W\SLFDOO\GHSOR\HGLQ$XVWUDOLDIRUGRPHVWLFKRWZDWHUSXUSRVHV7KUHHFROOHFWRUW\SHVZHUHLQYHVWLJDWHGLQFOXGLQJ
KLJKDQGORZSHUIRUPLQJIODWSODWHFROOHFWRUVDQGHYDFXDWHGWXEHFROOHFWRUVZKLFKZHUHLQWHJUDWHGLQWRERWKDFWLYH
DQGSDVVLYHV\VWHPV)URPWKLVZRUNZHFDQPDNHWKHIROORZLQJFRQFOXVLRQV

 7KHKLJKSHUIRUPDQFHIODWSODWHFROOHFWRURSHUDWHVZLWKDVOLJKWO\ORZHUWKHUPDOHIILFLHQF\LQFRPSDULVRQ
WR WKH HYDFXDWHG WXEH FROOHFWRU EXW FRQWULEXWHV JUHDWHU WKHUPDO \LHOG SHU XQLW DUHD RI URRI GXH WR LWV
FRPSDUDWLYHO\KLJKHUDEVRUEHUDUHD
 7KHKLJK SHUIRUPDQFH IODW SODWH FROOHFWRU RIIHUV WKH JUHDWHVWWKHUPDO \LHOG SHUXQLWDUHD RI URRI RI DOO
FROOHFWRUVVWXGLHG
 )RU=RQHVDQGRI$XVWUDOLDWKHORZSHUIRUPDQFHIODWSODWHFROOHFWRULVDJRRGFKRLFHEDVHGRQLWV
DELOLW\WRRSHUDWHZLWKKLJKVRODUIUDFWLRQVDQGLWVUHGXFHGFRVWDQGRSHUDWLRQDOVDIHW\FRQFHUQZKLFKDULVH
IURPH[FHVVLYHO\VWDJQDWLRQWHPSHUDWXUHV
 $ODUJHYDULDWLRQLQSD\EDFNSHULRGVZDVIRXQGLQWKLVVWXG\KLJKOLJKWLQJWKHLPSRUWDQFHRIV\VWHPGHVLJQ
IRUVRODUKRWZDWHUDSSOLFDWLRQVLQ$XVWUDOLD
 7KHUPRVLSKRQV\VWHPVRIIHUWKHIDVWHVWSD\EDFNSHULRGVGXHWRWKHORZHUFDSLWDODQGRSHUDWLRQDOFRVWV
GHVSLWHRSHUDWLQJZLWKUHGXFHGFROOHFWRUHIILFLHQF\

,WLVFRPPRQLQWKHVRODUWKHUPDOLQGXVWU\WRHPSKDVLVHWKHWKHUPDOSHUIRUPDQFHRIVRODUWKHUPDOFROOHFWRUVDVD
VLQJOHFRPSRQHQWEXWRWKHUFRQVLGHUDWLRQVVKRXOGEHWDNHQLQWRDFFRXQW7KHUHVXOWVIURPWKLVVWXG\VXSSRUWWKH
FODLP WKDW WKH HYDFXDWHG WXEH FROOHFWRU GR LQGHHG RSHUDWH ZLWK D KLJKHU WKHUPDO HIILFLHQF\ RYHU WKH IODW SODWH
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FROOHFWRUKRZHYHULWLVLPSRUWDQWWRDVVHVVWKHSHUIRUPDQFHRIWKHRYHUDOOV\VWHPQRWMXVWRQHFRPSRQHQWIRUPLQJ
LW 7KLV VWXG\ KDV VKRZQ IRU DOO IRXU ZHDWKHU SURILOHV VWXGLHG 5RFNKDPSWRQ $OLFH 6SULQJV 6\GQH\ DQG
0HOERXUQH  WKH FKHDSHU KLJK SHUIRUPDQFH IODW SODWH FROOHFWRU RSHUDWHV ZLWK D JUHDWHU VRODU IUDFWLRQ RYHU WKH
HYDFXDWHGWXEHFROOHFWRUDQGRIIHUVWKHKRXVHKROGDIDVWHUSD\EDFNSHULRGDQGORZHUFRVWRIHQHUJ\)XUWKHUPRUH
WKHKLJK VWDJQDWLRQWHPSHUDWXUH RI HYDFXDWHG WXEH FROOHFWRU VKRXOG DOZD\V EH FRQVLGHUHG ZKHQ SURSRVLQJ WKLV
WHFKQRORJ\:LWKVWDJQDWLRQWHPSHUDWXUHVRYHUR&DFKLHYDEOHZLWKWKHHYDFXDWHGWXEHFROOHFWRUWKLVFDQVWUHVV
FRPSRQHQWPDWHULDOVDQGFUHDWHVDIHW\FRQFHUQVIRUWKHXVHU

$SSHQGL[$5HVXOWVWDEOHV

7DE$(QHUJ\UHVXOWVIRU6\VWHP DFWLYHV\VWHPZLWK[KLJKSHUIRUPDQFHIODWSODWHFROOHFWRUV 

=RQH
=RQH
=RQH
=RQH

5RFNKDPSWRQ $OLFH6SULQJV
6\GQH\
0HOERXUQH
(WRW N:K 









6I6RODUIUDFWLRQ  









4VRO&ROOHFWRUILHOG\LHOG N:K 









6SHFLILFFROOHFWRUILHOG\LHOG
N:KP\HDU 

















еWKFRO&ROOHFWRUHIILFLHQF\  


7DE$(QHUJ\UHVXOWVIRU6\VWHP DFWLYHV\VWHPZLWK[ORZSHUIRUPDQFHIODWSODWHFROOHFWRUV 

=RQH
=RQH
=RQH
=RQH

5RFNKDPSWRQ $OLFH6SULQJV
6\GQH\
0HOERXUQH
(WRW N:K 









6I6RODUIUDFWLRQ  









4VRO&ROOHFWRUILHOG\LHOG N:K 









6SHFLILFFROOHFWRUILHOG\LHOG
N:KP\HDU 









еWKFRO&ROOHFWRUHIILFLHQF\  










7DE$(QHUJ\UHVXOWVIRU6\VWHP WKHUPRVLSKRQV\VWHPZLWK[KLJKSHUIRUPDQFHIODWSODWHFROOHFWRUV 

=RQH
=RQH
=RQH
=RQH

5RFNKDPSWRQ $OLFH6SULQJV
6\GQH\
0HOERXUQH
(WRW N:K 
6I6RODUIUDFWLRQ  

















4VRO&ROOHFWRUILHOG\LHOG N:K 









6SHFLILFFROOHFWRUILHOG\LHOG
N:KP\HDU 









еWKFRO&ROOHFWRUHIILFLHQF\  










7DE$(QHUJ\UHVXOWVIRU6\VWHP WKHUPRVLSKRQV\VWHPZLWK[ORZSHUIRUPDQFHIODWSODWHFROOHFWRUV 

=RQH
=RQH
=RQH
=RQH

5RFNKDPSWRQ $OLFH6SULQJV
6\GQH\
0HOERXUQH
(WRW N:K 
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6I6RODUIUDFWLRQ  











4VRO&ROOHFWRUILHOG\LHOG N:K 









6SHFLILFFROOHFWRUILHOG\LHOG
N:KP\HDU 









еWKFRO&ROOHFWRUHIILFLHQF\  










7DE$(QHUJ\UHVXOWVIRU6\VWHP DFWLYHV\VWHPZLWK[WXEHHYDFXDWHGWXEHFROOHFWRU 

=RQH
=RQH
=RQH
=RQH

5RFNKDPSWRQ $OLFH6SULQJV
6\GQH\
0HOERXUQH
(WRW N:K 

















4VRO&ROOHFWRUILHOG\LHOG N:K 









6SHFLILFFROOHFWRUILHOG\LHOG
N:KP\HDU 









еWKFRO&ROOHFWRUHIILFLHQF\  









6I6RODUIUDFWLRQ  


7DE$(QHUJ\UHVXOWVIRU6\VWHP DFWLYHV\VWHPZLWK[WXEHHYDFXDWHGWXEHFROOHFWRU 

=RQH
=RQH
=RQH
=RQH

5RFNKDPSWRQ $OLFH6SULQJV
6\GQH\
0HOERXUQH
(WRW N:K 









6I6RODUIUDFWLRQ  









4VRO&ROOHFWRUILHOG\LHOG N:K 









6SHFLILFFROOHFWRUILHOG\LHOG
N:KP\HDU 









еWKFRO&ROOHFWRUHIILFLHQF\  











5HIHUHQFHV
 $61=66WDQGDUGV$XVWUDOLD
%RUQDWLFR503IHLIIHU$:LW]LJDQG/*X]]HOOD  2SWLPDOVL]LQJRIDVRODUWKHUPDOEXLOGLQJ
LQVWDOODWLRQXVLQJSDUWLFOHVZDUPRSWLPL]DWLRQ(QHUJ\
%XGLKDUGMR,DQG*/0RUULVRQ  3HUIRUPDQFHRIZDWHULQJODVVHYDFXDWHGWXEHVRODUZDWHUKHDWHUV
6RODU(QHUJ\  
%XVK6-+DUULVDQG/+7ULHX  $XVWUDOLDQHQHUJ\FRQVXPSWLRQDQGSURGXFWLRQKLVWRULFDOWUHQGVDQG
SURMHFWLRQVWR$%$5(5HVHDUFK5HSRUW&DQEHUUD
&DUERQHOO'0<+DOOHU'3KLOLSSHQDQG()UDQN  6LPXODWLRQVRIFRPELQHGVRODUWKHUPDODQGKHDW
SXPSV\VWHPVIRUGRPHVWLFKRWZDWHUDQGVSDFHKHDWLQJ(QHUJ\3URFHGLD
&(5  KWWSZZZFOHDQHQHUJ\UHJXODWRUJRYDX5(7$ERXWWKH5HQHZDEOH(QHUJ\7DUJHW+RZWKH
VFKHPHZRUNV6PDOOVFDOH5HQHZDEOH(QHUJ\6FKHPH5HWULHYHGWKRI1RYHPEHU
&KRZ77='RQJ/6&KDQ.))RQJDQG<%DL  3HUIRUPDQFHHYDOXDWLRQRIHYDFXDWHGWXEH
VRODUGRPHVWLFKRWZDWHUV\VWHPVLQ+RQJ.RQJ(QHUJ\DQG%XLOGLQJV  
&UDZIRUG5+  6RODUYHUVXVIRVVLOIXHOV$QHWHQHUJ\DQDO\VLVRIGRPHVWLFVRODUKRWZDWHUV\VWHPVLQ
$XVWUDOLD5HIRFXV  
&UDZIRUG5+DQG*-7UHORDU  1HWHQHUJ\DQDO\VLVRIVRODUDQGFRQYHQWLRQDOGRPHVWLFKRWZDWHU
V\VWHPVLQPHOERXUQH$XVWUDOLD6RODU(QHUJ\
&]DUQHFNL-7  3HUIRUPDQFHRIH[SHULPHQWDOVRODUZDWHUKHDWHUVLQ$XVWUDOLD6RODU(QHUJ\ ± 

&]DUQHFNL-7DQG:5:5HDG  $GYDQFHVLQVRODUZDWHUKHDWLQJIRUGRPHVWLFXVHLQ$XVWUDOLD
6RODU(QHUJ\  
'RPLQJXH]0XQR])-0&HMXGR/RSH]$&DULOOR$QGUHVDQG&55XLYR  'HVLJQRIVRODU
WKHUPDOV\VWHPVXQGHUXQFHUWDLQW\(QHUJ\DQG%XLOGLQJV
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(LVHQKDPPHU7$0DKU$+DXJHQHGHUDQG:$VVPDQQ  6HOHFWLYHDEVRUEHUVEDVHGRQ$O&X)HWKLQ
ILOPV6RODU(QHUJ\0DWHULDOV 6RODU&HOOV  
)HUUDUL'.*XWKULH62WWDQG57KRPDV  /HDUQLQJIURPLQWHUYHQWLRQVDLPHGDWPDLQVWUHDPLQJ
VRODUKRWZDWHULQWKH$XVWUDOLDQPDUNHW(QHUJ\3URFHGLD
)UHL8DQG6%UXQROG  &KDSWHU0DWHULDOVLQ+LJK3HUIRUPDQFH6RODU&ROOHFWRUV:RUOG5HQHZDEOH
(QHUJ\&RQJUHVV9,$$06D\LJK2[IRUG3HUJDPRQ
*DR<5)DQ;<=KDQJ<-$Q0;:DQJ<.*DRDQG<<X  7KHUPDOSHUIRUPDQFHDQG
SDUDPHWHUDQDO\VLVRID8SLSHHYDFXDWHGVRODUWXEHFROOHFWRU6RODU(QHUJ\  
+HUQDQGH]3DQG3.HQQ\  1HWHQHUJ\DQDO\VLVRIGRPHVWLFVRODUZDWHUKHDWLQJLQVWDOODWLRQVLQ
RSHUDWLRQ5HQHZDEOHDQG6XVWDLQDEOH(QHUJ\5HYLHZV  
-XQJ+&  6HOHFWLYH6XUIDFH&RDWLQJIRU6RODU7KHUPDO&RQYHUVLRQ$GYDQFHV,Q6RODU(QHUJ\
7HFKQRORJ\:+%ORVVDQG)3ILVWHUHU2[IRUG3HUJDPRQ
.DORJLURX6  7KHUPDOSHUIRUPDQFHHFRQRPLFDQGHQYLURQPHQWDOOLIHF\FOHDQDO\VLVRIWKHUPRVLSKRQ
VRODUZDWHUKHDWHUV6RODU(QHUJ\
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Summary
This work addresses the energy performance of a solar Desiccant and Evaporative Cooling (DEC) system working with
the freescoo technology. Freescoo is an innovative solar air conditioning concept for ventilation, cooling, dehumidification
and heating of buildings in residential and tertiary sectors.
The monitoring of the system started in November 2016 and will continue until the end of 2017. Energy performances are
evaluated according to the monitoring procedure for solar cooling systems developed by the Task 38 and 48 of the
International Energy Agency experts.
The analysis based on monitoring data shows that, for typical operating conditions in cooling mode, the electricity saving
in comparison to conventional HVAC systems can be over 70%.

1. Introduction
Within the agreement between Politecnico di Milano and AMEE (Agence Marocaine pour l’Efficacité
Energétique), a solar cooling pilot plant had to be installed at a library in Marrakech. The aim was to develop,
test and optimize a robust, low cost, low maintenance solar driven air-conditioning concept, suitable for
Northern African climates. At the end of a call for tenders issued by Politecnico di Milano, freescoo by
Solarinvent has been selected.
The building is a three-stage structure oriented NE-SW, and the last stage hosts the library. The library stage
has a square shape. The roof is plane and presents a square-shaped skylight in the centre with a sloped roof.
The skylight height is 1.30 m and his rooftop is 3.50 m above the plane level. The internal ambient is developed
around the central space, corresponding to the square skylight. The ambient is composed of two different
spaces. The first is assigned to the document shelves, while the other is designated to the hosts’ seats. The net
internal area is about 300 m2. The internal ambient temperature is controlled by the pre-existing cooling system,
made of four electrical split systems, with a global cooling power of about 18 kW. It has to be noted that only
some split units operate properly causing frequent overheating during the summertime and insufficient heating
during the wintertime.

Fig. 1: The libray at AMEE
Table 1: Main building data
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Description

Data

Internal area

300 m2

Existing air distribution system

Plaster air ducts

Installed cooling power of split system

18 kW

Existing HVAC system

Ventilation AHU + split system

Occupation pattern

Library 9:00 -16:00
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Global radiation on the horizontal on the site of Marrakech reaches 1100 W/m2, whereas global solar
irradiation in one year is about 1.9 MWh/m2. Average temperatures vary from about 7°C to 35°C, peak
temperature from 4°C to 43°C. Peak humidity ratio is about 16 g/kg in July.
2. Description of the system
The HVAC system is a freescoo AHU integrated with the solar collector; it has a maximum air flowrate of
1000 m3/h and supplies fresh air to a room of 400 m3. The max power needed is about 360 W. For driving the
cooling process, about 2 litres of water per kWh of cooling energy are needed. In the wintertime, the system
can provide also heating to the room when the sun shines and the required air change in the middle seasons.

Fig. 2: Picture of the freescoo system at AMEE

The freescoo concept is based on an innovative and patented DEC (Desiccant and Evaporative Cooling) open
cycle technology: by using low enthalpy heat and water evaporation, Freescoo treats directly external hot and
wet air to obtain a conditioned stream typically at 18-20°C and 50-60% of relative humidity, reducing
drastically electrical demand in comparison to conventional HVAC systems based on vapor compression
cycles.

Fig. 3: Scheme of the operation in cooling mode

The innovative Freescoo DEC technology is based on two processes:
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• Physical adsorption that reduces moisture content of external air up to the desired humidity rate by
using two Cooled Package Beds of silica gel which are operated in a batch process. Each adsorption bed is
realized with air to water heat exchanger filled with silica gel grains. The refrigerant used in the process is
the water: so the adsorption material is cooled by water flowing through the tubes and a dry cooler is used
to reject the adsorption heat generated by the desiccant bed operating in dehumidification mode. After
hours of working the adsorption sorbent material reaches the maximum moisture content and it has to be
regenerated by heating and drying the sorbent material with hot air.
• Evaporative cooling process takes advantage of advanced double stages indirect evaporative cooler
which reduces air temperature up to the supply conditions without increasing the humidity content.
The cooling cycle is described here below. A flow rate of outside air (1) (moderate humidity and high
temperature) is drawn through one of the adsorption beds. The moist air is simultaneously dehumidified
(passing through the fins filled with silica gel grains) and cooled down (by the water flowing into the heat
exchanger tubes). The coupling of dehumidification and cooling steps allows to increase the energy
performance of the whole process in comparison to standard desiccant rotor based DEC cycles.
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Fig. 4: Thermodynamics of the cooling cycle

Dehumidification process is carried out with a slight temperature decrease (2). Afterwards, dehumidified air is
mixed with the return air extracted from the building (4), reaching the conditions of point (3). The mixed air
enters the double-stages indirect evaporative cooler allowing to cool down the supply air without increasing
its humidity reaching the supply conditions at point (5). In order to produce the cooling effect, a portion of the
supply air is drawn to the secondary side (6). The air coming from the secondary side of the indirect evaporative
heat exchanger, passes across the wet cooler and receives the adsorption heat caused by the dehumidification
process in the adsorption bed (7). When the adsorbent material gets saturated with moisture, this must be
reactivated by means of heat supply: outside air (1) is drown into the sorption bed which must be regenerated
and receives the moisture released by the desiccant which is now heated up by the hot water (8).
Two adsorbent beds are included in the Freescoo unit to ensure a continuous operation of the system: while
the first one is working in order to dehumidify the air, the other one is regenerated using heat from the heat
distribution system at temperature > 55°C. A system of air dumpers provides the automatic commutation
between the two adsorption beds to guarantee a continuous process.
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Tab. 2: Air conditions at inlet and outlet of the internal components at design summer operation (Toutside = 45°C x outside =
10,5 g/kg, T bui = 27°C x bui = 10,5 g/kg)

Description

X

T

h

Position

-

g/kg

°C

kJ/kg

-

Outside air

12

45.0

76.2

1

Outlet ADS bed

7.0

38.0

56.2

2

Mixing

9.3

30.7

54.7

3

Outlet EVA heat exchanger

9.3

20

43.8

5

Building

10.5

27.0

53.9

4

Inlet EVA - secondary side

9.3

20.0

43.8

4

Outlet EVA - secondary side

17

24

67.4

6

Outlet wet cooler

23.0

28.0

86.8

7

Outside air

12.0

45.0

76.2

1

Regeneration

25.0

55.0

120.3

8

The main technical data at the design summer conditions typical for Marrakech are reported in Tab.3.
Tab. 3: Performance at design summer conditions (Toutside = 45°C x outside = 12 g/kg, T bui = 27°C x bui = 10,5 g/kg)

Description

Value

Unit

Supply air flow rate

0-1000

[m3/h]

Rate of fresh air

50

[%]

Total max cooling power

5800

[W]

Heating power required for the regeneration

3000

[W]

Installed solar collector power

4800

[W]

Power absorbed

360

[W]

Thermal COP

1.9

[-]

EER

16,7

[-]

In addition to the mentioned cooling operation, in the wintertime, the system can provide free solar heat when
the sun is shining and can be eventually integrated with different kinds of auxiliary heat sources (heat pump,
boiler) in order to guarantee a continuous heating of the building.

Fig. 5: Scheme of the operation in heating and ventilation mode
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Outside air is drown into the counter-flow heat exchanger which is now used as heat recovery unit. Afterwards,
the air is heated up in the heating coil which is connected with the heating source, reaching the supply
conditions. Simultaneously, an equivalent portion of air is extracted from the building and used for pre-heating
the outside air in the counter flow heat exchanger.
3. Results on the energy performance and discussion
In order to assess the energy consumption, an extended monitoring campaign has been performed during the
2017. For the heating mode data presented have been registered in January and February (59 days), whereas
for cooling operation from May to September (159 days).
During the wintertime, daily operation hours varied according to the working hours of the solar collectors. In
heating mode, being the system solar autonomous, it is operated only when temperature at the solar collectors
exceeded 25°C. In summertime, the operation hours varied according to the decision of the users and varied
from 10 to 24 hours a day. During the monitoring period, the building was occupied as normally.
Measurements of temperatures (accuracy ± 0.3°C) and humidity (accuracy ± 2.5% of measured value), air
velocity (at supply, return, adsorption beds), accuracy of ± (0.5 m/s + 3% of measured value), electricity
consumption (accuracy ± 0.5%), solar radiation (2° call accord to ISO9060), and water flowrates (accuracy ±
3%) have been measured at inlet and outlet of main components. Data acquisition has been performed using
the GPRS 2 platform from SENECA at 16-bit together with 4 x 8 input analogue modules and 1 digital DI
module.
Energy performances have been evaluated according to the monitoring procedure for solar cooling systems
developed by the Task 38 and 48 of the International Energy Agency experts.
In the following pages the behaviour of the system will be analysed, and diagrams and instantaneous and longterm energy performances will be presented.
Typical winter operation is depicted in Fig. 5,6,7,8: first two graphs are related to a day of February in which
there’s a continuous and abundant solar radiation; in Fig. 7 and 8, a day of January with a lower total solar
radiation and a discontinuous behaviour is reported. The external temperature has an excursion of 10-15°C
between the day and the night time in both cases, instead the building temperature has a quasi-flat behaviour.

Fig. 5: Thermal performance of the AHU – Day 1, 03.02.2017
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Fig. 6: Electrical performance of the AHU – Day 1, 03.02.2017

For the days considered, the supply temperature of the AHU ranges between 25 and 35°C, with the typical
trend that follows the daily solar radiation. Evacuated solar collectors work quite efficiently, between 55-62
%, and the daily COP of the AHU during the winter operation ranged between 11-15. These values are strongly
correlated to the total amount of solar radiation that influences directly the energy performances of the AHU.
In fact, due to the malfunction of the internal split unit, the temperature of the building is always lower than
the supply temperature, therefore the AHU works always at the maximum air flow rate with a constant
electrical consumption. As a result, the working operation is quite similar during the winter season, between
6.5 and 8 hours per day. The higher incident solar radiation, the higher thermal power of the AHU, and
consequently the higher values of the electrical COP.

Fig. 7: Thermal performance of the AHU – Day 2, 08.01.2017
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Fig. 8: Electrical performance of the AHU – Day 2, 08.01.2017
Tab. 4: Daily performance of the AHU for the two days considered

Description

Value Day 1

Value Day 2

Unit

Total electricity consumption

1.31

1.04

[kWh]

Incident solar radiation

40.6

21.9

[kWh]

Delivered thermal energy of AHU

22.0

11.9

[kWh]

Delivered thermal energy to the building

27.8

14.7

[kWh]

Solar heat produced

25.3

12.4

[kWh]

Operation hours

7.9

6.4

[h]

COP el

16.8

11.4

[-]

Solar collector efficiency

62%

57%

[-]

With regards of the cooling operation, two days of July are presented here below in Fig. 8 and 9 for the first
day and in Fig. 10 and 11 for the second day.

Fig. 8: Energy performance of the AHU – Day 1, 16.07.2017
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Fig. 9: Temperature and humidity ratio in the AHU – Day 1, 16.07.2017

The total incident solar radiation ranges between 50-60 kWh/day, and the cooling power produced by the AHU
is between 2.5-5.5 kW, with a supply temperature of 19-22°C. First day is characterized by high solar radiation,
extreme ambient temperatures (maximum value about 50°C), whereas second day has lower solar radiation
and ambient temperatures up to 40°C. System has been operated 24 hours during the first day, and 10 hours
during the second day. In the first day, the cooling power of the AHU produced during the night is only due to
the indirect evaporative cooling effect.

Fig. 10: Cooling performance of the AHU – Day 2, 23.07.2017
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Fig. 11: Temperature and humidity ratio in the AHU – Day 2, 23.07.2017
Tab. 5: Daily performance of the AHU for the two days considered

Description

Value Day 1

Value Day 2

Unit

Cooling energy delivered by the AHU

91

29

[kWh]

Average flow rate

881

376

[m3/h]

Incident solar radiation

52.9

43.3

[kWh]

Solar collector heat

31.9

24.1

[kWh]

Electricity consumed

8.4

3.62

[kWh]

Specific power consumption for ventilation

0.40

0.96

[W/m3/h]

Hours of operation

24

10

H

EER

10.8

7.92

[-]

COP th

2.88

1.12

[-]

Solar collector efficiency

60%

56%

[-]

In Fig. 12 the daily performances in July are reported. The EER is always higher then 5, with peak values
higher then 10, and an average value of about 7. Thanks to the very good performance of the evaporative
cooling module of the AHU, the thermal COP of AHU varies between 1 and 2, with a strong influence of the
external environmental conditions both in terms of temperature and relative humidity.
In the summer period the air flow rate has a daily modulation, managed by the PID controller since the control
strategy implemented uses the building temperature and humidity as input parameters. In Fig. 9, monthly
performances of the machine are depicted. The average air flow rate has a minimum value in the month of
May, 400 m3/h and, whereas a maximum value of about 900 m 3/h is reached in the month of August. The
electricity consumption varies correspondingly both for the increase of the air flow rate and the daily working
hours.
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Fig. 12: Daily energy performances of the AHU – July 2017

Fig. 13: Monthly energy performances of the AHU – July 2017
Tab. 6: Seasonal and yearly performance results

Description

Cooling

Heating

Year

Unit

Thermal energy – AHU

5527

960

6487

[kWh]

Thermal energy – BUI
Average flow rate
Incident solar radiation
Solar collector heat
Electricity consumed
Water consumption
Mean daily water consumption
Specific power consumption for ventilation
Hours of operation
Days of operation
EER
COP th
Solar collector efficiency

2250
714
6859
3966
820
11.6
83
0.46
2524
139
6.7
1.39
58%

1109
623
2008
1235
90
0
0
0.35
412
59
11
0.78
61%

3359
668
8867
5200
910
11.6
0.40
2937
198
7.1
59%

[kWh]
[m3/h]
[kWh]
[kWh]
[kWh]
[m3]
[liters/day]
[W/m3/h]
[h]
[day]
[-]
[-]
[-]
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According to the results obtained, a comparison with the energy performances of a conventional AHU coupled
with a vapor compression reversible heat pump has been assessed. The main hypotheses regarding the
conventional system concern the energy efficiency ratio of the chiller/heat pump and the electricity
consumption for the ventilation. Results show an electricity saving of 70 % over the year.
Tab. 7: Calculated annual energy performances for a conventional AHU coupled with a vapor compression reversible heat
pump

EER for the chiller/HP (assumed)

3

[-]

Electricity consumed by the chiller/HP

2162

[kWh]

Specific power consumption for ventilation (assumed)

0.30

[W/m3/h]

Electricity consumed by the AHU for ventilation
Total electricity consumed
Electricity saving

3.

589

[kWh]

2751

[kWh]

70

[%]

Conclusions

In this work the energy performance of a innovative DEC AHU working with the freescoo concept has been
presented. The system has been monitored both in cooling and heating operation and results showed the high
energy saving potential of technology.
Summer operation has been characterized by a lower electrical efficiency of the AHU in comparison to the
winter operation (6.7 versus 11). The main reason is the dry climate that characterizes the summer season of
Marrakech, and the low latent load of the building. As a result, the latent part of the cooling power produced
by AHU was much lower than the maximum potentiality of the machine.
Global results can be considered anyway very good, both in terms of instantaneous and long-term behaviour.
The comparison with the energy performances of a conventional AHU coupled with a vapor compression
reversible heat pump shows that the freescoo AHU can save 70% of electricity.
Water consumption amounted to about 12 m3 for the summertime. This is a relevant aspect that can limit the
application of the mentioned technology in climates with scarcity of water.
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Abstract
Typical agro-food value chains use electric refrigeration systems. However, in many non-industrialized countries,
the cold chain is often not guaranteed due to lack of electricity access or unreliable electricity grids. In such cases,
refrigeration systems must be equipped with electrical backups or other form of energy storage.
This study analyses the use of a commercial available vapour-compression horizontal refrigerator for small-scale
cheese processing system. The studied refrigerator of 350 litres capacity is powered by photovoltaic panels, which
provide electricity to a DC compressor. Encapsulated phase change materials were incorporated to the system as
energy storage option, for a reliable operation at temperature at 11°C. This operating temperature is suitable for
the analysed product, but it is also suitable for other agro-food applications, such as the preservation of fruits and
vegetables. In particular, this study evaluates the incidence of the incorporation of Phase Change Materials on the
stratification temperature inside the refrigerator, the raise temperature time of the refrigerated product, the number
of on-off cycles of the compressor, the COP of the system, and the sizing of the conventional storage system with
electrical batteries.
Keywords: Solar PV collectors, Compression refrigeration, Thermal energy storage, Phase change materials,
Dairy sector

1. Introduction
Proper cold chain management in the agro-food sector is fundamental to preserve the quality of the products,
reduce waste products, and also promote their effective commercialization (Gustavsson et al., 2012). Refrigeration
systems in this sector typically use vapour-compression systems, powered by electricity, with direct expansion of
refrigerant for small applications. In many developing countries, the cold chain cannot be guaranteed due to the
lack of electricity supply or the frequent power outages. In such cases, refrigeration systems must be equipped
with electrical backups or other form of energy storage.
In this context, several studies have analysed refrigeration systems powered by photovoltaic modules (Deshmukh
and Kalbande, 2015; Katic et al., 2010) which use electrical storage and small size Direct Current (DC)
compressors, eliminating the losses associated with DC / AC inverters. Energy storage plays a relevant role,
especially when the cold production and energy demand are not matching (Dincer and Rosen, 2011; Lott and Kim,
2014). The use of Phase Change Materials (PCM) as a thermal energy storage option in this type of systems, can
eliminate or reduce the size of the traditional electrical storage with lead-acid batteries (Pedersen and Katic, 2016).
This type of electrical-storage has less useful life, generates a greater environmental impact, and in many cases
has higher cost than some thermal storage options.
The integration of PCM into direct-expansion refrigeration systems can be done at the condenser as well as at the
evaporator level. The integration at the evaporator level should consider factors such as the type of evaporator, its
location within the cooled space, and the air diffusion system. In this regard, different studies have analysed the
use of PCM in domestic and commercial refrigerators and freezers (Alzuwaid et al., 2015; Azzouz et al., 2008;
Oró et al., 2012; Yusufoglu et al., 2015). In general, the results indicate that PCM provide more stable
temperatures, a greater system autonomy and energy savings for refrigerators with non-regulated compressors.
Most of these studies have been performed at typical operating temperatures of 4°C and -18°C, for refrigerators
and freezers respectively, and in some cases without stored product; so we considered that it is convenient to carry
out studies and develop models closer to the real conditions for each type of application.
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In this line, the present study analyses the performance of a horizontal refrigerator, of 350 litres of capacity, with
a direct-current compressor powered by photovoltaic modules. The refrigerator will be used later in a small-scale
cheese processing at an operating temperature of 11°C. This operating temperature is suitable for the analysed
product, but also for other agro-food applications, such as preservation of fruits and vegetables. The refrigerator
has been adapted for storing the product, as well as for the incorporation of encapsulated PCM, with a phase
change temperature between 5 and 6°C. In particular, this study evaluates the incidence of the incorporation of
PCM on the stratification and temperature stability inside the refrigerator, the raise temperature time of the
refrigerated product, the number of on-off cycles of the compressor, the COP of the system, and the sizing of the
conventional storage system with electrical batteries.
Nomenclature
H
Q
q
QT
QLosses
QPr
QInt
QInf
QLosses,d
QUseful
m
T
A
x
W
w
V
I
ISD
t
cp
k
h
U
COP

Specific Enthalpy [kJ kg-1]
Heat [J]
Heat flow rate [W]
Total thermal load [J]
Transmission heat gains [J]
Product thermal load [J]
Heat gains due to internal equipment [J]
Infiltration heat gains [J]
Transmission heat gains for a day [J]
Useful heat [J]
Mass [kg]
Temperature [K]
Area [m2]
Thickness [mm]
Electricity consumption [J]
Power [W]
Voltage [V]
Current [A]
Inverse saturation current of the diode
Time [s]
Specific heat [J kg-1 K-1]
Thermal conductivity [W m-1 K-1]
Convection heat transfer coefficient [W m-2 K-1]
Global heat transfer coefficient [W m-2 K-1]
coefficient of operation [-]

Ș
Dt
Df
E
a
F

Efficiency
Door open time factor [-]
Door flow factor [-]
Effectiveness of doorway protective device [-]
Parameter “a” of photovoltaic model [-]
Fractional state of charge of battery [-]

Subscripts
ex
Exterior
in
Interior
p
Time interval
Ref
Refrigerator
air
Air
PCM Phase change material
s
Solid
l
Liquid
S
Series
P
Parallel
F
Photovoltaic
i
Initial
f
Final
r
Regulator
b
Battery
d
Discharging
c
Charging

2. Methodology
2.1 Description of system and analysed application
The studied system is located in the district of Nyanza (Kenya), with a latitude of 0.08°N, longitude of 35.06°E,
and 1914 m of altitude. The system consists of a horizontal refrigerator (Fig.1), which will be installed in a
processing room, under controlled temperature between 21 and 25°C. The refrigerator is equipped with a direct
current (DC) Compressor, with refrigerant R134a. The system will be powered by a multi-crystalline photovoltaic
module, and has two types of energy storage: (1) Electrical storage with conventional lead-acid batteries, with a
charge controller, and (2) Thermal energy storage with phase change materials, arranged next to the interior walls
of the spaced refrigerated, since the evaporator is embedded in them.

Fig. 1: Scheme of the system
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The refrigerator was adapted to store the product (cheeses), incorporating four vertical structures that allow to
process up to 16 kg of cheeses, and using forced convection with two small power fans installed in the upper area
of the refrigerator.

2.2 Experimental setup for testing refrigeration cell
For performing this study, the refrigerator was tested in a climatic chamber taking measurements before and after
installing the PCM. Taking into account that in real conditions the refrigerator will operate in an air-conditioned
room, the tests were performed for an ambient temperature of 25°C and a relative humidity between 40 and 60%.
During the tests, water was used as a refrigerated product, and in a later stage, a specific mixture will be used to
simulate the system in conditions closer to the application.
The experimental setup is shown in Figure 2. The horizontal refrigerator, 350 litters capacity, is equipped with a
direct current compressor, Secop BD 35F, with refrigerant R134a and a Danfoss 101N21C controller. The power
supply in the test was performed at 12 volts, using a regulated source voltage. The phase change material (PCM)
was incorporated in the internal side of the refrigerator, since the evaporator of the refrigerator is embedded in the
wall.

Fig 2: Experimental setup of refrigerator cell

The PCM-encapsulation consists of polyethylene bags with an aluminium layer, placed on a 1mm steel-sheet (Fig
3(a)) attached to the inner side of the refrigerated space (Fig 3(b)), since the evaporator is embedded in the
refrigerated space walls. The melting temperature of the PCM, manufactured by Rubitherm, is between 5 and 6
ºC and the operating temperature inside the refrigerator is 11ц2°C. The PCM slab has a thickness of 8mm, and
the final mass installed was 8.9 kg.

(a) Detail of phase change material on
one of the walls of the refrigerator.

(b) Refrigerator with PCM
next to Evaporator-Wall

(c) Refrigerator, inside of the climatic
chamber at the laboratory

Fig. 3: Details of the experimental setup of integration of PCM

In total, 30 T-type thermocouples were used to measure the temperatures in the product (cheese), PCM, and
refrigerator walls, and ambient temperature. Current and voltage measurements were also taken in order to
quantify the electrical consumption, with a measurement interval of 1 minute. Table 1 summarizes the number
and types of sensors used in the experimentation.
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Tab. 1: Resume of sensors used in the experimental setup of refrigeration cell

Type of sensor
Temperature
sensors

Electricity
sensors

Humidity
sensors

Number of sensors

Location

10

Interior walls of refrigerator

10

Product

9

Encapsulated PCM

1

Climatic chamber

Voltage: Voltage
Regulated Source Output

1

CC Circuits

Current: Hall effect
sensor, Arduino ACS712

2

Relative humidity sensor

1

T-type thermocouples

CC Circuit 1: Compressor,
CC Circuit 2: Fans
Climatic chamber

2.3 PCM selection and integration
The integration of PCMs in domestic and commercial refrigerators and freezers can be carried out through active
and passive solutions. Active solutions are often more effective than passive ones in the heat transfer process;
however, passive solutions are simpler for implementation.
Passive integration solutions can be done at the condenser as well as at the evaporator level. The integration at the
evaporator level should consider factors such as the type of evaporator, its location within the cooled space, and
the air diffusion system.
In relation to this, several previous studies have analysed different options such as: The installation of a PCM
slab next to the external side of the evaporator and embedded in the wall of the refrigerator (Azzouz et al., 2008;
Yusufoglu et al., 2015); the arrangement of PCM slabs inside freezers with internal evaporator (Oró et al., 2012),
the arrangement of PCM next to the condenser, and also the arrangement of PCM in the refrigeration circuit
(Cheng et al., 2011). In the case studied, the refrigerator has a wall evaporator, so the integration option adopted
consists of placing a slab of the PCM on the inner wall of the refrigerator.
Tab. 2: Main Characteristics of Phase Change Material (PCM) Selected

Description

Value

Manufacturer

Rubitherm

Reference of the substance

RT5HC, Organic

Type of Substance

Paraffin, C5-C20

Phase change Temperature Range [°C]

5 to 6

Thermal storage capacity [kJ/kg]

250 (-2 to 13°C)

-1

-1

Specific heat capacity (solid) [J kg K ]
-1

-1

2000

Specific heat capacity (liquid) [J kg K ]

2000

Density (solid, -15°C) [kg m-3]

880

-3

Density (liquid, 20°C) [kg m ]

760

-1

-1

0.2

-1

-1

0.2

Thermal conductivity (solid) [W m K ]
Thermal conductivity (liquid) [W m K ]

Since the temperature required for the refrigerated product is 11 ° C, the evaporator temperature should be about
0 ° C, in order to provide a suitable temperature difference for an effective heat transfer process. In this case, the
phase change temperature of the PCM should have a value between the evaporator temperature and the required
product temperature. This ensures that the PCM material changes phase, without cooling the refrigerated product
below the required temperature range.
In this way, the PCM finally selected is the RT5HC manufactured by Rubitherm, with a phase change temperature
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between 5 ° C and 6 ° C. Table 2 presents the main characteristics of this material. The material is organic
(Paraffin, C5-C20), and does not have a single-phase change temperature, as it happens, in pure substances. The
main advantages of this type of PCM compared to the hydrated salts are the greater stability, and that the
crystallization process requires less sub cooling of the material.

2.4 Data analysis and simulation
2.4.1 Scenarios considered
The experimental data provide information about the system for two scenarios: (1) Refrigerator without PCM and
(2) Refrigerator with PCM. For both scenarios, two types of day were analysed: (1) "Initial day", in which the
product is cooled from an initial temperature (25°C) to the required final temperature (11°C) , and (2)
"Maintenance day" type, in which the product is only maintained within the required operating temperature range
(11ц2°C).
Base on the experimental data, two electrical power demand profiles were created for a full month of operation
(With PCM and Without PCM). The month selected for analysis was November, since this month has the lowest
photovoltaic production. The TRNSYS 16 software was used as a simulation tool for photovoltaic production, and
other complementary analysis was carried out by using Matlab.

2.4.2 Total thermal load
Total thermal load (QT) was calculated according to ASHRAE (eq.1), which includes: Transmission heat gains
or losses through the refrigerator enclosures (QLosses), the Product thermal load (QPr), the heat gains due to internal
equipment (QInt) and the infiltration heat gains (QInf). (ASHRAE, 2010)

்ܳ ൌ ܳ௦௦௦  ܳ  ܳூ௧  ܳூ

(eq.1)

Transmission heat gains or losses through the refrigerator enclosures (QLosses) were estimated according to
equation 2 (ASHRAE, 2010; Azzouz et al., 2008), where URef corresponds to the global heat transfer coefficient
of the refrigerator, ARef corresponds to the refrigerator area, ǻTRef, p is the temperature difference between the inside
face of the cooler and the outside air at each time interval (p), and the ǻt corresponds to the time step of the
measurement or simulation.


(eq.2)

ܳ௦௦௦ ൌ  ܷோ Ǥ ܣோ Ǥ οܶோǡ Ǥ οݐ
ୀ

The overall heat transfer coefficient of the refrigerator was estimated according to equation 3, where xn and kn
correspond to the thickness and thermal conductivity of the wall layer “n”, and hint and hext correspond to the
interior and exterior convection heat transfer coefficients.

ܷோ ൌ 

ͳ

(eq.3)

ͳ
ݔ
ݔ
ݔ
ͳ
 ଵ   ଵ Ǥ Ǥ     
݄௫ ݇ଵ ݇ଵ
݄
݇

The layers considered on the refrigerator wall are presented in Table 3. The overall coefficient URef is 0.4712
Wm-1K-1 without PCM and 0.4623 Wm-1K-1 with PCM.
Tab. 3: Properties of the materials of the enclosures of the refrigerator

Layer

Material

Number
1

Steel

Thickness

Thermal Conductivity

[mm]

[Wm-1K-1]

1.5

50
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2

Polyurethane

60

0.050

3

Aluminium

1

230

4

PE film

0.15

0.33

5

PCM

8

0.2

6

PE film

0.15

0.33

7

Steel

1

50

The heat extracted from the product (QPr) includes only sensible heat for this application, since the refrigerated
product does not change phase. QPr is calculated by applying the basic expression of equation 4, where Cp and m
correspond to specific heat and mass of the material, while Ti and Tf are the temperatures corresponding to the
initial and final time of the evaluated period.

ܳ ൌ ܥ Ǥ ݉Ǥ ሺܶ െ ܶ ሻ

(eq.4)

In relation to the heat gains due to internal equipment (QInt), the calculation considered two small power fans
(1.8W) used for forced convection inside the refrigerated cell. Finally, the infiltration heat gains (QInf) were
estimated for a full day of operation of the refrigerator, applying equation 5 (ASHRAE, 2010), which includes the
transmission heat gains in the enclosures for a stable day of operation (QLosses,d), the door open time factor (Dt),
the door flow factor (Df), and the effectiveness of doorway protective device (E).

ܳூ ൌ ܳ௦௦௦ǡௗ Ǥ ܦ௧ Ǥ ܦ ሺͳ െ ܧሻ

(eq.5)

2.4.3 Power demand profiles
The profiles of the electric power demand were defined based on experimental data for the two scenarios analysed
(With PCM and without PCM). To do this, the power was calculated by multiplying the voltage (V) and current
(I) measurements at each time step.
2.4.4 Heat transferred in the PCM
The total heat transferred in the PCM (QPCM) was estimated multiplying the mass of the installed PCM by the
variation of enthalpy for each time step, from the initial to the final one, according to the equation 6.


(eq.6)

ܳெ ൌ  ݉ெ Ǥ οܪெǡ
ୀଵ

The specific enthalpy, , was calculated as a function of the temperature of the phase change material, according
to equation 7 (Ozisik, 1993), where Cp is the specific heat capacity of the PCM, L is the specific heat of fusion,
and the mushy region is between the temperatures Ts and Tl. When the temperature is lower than Ts, the material
is in solid state, and when the temperature is higher than Tl, the material is in a liquid state.
ܥ ݂ܶ ܶݎ൏ ܶ௦ ܵ݊݅݃݁ݎ݈݀݅
ܶ െ ܶ௦
ܶݎ݂ܮ௦  ܶ  ܶ ݊݅݃݁ݎݕ݄ݏݑܯ
 ܪൌ ܥ ܶ 
ܶ െ ܶ௦
۔
ۖ
ܥ ܶ   ܶݎ݂ܮ ܶ ݊݅݃݁ݎ݀݅ݑݍ݅ܮ
ە
ۓ
ۖ

(eq.7)

2.4.4 PV production
The photovoltaic production profile was calculated by using the component 194 available in the dynamic
simulation software TRNSYS 16. This component uses the 5-parameter model (Duffie and Beckman, 2013), that
consists of a voltage generator, a diode connected in parallel that represents the semiconductor material, a series
resistance, and a parallel resistance.
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 ܫൌ ܫி െ ܫௌ Ǥ ൬݁

ାூǤோೄ


െ ͳ൰ െ

ܸ  ܫǤ ܴௌ
ܴ

(eq.8)

The output current of the photovoltaic module (I) is calculated by applying equation 8, where it is necessary to
know the 5 parameters of the model: (1) The series resistance (RS), (2) parallel Resistance (RP), (3) the current
produced by photovoltaic effect (IF), (4) the inverse saturation current of the diode (ISD), and finally the factor "a".
These parameters can be calculated by using the manufacturer specifications at standard reference conditions
according to Eckstein (1990) and De Soto et al (2006). (De Soto et al., 2006; Eckstein, 1990).
2.4.5 Electric battery and regulator
The electric battery as well as the load regulator/controller were simulated using the algorithm applied in the
“Type 48b”, available in the dynamic simulation software TRNSYS 16. In this model, the charging of battery is
carried out by applying a global efficiency value (Șb); the regulator charges the battery while the fractional state
of charge (F), is between a minimum value (Fd) and a maximum value (Fc). In addition, the battery bank can be
discharged when the fractional state of charge is below of a specific value (Fb). On the other hand, a direct current
(DC / DC) conversion is performed on the regulator/controller with a global efficiency value (Șr). Table 4 presents
the parameters used in the analysed case.
Tab. 4: Values of Fractional state of charge and efficiencies applied in the electric battery and the regulator model

Description

Value

Minimal value of Fractional state of charge (Fd)

0.3

Maximum value of fractional state of charge (Fc)

1.00

Fractional of Fractional state of charge for starting
discharging the battery bank (Fb)

0.85

Charging battery efficiency (Șb)

0.85

Regulator efficiency (Șr)

0.95

2.4.6 Performance indicators
The system performance was analysed by reviewing the following variables and indicators: (1) the temperature
stratification of the refrigerated product, (2) the number of on-off cycles of the compressor, (3) the rise temperature
time and (4) the coefficient of operation of the system (COP). In addition, the process of charging and discharging
of PCMs was also studied.
The temperature stratification of the product was revised from the experimental data, using the information of
nine thermocouples in the refrigerated product arranged at three different heights and at different points in the
refrigerator.
The rise temperature time was measured by turning off the power supply and quantifying the total time in which
the temperature of the refrigerated product reaches the maximum permitted value. These measurements were
made according the standard EN 62552 for household refrigerating appliances (IEC, 2013).
 ܱܲܥൌ

ܳ௦௨
ܹ

(eq.9)

The coefficient of operation (COP) of the system was calculated by applying equation 9, where QUseful corresponds
to the effective heat extracted by evaporator, and W corresponds to the electricity consumption of the refrigerator
during the period of time evaluated. The effective heat extracted by the evaporator was estimated by adding the
heat extracted from the product, the heat gains by transmission through the enclosures, and the infiltration heat
gains. In this case, the experimental temperature data measured minute by minute are used and equations 2 to 5
are applied.
In relation to the charging and discharging processes of the PCM, the transferred heat was also calculated from
experimental temperature data and applying equations 6 and 7.
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3. Results and discussion
3.1 Power demand
The electric power demand of the refrigerator was measured during 48 hours for the two analysed scenarios (with
PCM and without PCM). According to these data, the power demand profile were elaborated for two types of
days: (1) "Initial day" (Fig 4a), in which the product is cooled from an initial temperature of 25 ° C to the required
final temperature of 11°C, and (2) "Maintenance day" (Fig 4b), in which the product is only maintained within
the required operating temperature range (11ц2°C).

Power Demand [W]

75

Power Demand [W]

The average power for the "Without PCM" scenario is 38.7W, with a minimum of 33.2W and a maximum of
45.8W, while the average power for the "With PCM" scenario is 41.6W with a minimum of 35.9W and a
maximum of 48.4W. This implies that the incorporation of PCM in the refrigerator increases the average power
demanded in 7%.
With PCM
Without PCM

50
25
0
0

6

12
Time [h]

18

75

Without PCM
With PCM

50
25
0
0

24

6

12
18
Time [h]
(b) Maintenance day

a) Initial day

24

Fig. 4: Power demand profile for Initial and Maintenance day, with and without PCM

In relation to the electricity consumption, when the refrigerator does not have PCM, the values obtained are 709
kJ and 410 kJ for the "Initial day" and "Maintenance day" respectively. When the PCMs are incorporated in the
refrigerator, these electricity consumption values are 929 and 396 kJ for the "Initial day" and "Maintenance day"
respectively. Finally, for the analysed month of operation of the system, there is a slight reduction of 1.5% in the
electricity consumption when the PCM are installed.

3.2 PV Production

PV Production [W]

Taking into account the daily demand for electrical energy, the proposed photovoltaic installation consists of a
single multi-crystalline type module, 50Wp in STC (37WP in NOTC). The azimuth of the module is 0°, and the
slope is 15°, this value is slightly higher than the latitude in order to improve the maintenance conditions. Fig 5
shows the production of the photovoltaic module, simulated in TRNSYS 16, for the month analysed (November).
The average daily production of electricity is 870 kJ, with a minimum of 692 kJ on the 30th of the month, and a
maximum of 1024 on the 3rd of the month.
60
40
20
0
0

5

10

15
Time [days]

20

25

30

Fig. 5: Electricity production of the photovoltaic installation for analysed month

The electricity production does not match the demand, as shown in Figures 6a and 6b for the “Initial day” and the
"Maintenance day" type respectively. Therefore, the installation must incorporate energy storage (thermal or
electric) as is usually for the off-grid photovoltaic installations.
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24
PV Production

(b) Maintenance day

Fig. 6: Mismatch between electric production and power demand for initial and maintenance day

3.3 Evolution and stratification of product temperature
Figure 7 shows the evolution of the temperature in the top zone of the refrigerator as well as in the bottom zone,
for the analysed scenarios (With PCM and without PCM). According to this information, the product temperatures
in both refrigerator zones (top and bottom) are maintained within the required operating range (11 ± 2 ° C). The
maxim temperature difference between the top and bottom zones is 5% for the “Without PCM” scenario and 6%
for the “With PCM” scenario for the Maintenance cycles.
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Temperature [C]
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Fig. 7: Product temperature evolution for Initial day

The data allow concluding that the influence of PCMs on stratification of product temperature is low. However,
the temperature of the refrigerated product in the "With PCM" scenario is lower than the temperature in the
“Without PCM” scenario. This difference of temperature between both scenarios reaches a value of 1.5°C.
The lower temperature of the "PCM" scenario is because the PCM is at a lower temperature than the product, so
when the compressor stops, the heat transfer process continues until the equilibrium is reached. Therefore, it is
advisable to take into account this behaviour in order to improve the control of the product temperature in the
Scenario "With PCM".

3.4 Number of on-off cycles of the compressor
There are two types of operating cycles In the operation of the refrigerator: The "Initial Cycle" in which the
product is cooled from the initial temperature (25 ° C) to set temperature (11 ° C); and the "Maintenance Cycle"
in which the product is maintained in the required temperature range (11 ± 2 ° C). In both cycles, the compressor
is “on” until the set-point temperature is reached, and then it continues “off” until the product temperature reaches
the maximum allowed value.
According to the power demand profiles presented item 3.1, it is possible to verify that the number of off-on
operations of the compressor are reduced from 4 to 2 for the "Initial Day" of operation, and from 5 to 2 for the
"Maintenance Day" type. This implies that during the studied month, the number of off-on operations of the
compressor decrease 59.7%, from 149 to 60 operations. This fact has a positive impact in the useful life of the
compressor.
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3.4 COP of the system
The COP was calculated according to 2.4.6, when the useful heat extracted by the evaporator was estimated by
adding the heat extracted from the product, the heat gains by transmission through the enclosures, and the
infiltration heat gains. The calculations were carried out for the "Initial" and "Maintenance" cycles, and for the
two analysed scenarios (With PCM and Without PCM). Table 5 summarizes the results for the two analysed
scenarios.
Tab. 5: COP of System

Cycle

COP Without PCM

COP With PCM

Initial cycle

2.19

1.90

Maintenance cycle

1.83

1.99

We can see that the scenario “With PCM” has a lower COP than the scenario “Without PCM” for the Initial cycle.
However, the result is just the opposite when the maintenance cycle is analysed. This is because the smaller
number of off-on operations of the compressor finally have a positive impact on the efficiency of the system, as
some previous studies have verified.

3.5 Charging/discharging process in PCM
The charging and discharging process of PCMs can be analysed by monitoring the temperature in the
encapsulation bags of PCM. Figure.8 shows the evolution of the average temperature of the PCMs located in the
top, middle, and bottom zones of the refrigerator wall.
This information indicates that the PCMs located in the top and middle zones of the refrigerator wall reach the
temperature required to change the phase (less than 5°C), and can storage sensible and latent thermal energy.
However, the PCMs located in the bottom zone of the refrigerator wall do not reach the required temperature and
only storage sensible thermal energy. This result makes necessary to adjust the integration solution of the PCMs
in the bottom zone of refrigerator wall; one option can be to install insulation material in this part instead of the
PCMs, and another option can be to use a PCM with a different phase change temperature.
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Fig. 8: Temperature evolution in the PCM

In relation to the energy rate transferred during the charging /discharging process of the PCM, the values obtained
for the maintenance cycle were 177 W for charging process, and 44 W for the discharging process. These values
can also be improved by other actions, such as the use of materials with better thermal conductivity to carry out
the integration of PCMs.

3.6 Raise temperature time
The raise temperature time, correspond to the time from the compressor stops (off), until the refrigerated product
reaches the maximum allowable temperature. The measurements were made according to “The Rise Temperature
Test” included in the standards EN 62552 for household refrigerating appliances (IEC, 2013). Table 6 presents
the duration of the different cycles (“Initial” and “Maintenance”), according to the state of the compressor ("on"
and "off") and for each analysed scenario ("With PCM" and "Without PCM").
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Tab. 6: Cycle duration time and raise temperature time

Without PCM [h]
Description

With PCM [h]

On

Off

Total

On

Off

Total

Duration of Initial Cycle

2.63

2.72

5.35

4.78

9.38

14.16

Duration of Maintenance Cycle

0.55

4.07

4.62

1.18

8.08

9.26

5.01

5.01

11.31

11.31

Raise Temperature Time

In general, the incorporation of the PCM in the internal side of the refrigerator increases the duration of the
different cycles as well as the raise temperature time of the refrigerated product. According to these data, the raise
temperature time changes from 5.01 h to 11.31 h; that means an increase of 126%. Thanks to this, the size of the
energy storage with the electric batteries can be reduced as item 3.7 exposes.

3.7 Sizing of electrical battery
In order to sizing the electric storage with lead-acid batteries, we first consider the results of daily electrical
consumption, presented in 3.1, and secondly we select a four-day autonomy for the system. According to this, for
the “Without PCM” scenario, a battery bank should have a capacity 2345kJ, which correspond to 51Ah C20 for a
voltage of 12V and a discharging time of 13.1h.
On the other hand, for the "With PCM" scenario, the initial capacity of the battery bank would be 2263kJ, which
can be adjusted, taking into account the increase of the raise temperature time of the refrigerated product in this
scenario. In this way, the capacity of battery bank can be reduced to 1996 kJ, which correspond to 46 Ah C20, for
a voltage of 12V and a discharging time of 18.5h.
The result means a decrease of 10% in the size of the electric battery bank when the “With PCM” scenario is
compared with the “Without PCM scenario”. This reduction is low, and the system should be optimized in order
to improve the performance of the thermal storage with PCM.
Because of this, the experimental results will be used for validating a model and analysed different parameters in
the system, such us the thickness of the PCM slab, the thickness of the insulation, and the velocity of the fans for
the force convection.

4. Conclusions
This study analysed the performance of a commercial horizontal refrigerator, of 350 litres of capacity, with a
direct-current compressor powered by a photovoltaic module. The refrigerator will be used later in a small-scale
cheese processing at an operating temperature of 11°C. The system has an electrical storage with a lead-acid
batteries and also the refrigerator incorporates a thermal storage with an inner slab of PCM, next to evaporatorwall, with a thickness of 8mm and phase change temperature between 5 and 6°C.
The analysis considers two scenarios, one is the refrigerator “Without PCM” and the other is the refrigerator “With
PCM”. From the experimental data, two electrical power demand profiles have been created for a full month of
operation (With PCM and Without PCM). The month selected for analysis was November, since this month has
the lowest photovoltaic production throughout the year.
The incorporation of PCM, does not have a high impact in the stratification of product temperature, nevertheless
the temperature of the refrigerated product is lower when the Refrigerator has the PCM slab. This is because the
discharging process of the PCM continues once the compressor stops in each cycle. Taking into account, this
behaviour the control system of product temperature can be improved.
Regarding to charging process of PCM, it was possible to verify that the PCM located in the top and middle zone
of the refrigerator wall reach the temperature required for the freezing and took advantage of the latent energy
storage; however, the PCM located in the lower do not reach the required temperature. This result makes necessary
to adjust the integration solution of the PCMs in the bottom zone of refrigerator wall in order to improve the
analysed thermal storage option.
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The PCM gives more inertia to the system, since the number of daily on-off cycles of the compressor, has a
reduction of 59.7% for an analysed month. This fact has an indirect positive impact in the useful life of the
compressor and in the electricity consumption. With regard to this electricity consumption there is an increase of
31.0% in the “Initial cycle” and a decrease of 3.5% in the “Maintenance cycle”. Finally, for the full-analysed
month, there is a slight reduction of 1.5% in the electricity consumption.
As far the raise temperature time concern, this value increases 126%, going from 5.01h to 11.31h. This implies
that conventional energy storage with electric batteries can be reduced about 10% for the analysed application.
This reduction is low, and the system should be optimized.
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Abstract
A solar cooling system, which mainly consists of a variable-effect LiBr-H2O absorption chiller and arrays of
linear Fresnel solar collector, has been investigated and analyzed by experiment. The 50 kW variable-effect
absorption chiller, which can work from single to double effect mode continuously, depending on the
temperature level of the linear Fresnel solar collector array, can obtain a COP span of 0.6–1.15. Compared to
the conventional single- and double-effect solar absorption cooling, the solar variable-effect cooling is
capable of operating for a longer time, leading to more cooling output. Such solar cooling plant has been
tested and analyzed in depth. The experimental results show that thermal efficiency of the linear Fresnel
solar collector is approximately 58.8%, and the operation temperature is as high as 147 °C. Thermal COP of
the variable-effect LiBr-H2O absorption chiller varies between 0.84‒1.05 depending on the solar collector
temperature. The solar cooling plant can convert solar radiation to cooling output accompanied by a solar
COP span of 0.41–0.53 under given conditions.
Keywords: Solar cooling, variable effect, absorption chiller, Linear Fresnel solar collector, performance
evaluation.
1. Introduction
Solar cooling is a promising approach to shift the peak of power grid due to its ability of converting effective
solar radiation to cooling production which reducing the energy demand of city power grid. So far, it has
been recognized as one of the best substitutes of conventional cooling, and is attracting more and more
attention worldwide, especially in the regions with the hot and humid climate (Winston et al., 2014).
Conventionally, a solar cooling plant is configured by single-effect LiBr-H2O absorption chiller driven by
stationary solar collectors (e.g. non-tracking flat plate or evacuated tubular solar collectors), or by
double-effect LiBr-H2O absorption chiller driven by concentrated solar collectors (e.g. trough or linear
Fresnel solar collectors). For the first option, the conversion efficiency from solar radiation to cooling
production (i.e. solar COP) is lower than 0.3. For the second option, the solar COP can be greatly upgraded
due to the higher COP of double-effect chiller and high flux contributed by concentrated solar collector,
however, the operation time of cooling output is limited because of a high driving temperature required by
double-effect absorption chiller. To reach the target of high efficiency and longer time of solar cooling, it is
urgent to develop a novel absorption chiller and the corresponding concentrated solar collector.
The predominant merit of linear Fresnel reflector (LFR) solar collector is the decrement manufacturing,
operation and maintenance costs (Gharbi et al., 2011). LFR solar collector is becoming a potential method
for solar thermal cooling and mid-temperature industrial utilization due to its simplicity in structural design
and low investment cost. Chemisana et al. (2011, 2013) carried out a solar cooling system driven by LFR
solar collector which provided thermal energy to a double effect LiBr-H2O absorption chiller, where the
rated COP of 1.35 and 150-170 °C driving temperature of chiller can be observed. The results showed that
the LFR solar thermal cooling system has advantages and disadvantages. The advantageous is that a higher
solar cooling COP can be realized with LFR solar collector under good conditions of solar irradiance.
However, the disadvantageous in the system may be somewhat complex and expensive compared with the
non-tracking solar cooling system. When comparing to evacuated tubular LFR collector, cavity receiver has
its merits in cost benefit, and thermal stability, especially for pressure water cycle. Zhou et al., 2017 assessed
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the performance of a single/double hybrid effect absorption cooling system driven by linear Fresnel solar
collectors with latent thermal storage, based on the parametric optimization. The variable-effect absorption
refrigeration cycle previously proposed by Xu et al. (2013) indicates the COP of variable effect cycle
increases with driving temperature. Based on the concept design, a 50 kW prototype of variable effect
LiBr-H2O absorption chiller was built and tested (Xu and Wang, 2016).
To date few reports of such similar detailed analysis of the performance in LFR solar thermal cooling system
combined with the variable-effect absorption chiller has been produced. In this paper, an integrated LFR
solar thermal cooling system with a variable-effect absorption chiller is introduced and studied
experimentally. The individual test was carried out for major components including LFR solar collector
arrays, and the variable-effect chiller. Finally, the solar COP of the entire cooling system was evaluated by
dynamic test.
2. Description of the solar cooling system
The solar cooling system investigated in this paper is composed of a 50 kW variable-effect absorption chiller
and LFR solar collector arrays with total aperture area of 144 m2. In fact, the solar cooling system is
originally a small part of a solar tri-generation system, for heating, cooling and power generation by using an
ORC generator, shown in Fig. 1. Specifically, LFR solar collector arrays convert effective solar radiation to
intermediate temperature heat, and then the heat is charged into a steam manifold that produces steam for the
variable-effect absorption chiller (cooling), the ORC generator (power), and the domestic water (hot water).
In this paper, the authors only focus on performance of the variable-effect absorption chiller driven by
high-temperature steam heated by LFR solar collector arrays, outlined in Fig. 1.

Fig. 1: Schematic diagram of the solar cooling plant with a variable-effect absorption chiller and LFR solar
collectors

2.1. LFR solar collectors
A prototype of LFR solar collector employed steel tubular absorbers coated with selective absorption film
was developed and serves as the thermal source. The schematic and prototype of LFR solar collectors are
shown in Fig. 2.
The array of LFR collector consists of 8 individual LFR collector units, where each unit contains 12 rows of
curved mirrors. The curved mirror was designed with an arch height of ΔH = 3 mm. To reduce the effect of
shading and blocking caused by adjacent mirrors on the optical efficiency of LFR collector, the distance
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between adjacent rows was set to be 7 cm based on the model proposed by Mathur et al. (1991). The
semi-circle cavity receiver with reasonable optical efficiency, relatively low investment, operation, and
maintenance costs (Xie et al., 2012) was located at the latitude of 4 m, where the semi-circle receiver is
comprised of five copper pipes with the inner diameter of 38 mm. Selective black chromium coating was
covered on the surface of absorber pipes with a ultra-white glass of 3 mm thickness. Besides, phenolic foam
serves as the insulation material between absorber and steel frame to minimize the conductive heat loss. The
structure and other main parameters of LFR collector are shown in Table.1.

Insulation

Absorber tube
Steel frame

Cover glazing
w

f

ΔH

Curved mirror

lm

(a)

(b)

Fig. 2: The schematic and photograph of LFR solar collectors: (a) schematic of the LFR solar collector, and (b) the
prototype

Table 1: The geometric and thermos-physical properties of the LFR solar collector array

Component

Parameters

Value

Mirror array

Number of units

8

Collector area of each unit

18 m2

Arch height

3 mm

Mirror length

3m

Mirror width

50 cm

Distance of the adjacent mirrors

7 cm

Altitude

4m

Inner diameter (Di) of absorber tube

38 mm

Aperture width (w)

53 cm

Aperture area

1.59 m2 (each LFR unit)

Thickness of the cover glazing

3 mm

Absorptivity

0.85

Emissivity (at 353 K)

0.5

Curved mirror

Cavity receiver

2.2. Variable-effect absorption chiller
The variable effect absorption chiller, which is configured by adding an additional low pressure generator for
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harvesting the absorption heat, is the main section to improve the solar cooling efficiency. As is shown in Fig.
3, the main components of the chiller are presented. Fig. 3a (Xu et al., 2016) shows the thermodynamic cycle
of the variable-effect absorption cooling. The variable absorption cooling works in three processes: (1) if the
temperature of heat resource is enough high (> 140 °C), it works in double effect mode, and the chiller is a
double effect absorption chiller; (2) if the temperature of heat resource is less than 100 °C, it works in single
effect mode; (3) if the temperature level is in the range of 100-140 °C, the chiller works in the 1.N effect
mode, namely, it can work almost linearly from single to double effect depending on the temperature level,
thus the cooling output can be increased, in comparison with the normal single effect or double effect chiller,
especially for solar cooling application. The key for realizing variable-effect absorption cooling is that the
internal absorption heat recovery in the high pressure absorber, even when the temperature level can not
effect complete operation of high pressure generator, it can still contribute some for cooling production by
using the heat from the high pressure absorber to the additional low pressure generator. The detailed
thermodynamic process of the solar energy conversion and the cooling production is investigated. The
prototype of the variable-effect absorption chiller is shown in Fig. 3b. The detailed parameters of the 50 kW
variable-effect absorption chiller were reported by Xu et al., 2015.

(a)

(b)

Fig. 4: The variable-effect absorption chiller: (a) Flow streams and (b) a prototype

3. Performance indexes
3.1. LFR solar collector
Optical efficiency ηo of LFR solar collector can be introduced with respect to cosine efficiency, end loss,
reflectivity of mirror, and absorptivity of the absorber. The similar theoretical models (Morin et al., 2012) are
used to predict the solar-to-thermal performance of the proposed LFR solar collectors. According to energy
balance, the heat absorbed by cavity receiver is equal to the difference of the heat reflected to cavity surface
by mirrors and heat loss of cavity, which is shown as the following relationship:

ª

Kth = FR «K0 
¬

U L (Ti,LFR  Tamb ) º
»
CI b
¼

(eq. 1)

where FR is the heat removal factor of the solar collector. Ti,LFR is inlet temperature of pressure hot water.
Ib is direct normal irradiance (DNI). UL is heat loss coefficient between HTF and ambience. Tamb is
ambient temperature. Geometric concentration ratio C of the LFR collector is defined as the ratio of
collecting area Ac and absorber area Aa of the receiver.
Thermal efficiency represents the ratio between absorbed energy by cavity receiver and total energy received
by mirror fields in steady state or sufficiently good quasi steady state condition. Thermal efficiency can be
calculated by
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ηth ൌ

mሶ ܿp ൫To,LFR െ Ti,LFR ൯
 (eq. 2)
Ib Ac

where mሶ is mass flow rate of pressure water. cp is specific heat of HTF. To,LFR represents the outlet
temperature of the LFR collector array.
The heat loss coefficient of LFR solar collector can be expressed as
ܨோ UL ൌ

Qloss
Aa ቀTi,LFR െ Tamb ቁ

ൌ

mሶ ܿp ൫Ti,LFR െ To,LFR ൯
Aa ቀTi,LFR െ Tamb ቁ



(eq. 3)

3.2. Variable-effect absorption chiller
Cooling capacity is calculated by

Qchw

mchw
ch c p chw
h (Tchw,in  Tchw,out )

(eq. 4)

where mchw is defined as the flow rate of chilled water. cpchw denotes specific heat of chilled water. Tchw,in
and Tchw,out are the inlet and outlet temperatures of chilled water.
Input power of the pressure hot water is calculated in terms of flow rate of hot water ( mhw ), specific heat of
hot water ( c p hw ), inlet and outlet temperatures ( Thw,in and Thw,out ) of hot water. The equation can be
expressed by

Qhw

mhw
h cph
hw (Th
hw,in  Thw,out )

(eq. 5)

Based on the cooling capacity and input power of pressure hot water, COP of the variable-effect absorption
chiller can be expressed by

COP

Qchw
Qhw

(eq. 6)

Considering the conversion performance from solar radiation to cooling production, the solar COP is defined
as

COPs

Qchw
I b Ac

(eq. 7)

4. Results and discussion
Thermal performance of the solar cooling system was tested under outdoor field conditions on the roof of a
building in Guangzhou. In order to conduct a practical assessment, the variable-effect absorption chiller and
the LFR solar collector array were experimented under dynamic conditions. In the testing system, physical
measurement parameters should include all temperatures at the inlet and the outlet of all units, circulating
volume flow rates, ambient temperature, and DNI. Platinum resistance thermometers (PT100) were used to
measure all temperatures. All temperature sensors were calibrated to an absolute measuring error of 0.1 K
and a relative deviation between each other less than 0.05 K. To minimize temperature measurement error,
two temperature sensors were located as close as possible to the inlet and outlet locations. A pyrheliometer
with the measuring error less than 5% were employed to measure DNI. The ambient temperature sensor was
housed in a well-ventilated instrumentation shelter above the ground and with its door facing north in order
to shield from direct irradiation. A set of Keithley 2700 served as the data logger, which collects and records
the data of sensors with a time interval of 10 s.
Fig. 5 shows the variations of DNI and ambient temperature as a function of local time in the test day. As
seen, it was typical cloudy day. The DNI varied in a span of 100-650 W/m2 due to the cloudy weather
condition and the mean ambient temperature is about 32 °C.
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Fig. 5: DNI and ambient temperature as a function of local time

Fig. 6 shows the thermal performance of the LFR solar collector array including inlet and outlet temperatures,
and thermal efficiency. The test results indicated that the peak temperature of the LFR solar collector array
with cavity receiver can reach 150 oC under weather conditions shown in Fig. 5. It should be noted that the
inlet and outlet temperatures of pressure hot water gradually increased, however, the DNI decreased hugely
after 13:30. It is mainly contributed by the heat capacity of the steam manifold like storage tank. Thermal
efficiency gradually decreased with the increasing temperature of hot water mainly due to the increasing heat
loss of the cavity receiver.

To,LFR
Ti,LFR
ηth

Fig. 6: Thermal performance of the LFR solar collector array

The details of performance of the variable-effect absorption chiller are depicted in Fig. 7. The cooling
capacity of the variable-effect absorption chiller is around 50 kW, and the thermal COP of the chiller is about
1.05 during the operation period. During a typical cloudy day, the chiller COP varies from 0.84-1.05, much
higher than the solar single effect absorption cooling system. It is found that the solar cooling system works
well and the chiller COP is always above 0.8 during the given period. Fig. 8 further shows the variations of
the system COP, indicating that 36-53% of solar radiation can be converted to cooling output. Also found is
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that the solar thermal efficiency for the Fresnel solar collector varies from 36-58% during the operation
period, and the operation temperature is within the range of 90-147oC. The cooling output changes (Qchw)
from 28-65.8 kW accordingly. It is important that the COP and the cooling output are almost linearly
changing instead of step changing from single effect mode to double effect mode, and the operation time is
also extended.

Qchw
Qhw

Fig. 7: Cooling output and chiller COP as a function of local time

Solar COP

Fig. 8: Solar COP as a function of local time

5. Conclusions and Future work
A solar cooling system, composed of linear Fresnel reflector (LFR) solar collectors, a variable-effect
absorption chiller and assistant components was established and investigated experimentally in this paper. A
typical cloudy day test was conducted. The corresponding conclusions can be drawn:
(1) Thermal efficiency for the LFR solar collector varied from 36-58% during the operation period, and
the operation temperature was in a temperature span of 90‒147 °C.
(2) The solar cooling system COP is about 0.4‒0.5, indicating that this design and configuration for
solar cooling can convert 40-50% of solar radiation to cooling output. The results show that the
variable-effect absorption chiller is one of the best choices for improving solar cooling output and
efficiency.
Future work will be focused on detailed whole day and entire summer season test, parametric optimization of
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such kind of solar cooling system, and cost benefit analysis.
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Abstract

This paper presents a smart design named PV COOLING to produce solar cooling using low GWP heat pump
system coupled with a standard photovoltaic plant. A maximum of self-consumption is promoted by means of
a light bank of batteries and chilled water tank. For this, a test bench has been installed on the building roof in
the south of France with the originality to be entirely controllable in terms of building load injected. Thereafter,
this new system aims to be used for air-conditioning and/or dehumidification in the tertiary sector and positive
cold storage in the industrial sector in countries where climatic, regulatory and technical conditions are
suitable. PV COOLING potential is developed within a market study. The aim of this study is to assess the
thermal / electrical performances of our test bench with the purpose to air-conditioning a building by means of
several sensors and meters.
Keywords: solar air conditioning, photovoltaic, heat pump, self-consumption, batteries, inverter, thermal tank,
glycol water, propane, R290, low GWP, air-conditioning, cold storage

1. Introduction
Until now, traditional PV economic model was based on feed-in tariff. However this trend is currently moving
toward on-site self-consumption. PV self-consumption can be used in a straightforward manner for domestic
purposes: lighting, heating, domestic hot water heating (DHW), cooking, domestic appliances, etc.
An example of application consists in using solar power to directly drive a thermodynamic device with a target
to produce cooling or refrigeration. It can be noted that PV production perfectly matches cooling needs during
the day. Besides, in many countries all over the world, the summer comfort in buildings becomes necessary in
order to allow employees to work in good condition.
The use of renewable energy for powering heat pumps can solve environmental problems due to the ways of
producing energy (e.g. CO2 emissions by coal thermal plants in China). Even if the energy problem is settled,
it remains the issue of refrigerant fluid leakage which represents a non-negligible share of the greenhouse
effect. Therefore, the use of low global warming potential (GWP) fluid in thermodynamic system allows to
reduce the device carbon footprint.

2. The adopted strategy
At first glance, compressor power shall be adapted with PV output power. This may work within a certain
range until a minimum threshold where chiller compressor has to be stopped. When PV output power is back,
the main issue is to be sure that power remains sufficiently stable and reliable to start compressor again and
avoid short-cycle. Indeed, the problem of driving a chiller compressor with PV lies in the fact that it may
happen that irradiation may be temporary obstructed by some peculiar clouds.
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Using variable-frequency drive can solve the problem of high inrush current during compressor run-up. For
the intermittent energy problem, storage using batteries or other electricity supply can easily sort this problem
out. It’s also possible to mix with thermal storage system which is a shorter-term storage mode. Both electricity
and thermal storage allow to store a sufficient energy when the PV production exceeds and use it when the
need becomes higher than the PV production.

To contribute to an environmentally friendly device, propane (R290) has been chosen as refrigerant for this
project. This very low GWP refrigerant (GWP < 10) combined with an original configuration allows a
significant reduction of refrigerant amount. To maximize the self-consumption, the inverter has to allow both
electric powers issued from PV and batteries.
This research aims to study a test bench using PV cooling, installed on the building roof in the south of France.
For a better understanding of the system behaviour, instead of cooling the building, cooling is distributed into
a chilled water tank in which is fitted a power controlled heating resistor which simulated all sorts of building
thermal load configurations.

3. Promoting solar photovoltaic on new market segments
3.1. Air-conditioning for the tertiary sector
To avoid an unfair competition with cheap traditional heat pump produced at ten millions samples yearly, PV
cooling will be suitable for medium / high power in the tertiary sector and according to certain criteria. The
criteria to lead the market study are classified into three main contextual families (climatic, economic and
regulatory) and are summarized through a “bubble chart” (Fig. 1). These criteria are expressed inside the chart
as:
-

The cooling demand expressed in cooling degree days (CDD) on the x-axis.

-

The annual global horizontal irradiation (GHI) per square meter on the y-axis.

-

The market size of mid-sized / large heat pump in the tertiary sector is expressed by the percentage of the
worldwide unit demand through the surface size of the bubble.

-

The electricity price in the tertiary sector as a driver of renewable investment is expressed by the colour of
the country, with cheap costs in light and high costs in black.

-

Finally, self-consumption policy and fiscal incentives which are positive for renewables (e.g. feed-intariffs, subsidies, solar obligations) are marked with (+); others with (-) and unclear situation with (?).

Figure 1 shows only the final result of an ambitious market study. Indeed, several countries have been removed
from previous “bubble charts” because of following weaknesses. First of all, many countries in Europe have
an insufficient radiation like Germany and even if the radiation is enough like in South Europe, the cooling
needs are only present during summer. Among countries which gather good natural conditions (both radiation
and cooling needs), the low electricity price doesn’t allow for photovoltaic to be profitable (e.g. Saudi Arabia).
Countries that appear qualitatively as the most mature to accommodate a short-term photovoltaic airconditioning system according to Figure 1 are mainly countries with a tropical climate. Indeed, under this kind
of climate, the cooling needs are constant during the full year. Electricity price appears as an important criterion
which participates to have a return on investment the most quickly possible.
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The market size is not an essential criterion because PV COOLING can find its place in a market niche where
the tertiary sector is not developed like high-income countries. For instance, the air-conditioning for a
cybercafe in Africa which doesn’t have access to a reliable electrical grid. Indeed, more and more African
cities have the means to propose services moving towards European standard for a category of population
which are increasingly financially secure.
The self-consumption policy and fiscal incentives are the last criterion which may help PV solutions to be
more attractive especially the right to self-consume. But it is difficult to be entirely exhaustive in each country
because the PV policy changes quickly. PV outlooks show that each government will pass laws to tend towards
a smarter way to consume photovoltaic which is self-consumption model. Besides, a lot of PV selfconsumption projects take place in countries where no PV policy exists particularly in Western Africa. That
means PV policy is not a necessary criterion to have the right to self-consume.

Fig. 1: Graph illustrating the attractiveness of cooling markets for PV COOLING

3.2. Cold room for perishables foods in industrial sector
The industrial sector which matches quite well with the natural condition is agri-food industry and more
specifically storage for perishable food items with positive cold storage or refrigerated warehouse. The
perishable foodstuffs which require positive cold storage to maintain a longer lifetime are mostly fruits &
vegetables and roots & tubers. Countries with tropical climate appear to be regions where food harvest are
significant and represent a considerable share of GDP. The majority of countries with tropical climate are low
or middle-income, so the food cold chain is not developed as high-income countries. This is why due to
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economic and climate problems (hot and damp), tropical climate regions have a significant food losses share
caused by a lack of cold storage (Jenny Gustavsson et al., 2011).
As the air-conditioning study market, the “bubble chart” underlines the fact that tropical countries appear to
be the most attractive for PV COOLING usage for positive cold storage food.
We can notice all the same a slight difference, with the apparition of very low-income countries in Africa in
the “bubble chart” owing to the fact that agriculture is the only source of revenue.

4. R&D carried out for a properly sized system
Actual PV COOLING innovation mainly consists of setting together in a clever way, components which
actually are highly improved, but never have been set together in a single goal system: PV plant dedicated to
driving a thermodynamic fluid chiller as shown in Figure 2.
This is the fruit of two years co-operation with four French companies, with several decades’ expertise in solar
energy (Tecsol), heat exchangers technology & design (NeoTherm Consulting), designing special
thermodynamic equipment (EED) and designing & implementing innovative systems (Atisys).
Besides, the R&D project has also an academic dimension in France with an expert in cold industry from the
Conservatoire National des Arts & Métiers (CNAM-Paris).

4.1. Overall PV COOLING architecture

Fig. 2: Schematic architecture of PV-COOLING system
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4.2. Layout description
The first test bench, installed on the Atisys head-office roof-top, is located in Toulon area (South East of
France, lovely site in French Riviera).

Fig. 3: Picture of 19 mono-crystalline photovoltaic modules (280 Watts peak (Wp) for each module) on the Atisys roof top

Fig. 4: PV COOLING control and management system

In the pilot testing system, electrical production is delivered by 18 mono-crystalline photovoltaic modules (280
Watts peak (Wp) for each module) as illustrated on Figure 3, which represents a total power of 5.0 kWp. This
power is quite enough for driving chiller compressors and all ancillary equipment dimensioned for 10 kWth
chilling power (condenser fan and chilled water circulation pump).
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These photovoltaic panels are connected to a three-phase wired inverter along with batteries bank. The four
selected 12-Volt batteries are connected in series to obtain a voltage of 48V. Their 150Ah capacity each with
a 50% depth of discharge (DOD) allows to obtain a useful electrical storage energy about 3.6kWh. This is
enough to drive the full load power installation at least for one hour.
For a real operational system, battery capacity may be chosen according to actual need.
In order to limit the inrush current during compressor run-up, a variable-frequency drive has been installed
downstream from the inverter which makes possible to divide the inrush current by 6.
Figure 4 presents the complete electrical setting.
Two parallel-mounted semi-hermetic compressors were selected and adapted for propane. Each compressor
can provide from 2.4 to 5.4 kW of cooling by varying its rotation frequency from 30 to 70 Hz. This allows a
cooling capacity between 2.4 and 10.8 kW. For the future, commercial PV cooling systems will be able to
reach high cooling power till 300 kW using bigger compressors. It is enough to size the other equipment
accordingly.

Fig. 5: Picture of the Two parallel-mounted semi-hermetically compressors

The condenser is an air/R290 type heat exchanger, also called air-cooled condenser. In order to reduce
refrigerant load, a microchannel type condenser has been chosen.
The evaporator selected for the project is brazed plate heat exchangers, also suitable for propane.
The major innovation regarding the heat pump system lies in the use of low Global Warming Potential (GWP)
refrigerant.
The choice fell on propane (R290) with (<10) GWP, which is considerably low compared to a common
refrigerant (e.g. 1300 GWP for R134a).
The only drawback with using propane is the necessity of additional security due to propane flammability. In
our case and according with French safety regulation, setting the chiller outdoor (see Fig. 6) is considered as
sufficient. Thus, no additional security is necessary.
The fluid that transports the refrigerating capacity from the cold unit to the chilled water tank is water/methyl
propylene glycol (MPG) mixture, so as to avoid any freezing risk.
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Fig. 6: Picture of the global chiller installation installed on the Atisys top roof

For this test bench, the chilled water tank is representative of a typical building whose thermal load is simulated
with an electrical resistor heating the 180L chilled water tank (see heater on Fig. 6). That gives the advantage
to fully control the building loads and consequently simulate several conditions which correspond to different
building utilization/insulation and climate conditions.
A monitoring system has been set up with a view to monitoring performances of the system according to the
needs throughout the year. Monitoring is powered by PV-COOLING itself.

4.3. PV COOLING management
Building thermal load is estimated as follows:

PBuild  Load (t ) G uV u >Text (t )  Tset (t )@  K u S Build PSol.Ir (t ) G (t  W )

(eq. 1)

With:
- Text : outdoor temperature
- Tset : indoor setpoint temperature
- G : volume heat loss coefficient [W/m3.°C] choosen as G=2.5 (poorly insulated building in our case)
- V: the cooled volume. V=325 m3
- PSol.Ir : Power of solar irradiation [W/m2]
- SBuild : time average wall surface of building exposed to solar irradiation (chosen to 40 m2)
- K: solar power absorption sensitivity of building walls [non-dimensional, 0 d K d1], chosen to 0.20
- G(t-W) : delay function (Dirac), corresponds to thermal inertia of building to solar irradiation (W = 1 hour)
For the automatic control of heat pump management, several approaches are tested between two main
paradigms.
The first one is the economy mode (also designated as “eco” mode) in which compressor driving power is
adapted to PV output power.
The second one is the comfort mode in which setpoint value consists in keeping constant chilled water
feedback temperature (12°C) and if necessary take complementary power from the grid when both PV and
batteries power are insufficient.
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5. Results and discussion
PV COOLING test bench has been tested during several months with monitoring sequences of several days
from June to September 2017. The electrical resistance of the heater has been controlled to model a 325 m3
building (i.e. 125m² with a high ceiling of 2.60m). To correspond to reality, an outside temperature sensor has
been installed.
PV COOLING major monitoring data and performance results are presented hereby, for both “eco” and
“comfort” modes, and under both sunny and intermittently disrupted sunny/cloudy conditions.
On graphical displays of fig. 7 to 11, negative values of grid electric powers means that power in injected by
PV system into the grid (red curve). For battery (black curve), it is the opposite (this was done for lisibility).
Data and performances results are obtained on a daily basis, from 8 a.m. up to 7 p.m. Those data may permit
one to appreciating PV COOLING efficiency (fig. 12), especially EER (ratio of thermal energy produced to
grid energy consumption, from 8 a.m. up to 7 p.m.).

5.1. “eco” mode
Figure 7 below shows PV COOLING monitoring data captured on Sept 5th. Although this was a very sunny
day, weather was quite windy due to a northern dry and cold wind, designated as “Mistral” (quite typical of
south of France) : Mistral blows clouds away and also pushes Mediterranean sea thermocline offshore, such
that sometimes even in summer, swimming on the French Riviera is a matter of bravery !
That explains why despite of sunny conditions, thermal load is far below classical figure in this period of the
year. Therefore, PV-COOLING power remains far below PV power until late afternoon (5:30 p.m.) and no
any external source is required.
This case gives EER = 106.3 ! (see fig. 12).

Fig. 7: Electric and thermal powers time history (Sept 5th 2017 – TOULON) – “eco” mode
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It can be noticed that if PV-COOLING manager was configured as “comfort” mode, results would have been
identical.
Figure 8 displays a much more significant case of ”eco” mode efficiency : Sept 6th was quite a disrupted
sunny/cloudy day until 4:00 p.m. and in can be seen that system consumption (and thus cooling power) is
limited by both PV power and thermal load.
One can notice that despite disrupted conditions, Sept 6th conditions show a much higher building thermal load
than eve, and even in “eco” mode, cooling power matches quite well thermal load history.
This case gives EER = 44 (see fig. 12).

Fig. 8: Electric and thermal powers time history (Sept 6th 2017 – TOULON) – “eco” mode

5.1.”comfort" mode
Figure 9 displays PV-COOLING results obtained on Aug. 28th 2017, quite a sunny day and with high thermal
load (71.15 kWh), a high cooling production (75.46 kWh) and a low grid consumption (0.47 kWh) which
yields to EER = 161.93 (see fig. 12).
Figure 10 displays following day (Aug 29th) which much more disrupted than previous example and still
exhibits high thermal load (72.04 kWh) a high cooling production (75.14 kWh) and a low grid consumption
(0.78 kWh). Here EER = 95.82 (see fig. 12).
Similar comments can be done regarding Aug. 30st (fig. 11) where cooling power matches quite well building
thermal load history. One may notice that battery power was limited to 1.5 kW as a security barrier set up to
save battery lifetime, which yields to grid consumption (3.15 kWh) and consequently degrades performances
to EER = 24.71 (see fig. 12).
On all those examples, one can see that priority is given to battery as external supply (at the condition that
battery charge level is sufficient).
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Fig. 9: Electric and thermal powers time history (Aug. 28th 2017 – TOULON) – “comfort” mode

Fig. 10: Electric and thermal powers time history (Aug. 29th 2017 – TOULON) – “comfort” mode
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Fig. 11: Electric and thermal powers time history (Aug. 30th 2017 – TOULON) – “comfort” mode

Fig. 12 below is a synthetic table of significant values which permit one to appreciating PV-COOLING
performances.
Surprisingly high values of EER are the result of very low grid consumption and have to be interpreted with
humility: in fact, comparing EERs on Aug. 8th and 9th (respt. 162 and 96) is only du to 0.31 kWh difference
in 11 hours !

data
overallelectricPVͲCOOLINGconsumption(kWh)
PVͲCOOLINGPVconsumption(kWh)
PVenergyproduction(kWh)
Batteryconsumption(kWh)
Gridconsumption(kWh)
buildingthermalload(kWh)
Coolingproduction(kWh)

CompressorCOP
PVͲCOOLINGCOP

PVͲCOOLINGEER(Qth/Qgrid)

"ECO"mode
sept5th
sept6th
14,52
17,87
14,11
16,64
26,56
19,94
0,00
0,01
0,40
1,22
38,64
51,74
43,03
53,87

Aug.8th
22,62
21,29
25,88
0,87
0,47
71,15
75,46

"COMFORT"mode
Aug.29th
22,22
19,26
22,94
2,18
0,78
72,04
75,14

Aug.th
25,24
15,95
18,72
6,13
3,15
75,99
77,89

3,40

3,36

2,91

2,96

2,82

2,96
106,34

3,02
44,11

2,72
161,93

2,76
95,82

2,64
24,71

Fig. 12: Summary off significant values for different weather and management conditions

However, as a result of those examples, it may be concluded that PV-COOLING concept can be considered as
efficient and quite acceptable values of EER were obtained which demonstrate possibility to run PVCOOLING independently from grid.
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6. Conclusion
To conclude, the developed and tested PV-COOLING concept allows bringing following conclusions:
x

PV-COOLING demonstrates that it is possible to combine improved technologies which are photovoltaic
(PV) power plant to drive vapor compression thermodynamic system for the sake of producing cooling
energy ;

x

Securing PV plant with external power supply to drive thermodynamic system was successfully
demonstrated ;

x

Part of efficiency results in possibility to real-time adapting cooling power to solar irradiation ;

x

EER obtained values shows that only a limited amount of grid supply is necessary and consequently,
external generator may efficiently be substituted to grid ;

x

Proper management permits one to consider fully autonomous systems disconnected from grid ;

Technically, existing system is planned to further investigate clever ways of using PV excessive power. This
concerns mainly investigating cold storage (as shown on fig.2), but also electric storage and compare which is
better to improve autonomy of PV-COOLING.
The marketing plans carried out target PV COOLING as a development tool in sunny and/or tropical regions
for both air-conditioning system and positive food storage. Eventually, PV-COOLING concept open wide
perspective for insulated areas and may constitute a tool for land-use planning, and especially in the developing
world.
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Abstract
The scope of this paper is to give a short overview of the state of the art regarding control strategies, identify the
role of different operating conditions, and provide useful suggestions for the design and operation of a solar
assisted absorption cooling system, in line to the European regulation as well as its directly related directives.
The operation of a solar absorption cooling system under real conditions is subjected to various limitations
regarding its ability to satisfy the required cooling demand, as well as to avoid certain internal conditions which
would lead to problematic situations and jeopardize the smooth operation of the system - such as solution
crystallization and water freezing. Thus, it is very important to define and refine new control operating
strategies, from an internal and external perspective. Several control strategies are discussed, altogether with a
new fuzzy logic approach, which shall be experimentally validated as future actions, due to its highly promising
capability.
Keywords: Air-cooled, numerical simulation, LiBr-Water, object-oriented, transient, single-effect, absorption,
fuzzy logic, control.

1. Introduction
In 2005, the Ecodesign Directive 2005/32/EC established a framework aimed at setting the ecodesign
requirements for energy-using products. In 2009, the Ecodesign Directive was extended (Directive
2009/125/EC) to all energy-related products (ErPs). Thus, also products which do not necessarily use energy,
but have an impact on energy consumption and can therefore contribute to save energy were included.
The most common available technologies that increase the energy efficiency of chillers, and thus help to comply
with the normative, are: i) Electronic expansion valves (EEV), ii) Variable capacity compressors, iii) Variable
frequency drives (VFD), iv) Evaporative cooling, v) Electronic fans and pumps, vi) Controllers and supervisory
systems with energy-efficiency functionalities, and vii) High efficiency heat exchangers (e.g. micro-channels,
flooded).
In this paper an extended discussion over the potential use of variable frequency drives is included, aiming to
achieve a great performance of the chiller under different operating challenges. In fact, an intelligent operation
of the absorption chiller may result in an adequate performance, together with a minimization of operating
interruptions (freezing, crystallization, etc.).
Internal and external controls must be focused on the operation of air-cooled absorption chillers. In this work
internal chiller processes are addressed by reviewing several control strategies present at the scientific literature
and also from the industry. External control deals with external parameters of the chiller, such as the ones
concerning low, medium and hot circuitry.
Controlling hot and cooling water is one of the most promising approaches but in a direct air-cooled machine is
highly complicate, at least at the medium focus. Nevertheless, an optimal control of the chiller concerns on
defining a good strategy for the whole system, including heating and cooling components (hot and cold storage,
solar circuit, etc.).
The principal controlled parameters of a solar cooling system may be inner hot water temperature and mass
flow, cooling air or inner water temperature and mass flow, and chilled water outer temperature and mass flow.
Chilled water must be kept in certain limits to allow satisfactory operation (Kohlenbach and Ziegler, 2008). At
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the same time differential on/off operation of the external circuits should be avoided (Bong et al., 1987) (Yeung
et al., 1992) (Labus et al., 2012).
Directly focusing on the direct air-cooled absorption chillers, these are attractive due to it is not necessary both
cooling tower either the associated installation. However, the key technical barrier to operate an air-cooled
absorption chiller using LiBr-Water as working fluid is crystallization because of high temperatures achieved
inside the absorber which derives in a concentrated solution. It is the main difference towards water cooled
absorption chillers. As air is used as coolant, low heat transfer characteristics must be taken into consideration
because operational concentrations of the solution are very close to the crystallization limit. Therefore, not
always the evaporator temperature can be maintained as low as it would be necessary to overcome the
absorption pressure increase. LiBr begins to crystallize when the temperature solution is reduced under the
crystallization limit or when concentration ratio is increased.
When high condensation temperature is required due to high ambient temperature (Florides et al., 2003)
(Izquierdo et al., 2004), high temperature at the desorber is needed, with a possible overloading power to the
desorber. Therefore, a high concentrated solution has to return to the absorber through the solution heat
exchanger. On the other hand, for condensation temperatures over 40C, single-stage air-cooled absorption
chillers cannot be operated by single glaze flat plate collectors (McNeely, 1979).
Other causes which allow the creation of slush are low ambient temperature and full load, electrical failure
(shutdown dilution process) and when the chilled temperature is set too low (Liao and Radermacher, 2007). The
presence of non-absorbable gases (air and hydrogen) which may vary according to the power input at the
desorber and their effect on the performance of the absorption process phenomena have previously been studied
at a basic research level (Garcia-Rivera et al, 2008, 2011, 2012, 2016). The effect on the performance of the
chiller will be discussed in future works on the performance of the air-cooled absorption prototype.
Air leaks into the system raise the evaporating temperature and the chilled water leaving temperature. A higher
temperature increases the heat input and the solution concentration to the point of crystallization. When the
system is operated at full load, if the temperature of the cooling water is too low, the diluted solution
temperature may fall low enough to reduce the temperature of the concentrated solution to the point of
crystallization. If the electric power is interrupted, the system ceases to operate. The temperature of the
concentrated solution in the heat exchanger starts to drop and may fall below the crystallization line.
Because of the particular operating principle of absorption chillers, novel and imaginative integration strategies
have been proposed in the literature and shortly reviewed next. Several devices have been developed in order to
minimize the possibility of crystallization. Moreover, several approaches can be found on the scientific literature
as self-decrystallisation technique (DeVuono et al., 1991) by driving high temperature secondary fluid through
the solution heat exchanger. It is only possible if high temperature drives the desorption process. Other
techniques as controlling the absorbed mass by monitoring the fluid level at the evaporator or boosting the
absorber pressure have also been studied by different authors (Zogg and Westphalen, 2006), (Xie et al., 2012).
These approaches and an overview of control strategies can be found at Labus PhD dissertation, (J. Labus,
2011), where a new Artificial Neural Network (ANN) modeling and optimization approach is described.
Another focus is to define a control strategy based on minimizing specific costs or the price for generation of
cold (J. Albers, 2014).
A J-tube technology or by-passing the solution from the desorber to the absorber in order to avoid crystallization
is widely applied on the industry [18], (Wang et al, 2011). When crystallization phenomena appear, a
connection between the desorber and the absorber, which by-passes the solution heat exchanger, is opened.
Therefore, immediately the concentrated solution is diluted and its temperature decreases, warming the low
concentrated solution. At the same time, the mass flow over the solution heat exchanger will allow to avoid
crystallization at the concentrated solution which is at low temperature.
Summarizing, regulation and control of the cycle is quiet challenging due to crystallization phenomena and
environmental temperature dependence. In fact, mass flow driven from the generator to the absorber depends on
the pressure gradient, which at the same time depends on the geometrical configuration. Therefore, it is
important the mechanical design in order to define correctly all the input parameters at the numerical simulation.
Transient numerical modeling helps to define an optimum control strategy.
Therefore, switch-on, standard operation and shut-down process must be aware not only of delivering cooling to
overcome the cooling demand but on the protection of the components, i.e. the solution pump, to avoid
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unexpected interruption of the machine and possible warnings (i.e. freezing). Several potential internal and
external control strategies must be analyzed, and the authors have implemented different control strategies at the
numerical platform tool called NEST (in-house developed object-oriented numerical tool) (López et al, 2012).
The readiness of the chiller to deliver cooling demand is also considered, depending on the load demand and
operating boundary conditions of the chiller. Operational data of a small capacity single-effect air-cooled LiBrWater absorption chiller has been obtained and presented in this paper.

2. Numerical approach of the control strategy

Fig. 1. Basic diagram of a single effect LiBr-H2O absorption chiller based on parallel configuration

For performing the simulations a modular object-oriented simulation platform named NEST has been used,
allowing the link among different components (solar field, pumps, tanks, heat exchangers, absorption chiller,
etc.). In this numerical platform each component is an object, which can be an empirical-based model (e. g. heat
exchangers, solar collector), lumped capacity models or a more detailed calculation if necessary. With this
numerical platform, parallel computing is allowed. This model plant is capable to simulate the thermal and fluid
dynamical behavior of the whole air-cooled absorption chiller (Farnós et al., 2017a, 2017b).
Numerical control strategy has been implemented considering a wide variety of causes which may interrupt the
operation, basically in terms of crystallization and freezing. In fact, internal and external controls must be
focused on the operation of air-cooled absorption chillers. External control deals with external parameters of the
chiller, such as the ones concerning low, medium and hot secondary circuits.
Controlling hot and cooling water is one of the most promising approaches, but in air-cooled machines it is not
possible, at least at the medium focus. However, an optimal control of the chiller is based on defining a good
strategy for the whole system, including heating and cooling components (hot and cold storage, solar circuit,
etc.). A multivariable approach presents a high performance control capability. The main controlled parameters
of a solar cooling system may be water inlet temperature and mass flow at low, medium and high source.

Fig.2. Solar cooling facility implemented in a virtual facility
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Regarding the main technical characteristics of the secondary ciruitry, the total considered solar area is 30m2
்ି்

(்ି்)మ

െ 0.0058
. The cold water tank
with flat plate collectors with an efficiency of: ɂ= 0.803 െ 2.4
ீ
ீ
has a capacity of 1000 liters, and the hot water tank 5000 liters. Finally, the auxiliary source has a thermal
power of 20 kW.

3. Technical Characteristics of a direct air-cooled absorption machine
A small, compact and cost-effective single-effect LiBr-Water absorption chiller has been designed, prototyped
and commissioned not only from a scientific perspective but from an end-user perspective at the Heat and Mass
Transfer Technological Center from the Technical University of Catalonia (UPC-BarcelonaTech). The use of
standard components and procedures from the whole assembly has been mandatory during the whole
development. The arrangement between the air-cooled heat exchangers is in parallel flow. The absorber takes
more than the 50% the total air flow, the same proportion as the frontal area. All the heat exchangers have been
divided in two parts in order to keep the design as compact as possible. On the other hand, and based on the EU
regulation control approaches must also be focused and discussed.
Table 1. Equipment specifications and main results of the cycle simulation (* output value)

Nominal capacity
COP
Hot water stream
Cooling air stream
Chilled water stream

Units
kW
ºC
kg h-1
ºC
m3 h-1
ºC
kg h-1

Specification
7.0
0.7
88
1730
35
16500
9
1200

4. Analysis of the performance of the chiller under different control strategies
Data obtained from numerical simulation is used to manage the regulation based in a transient analysis, taking
into account several heat and mass transfer phenomena like absorption, desorption, evaporation condensation
etc., aiming to assure an acceptable performance of the chiller under different operating conditions, etc.
Therefore, a great effort was done by obtaining mass transfer coefficients, which feed the transient numerical
simulation, by solving the falling film phenomena in detail. Furthermore, thermal size of the components is not
fixed but obtained in each time step (Farnós et al., 2017a, 2017b). Monitoring the performance focusing on heat
rejection temperature dependency and crystallization phenomena is a very valuable data to reconsider state ofthe-art strategies where air is not the most common used coolant.
In order to regulate the cooling capacity of the chiller according to the cooling demand, different strategies can
be attended. The first one may be the regulation of the mass flow of the secondary stream at the desorber.
Nevertheless, figure 2 demonstrates that the regulation of the cooling capacity becomes a challenge using this
strategy because the delivered cooling mainly depends on the rate of the mass flow on the interval 0-25% of
nominal mass flow. Between 25-75% of nominal flow the variation of cooling capacity is around 7-9% only. It
agrees perfectly with scientific literature (Zamora et al, 2015).
On the other hand, and based on temperature regulation of the secondary source of the desorber, an other control
strategy has been focused (Figure 3). Even though it shows a great potential, in a real solar cooling facility is not
easy to implement due to the thermal inertia of the heat storage tank (a tank is used to storage heat when the
solar circuit is not activated and to use as minimum as it would be possible the auxiliar heat source; a gas
boiler). Therefore, temperature variation can not be reached in a short time in order to follow the cooling
demand.
Finally, a third strategy is attended with the aim of following the cooling demand varying the air mass flow of
the secondary sources at the absorbers and condensers. An accurate fuzzy logic control shows enough potential
to analyze the chiller performance within different operational conditions of the chiller and improve the
capabilities of the system, avoiding internal failures and reducing electricity consumption.
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Fig. 3 Water mass flow regulation (*)

Fig. 4 Secondary mass flow temperature (Desorber) (*)

(*) Secondary nominal mass flows are:
A1: i) Desorber 0.48 kg s-1, ii) Absorber 2.5 kg s-1, iii) Condenser 1.5 kg s-1, and iv) Evaporator 0.334 kg s-1.
A2: i) Desorber 0.48 kg s-1, ii) Absorber 1 kg s-1, iii) Condenser 0.6 kg s-1, and iv) Evaporator 0.334 kg s-1.
A3: i) Desorber 0.48 kg s-1, ii) Absorber 0.6 kg s-1, iii) Condenser 0.36 kg s-1, and iv) Evaporator 0.334 kg s-1
A4: i) Desorber 0.48 kg s-1, ii) Absorber 0.36 kg s-1 iii) Condenser 0.216 kg s-1, and iv) Evaporator 0.334 kg s-1

4.1 Air mass flow regulation
Here in this section are presented the results of a parametric analysis of the chiller (Figure 4). Secondary air
mass flow streams have been varied from A1 to A4 conditions. Furthermore, a variation of the inner hot water
temperature at the generator altogether with the environmental temperature is also presented. Different cooling
capacities under different boundary conditions are obtained. Analyzing plotted results it is obvious the necessity
of a well-performing control approach, which should be aligned with the EU regulations.
A first basic approach based on switching the operation of the secondary impellers has been considered and
presented in Section 5. Nevertheless, it is important to match the cooling load with the cooling capacity,
maintaining the internal and external conditions inside the working range and avoiding operating failures. It is
the reason why a new fuzzy logic control strategy approach is described in Section 6 of this paper, as well as
some examples for a transient operation of the chiller in Section 7.
Table 2: Parametric study: range of operation
Inlet T conditions secondary circuit [ºC]

Desorber

Absorber and condenser

Evaporator

Range

75-95

20-35

14

Fig. 5. Parametric study of the cooling capacity of the chiller under different mass flows and temperatures
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An other interesting aspect is to analyze the performance of the chiller under different air flow regimes and
temperatures, but for a fixed inner hot water temperature. In Figure 5 the cooling capacity over the frequency
variation of the fan is presented, showing the wide range that the chiller can overcome under different cooling
demands under different medium focus boundary conditions.

Fig. 6 Cooling capacity under frequency impeller variation

5. Basic control regulation: On/Off approach
Next it is shown the basic control diagram for an On/Off control approach. It is based on the WFC10 from
Yazaki [25] and modified according to the direct air-cooled chiller necessities. Nevertheless, a basic On/Off
control approach would lead into internal problems and cause failure operating conditions, and is not possible to
achieve a high value of the electrical COP.

Fig. 7. Basic electric control diagram of the secondary circuitry

6. Basic fuzzy logic control strategy
A new fuzzy logic control of the cooling capacity of the chiller is based on the impossibility to modify the inlet
secondary temperatures but having different cooling demands to satisfy. Therefore, in order to avoid processes
of freezing or crystallization is important to know which is the maximum capacity of the chiller for each
boundary conditions, aiming to change its capacity among the whole frequency range of the air impeller. This
basic control strategy is compared to that widely used in other types of chillers based on switching the solution
pump between ON and OFF operation (C.P. Underwood, 2015), and presented in Section 7.
A basic algorithm is presented next in order to achieve a high quality cost-competitive control strategy based on
a basic sampling temperatures at the secondary circuits.

Equations related to obtain the output value of the fan frequency (wout) are detailed next:
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Ɏଵ

= ܶ െ ܶ

(1)

Ɏଶ = ܶ െ ܶ

(2)

ܳሶ௫ = ݂(Ɏଵ, Ɏଶ , ݓ௫ ) (Linear correlation)

(3a)

Equation (3) is obtained by defining secondary mass flows and keep them constant. Then cooling capacity is
obtained for different temperature conditions (a parametric numerical analysis has been carried varying inner
hot water temperature from 75ºC to 95ºC and environmental temperature from 20ºC to 35ºC).
Once the cooling capacity has been calculated, eq. 1 and eq. 2 are used to calculate temperature differences.
Finally, a relation between cooling capacity for arbitrary temperature conditions and the maximum cooling
capacity obtained from the parametric study allows to obtain the value of the cooling ratio (Q/Qmax) for
arbitrary conditions. Finally a correlation between ʌ1 DQG ʌ2 and Q/Qmax is obtained. The maximum error
between the correlation and the Q/Qmax values obtained from the numerical simulation is lower than 2%,
allowing to move forward on this control strategy approach.
Qwmax = (0,059226879 + 0,019855119ʌ1 -0,025693839ʌ2) Qref
ݓ௨௧ = ݂(ܳሶௗௗ , Ɏଵ, Ɏଶ )

(3b)

(Exponential correlation)

(4a)

Equation (4) has also been obtained by means of a parametric study of the prediction of the performance of the
chiller under different boundary conditions (See Fig. 4).
 = ݓ5.3145݁ ଶ.ଽଵଶ(ொೌ Τொೌೣ)

(4b)

The inner hot water temperature range varies between 75-95ºC and the environmental temperature oscillates
among 20-35ºC. Then, for fixed mass flows over the secondary circuitry (Block A1,A2,A3 and A4) the cooling
capacity is calculated for the whole temperature range defined. Then, defining Th,Tm and Tl the cooling
capacity per block is obtained . Moreover, the maximum cooling capacity is referenced to the A1 block, but this
Qref can also be either the nominal expected cooling capacity (7kW) or correspond to the maximum cooling
capacity that the chiller is capable to deliver for a fixed Th,Tm,Tl. Then, the cooling ratio is calculated (Q/Qmax).
Q/Qmax ratio is almost the same for all the same temperature case (fixing Th,Tm,Tl); varying the frequency of
the air impeller.
Finally Figure 7 plots the cooling ratio versus the frequency of the impeller. Defined temperature conditions
altogether with a variation of the air mass flow can oscillate the cooling capacity of the chiller, which will allow
to follow the cooling demand, reducing the electricity consumption and avoiding internal challenges.
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Fig. 8 Normalised exponential function (eq. 4)
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7. Control demonstration: application, basic, fuzzy logic, and no control
approach
A virtual laboratory has been created in order to analyze a solar cooling facility. Evaporator and generator
secondary stream inlet temperatures are determined by two sinks, which are used as a buffer, in order to avoid
oscillations on the driving temperature. Temperature inside the tanks is controlled so that the high temperature
circuit (solar circuit) is activated only when is required. Hysteresis of the tanks is considered when the high
temperature source is activated or deactivated. Moreover, there is an auxiliary circuit if solar circuit is not
available to overcome heating demand. The low temperature circuit is controlled in order to avoid freezing at
the chiller. In the figure 8 it is described:

7.1 Transient numerical simulation using a basic control strategy of the chiller
A characteristic day (8th July) in Barcelona (Spain) has been simulated in order to understand the performance of
the chiller under different control approaches. In Fig. 8 the basic control described in Section 5 has been applied,
and thermal power along 24h is plotted, according to a variable cooling demand of a house. It is observed that
there are many switches which do not allow the system to operate in the best conditions, and achieve high
energy savings. Nevertheless, it permits a very easy implementation on the electrical control device.

Fig. 9. 24h simulation based on a basic control strategy

7.2 Fuzzy logic control strategy of the chiller (application example):
In this section an example of how the fuzzy logic is applied is shown. Linear and exponential correlations
described above are used.
Table 3: Example of a control strategy application
Qdemand
[W]

Th
[ºC]

Tm
[ºC]

T
[ºC]

(Th-Tm)
[ºC]

(Tm-Tl)
[ºC]

Qmax[W]
(w=100%)

Qload/Qmax (w=100%)

Wout [%]

Qdelivered [W]

7000

90

30

14

60

16

10404

0,67

37,41

7000

7.3 Transient numerical simulation using a fuzzy logic control strategy
The fuzzy logic approach described above allows the system to reduce dramatically the energy consumption as
well as to follow the cooling demand in an optimal way. Thus, internal challenges are reduced drastically and
mean electrical COP is quite larger than the one obtained by using a basic control approach. In future works
these values will be presented and compared.
For the same case presented in section 7.1, the performance of thermal power are smoother than using the
implemented basic approach. It means that the operation of the chiller becomes easier as well as its potential to
avoid internal and external failures. Nevertheless, all these control strategies must be improved and
experimentally validated.
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Fig. 10. 24h simulation based on a novel fuzzy logic control strategy

7.4 Comparison between a basic and a fuzzy logic control strategy
In figure 11 the evolution of the electrical COP is presented (same case than in Section7.1 and 7.3). It is clear
that using a fuzzy logic approach the COPel is higher than the one achieved by means of a basic control
strategy. Large electricity consumption would be expected to be saved by means of this novel approach.
50
40
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COPel basic

20

COPel fuzzy

10
0

0

20

40

Fig.11 24h COPel evolution

7.5 No control approach
Based on a numerical simulation carried in May for half a day (12h), from 8 am to 8 pm, after 5 hours of a
control-based operation (1pm), control is switched-off. Initial basic and fuzzly logic control both have been
plotted before switching-off the control device. Then it is shown what would happen regarding freezing and
crystallization after basic and fuzzy logic control during the first 5 hours of operation. In the first case we can
observe in Fig. 12 the evolution of the primary evaporator temperature after the control is switched off. On the
other hand, in Fig. 13 it is described the evolution of the concentration of the LiBr-Water solution inside the
desorber vessel. Freezing and crystallization phenomena appear as internal failures. These may damage the
absorption chiller operation, being impossible to avoid and leading to operating interruptions if no control
strategies are considered, at least in a direct air-cooled absorption chiller.

Fig.12 Internal failure if no control is considered (freezing)

Fig. 13 Internal failure if no control is considered (crystallization)
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8. Conclusions
In this work a dynamic model for an air-cooled H2O-LiBr absorption machine has been used as the basis to
implement different kind of control strategies. The model is based in the use of heat & mass transfer empirical
correlations of the scientific literature, to avoid ad-hoc adjusts of the main parameters of the absorption
refrigeration cycle.
Targeted end users of the absorption chiller must be enlarged in order to go further than domestic applications if
an acceptable Return of Investment (ROI) wants to be achieved. In that sense several actions should be
performed: increase of the temperature lifts to allow its operation as a heat pump, active/ passive improvements
for heat & mass transfer, optimization of transient response, reduction of the total circulating mass flow, and
new control strategies to optimize the performance of the chiller and the whole solar cooling facility. Based on
this issue and taking into consideration EU regulation, different control approaches of the absorption chiller are
herein presented and discussed: i) Inner hot water mass flow regulation, ii) Inner hot water temperature
regulation, iii) Basic control regulation, and iv) A novel fuzzy logic control strategy applied to direct air-cooled
absorption chillers.
A fuzzy logic approach seems to be the most valuable control strategy, keeping in mind that a multivariable
approach, considering inner hot water mass flow regulation, should be focused in the near future. As it has been
shown in Fig. 11 the obained COPel based on the fuzzy logic control strategy is clearly higer than the one
obtained by means of a basic control strategy. Internal and external behavior are also smoother than a basic
control, which help to avoid operation failures such as freezing or crystallization.Therefore, this tool is
recommended to be numerically assumed and experimentally validated in further works, quantifying the total
energy savings in terms of thermal load and electricity consumption.
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Appendix: Units and Symbols
Table 4: Symbols

Quantity
Mass flow rate
Heat flow rate
Temperature
Frequency
Temperature difference
İ
G
THT2C
TCW
TLT
TMT
P1
P2
V
COP

Symbol
m
Q
T
W
Ȇ
Efficiency
Solar radiation
Thermostat of inner hot water temperature
Thermostat of temperature of chilled water
Thermostat of low water temperature of primary circuit
Thermostat of air mass flow temperature
Pump 1. Chilled water pump
Pump 2. Hot water pump
Fan
Coefficient of Performance

Unit
kg s-1
W
ºC
Hz
ºC
W/m2
ºC
ºC
ºC
ºC

1697

J. Farnós / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Table 5: Subscripts

Quantity
des
h
m
l
cond
gen
abs
evap
max
in
out
demand
ref
el
th
1
2
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Symbol
Desorber
High temperature focus
Medium focus (environment)
Low temperature focus
Condenser
Generator
Absorber
Evaporator
Maximum
Inlet value
Outlet value
Demand
Reference
Electrical
Thermal
Hot-medium focus temperature difference
Medium-low focus temperature difference
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Abstract

In this work an analysis of the performance of solar absorption air-cooling system installed to a building office of
the Bolivarian Pontifical University (UPB) of Medellín in Colombia is presented. The solar powered, single-effect
Li-Br absorption cooling system using evacuated heat pipe collectors, has a nominal capacity of 11,5 kW and it is
implemented with a 17,6 kW indirect evaporative cooler (iec), responsible to improve the energy efficiency and to
renovate the air in the building, for a total cooling capacity of more than 29 kW (more than 8 refrigeration tons). A
system of chilled water capillary mats is implemented for air conditioning, where the heat transfer takes place
through a radiant ceiling, reducing recirculation airflow and increasing the temperature of chilled water supplied,
allowing a reduction in energy consumption by airflow and an improvement in energy efficiency of the solarpowered absorption cooling system. The performance is evaluated for three main subsystems composing the air
conditioning system the absorption chiller, the heat pipe evacuated tube collectors and the indirect evaporative
cooler. A series of test-measurements (TMs) are carried out varying the value of one or more particular parameters
that affects the performance. Some indicators, which describe the performance, are calculated and compared, so an
evaluation of the different TMs is provided. In more is presented an economic comparison with a conventional
scheme in order to assess the potential energy savings of the system, the simple payback period of the investment is
calculated for different size and cooling demand for Colombian and Italian case.
Keywords: Solar Cooling system, absorption chiller, heat pipe evacuated tube collectors, indirect evaporative
cooler, performance analysis, experimental test-measurements, simple payback period

1. Introduction
Buildings produce high CO2 emissions as they consume almost 40% of worldwide energy, and a remarkable
percentage of this energy is used for achieving thermal comfort conditions, both in heating and cooling. Thermal
comfort is one of the first priorities, as it represents around 65% of building energy consumption [1]. Solar energy is
the most widely renewable energy all over the World [2]. Solar power is sufficient to cover the thermal comfort
demands in medium and low latitude regions [1] and it is not a fortuity that a solar-powered absorption cooling
system was projected in Medellín, whose latitude is 6° 15’ 6 N. Among the various solar air-conditioning
alternatives, the absorption cooling system appears to be one of the most promising methods[3], because of the fact
that the pick concentration of solar energy coincides with the hours when the cooling is required, in more as no
chlorofluorocarbons (CFCs) are used, the system is presented as environmentally friendly. The project presented is
the 7th out of 8 projects belonging to the National Strategic Plan of Energy Management that includes 4 years last
projects in order to implement energy efficiency of Colombia’s electric and thermal energy production systems,
reduce the emissions and the environment resources depletion. This project was born as implementation of airconditioning system for a building office, called Building 24, of UPB by Li-Br solar absorption cooling system with
evacuated tube collectors. The office selected hosts about 50-80 persons and has an area of 239 m2, for improving
the energy efficiency of the air conditioning system, an indirect-evaporative air cooler (iec) responsible in
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renovation of the air, was installed, resulting that the air entering is provided at lower temperature than the
temperature outside. Employing both system the thermal capacity needed for the office building is satisfied. The
peculiarity of this air-conditioning system consists on the use of chilled water capillary mats instead of conventional
fun coils. The heat transfer takes place through a radiant ceiling, reducing recirculation airflow and increasing the
temperature of chilled water supplied, allowing a reduction in energy consumption by airflow and an improvement
in energy efficiency of the solar-powered absorption cooling system.

2. System description
Medellín is also known as the city of eternal spring, presenting full year mostly sunny weather, with diurnal
temperature which oscillate between 22°C and 35°C and a relative humidity between 40% and 75%. For this reason,
it suits the solar powered air conditioning system very well. The figure below shows a schematic picture of the
system with its principal component by the control screen of the engineering software used in order to test, measure
and control its data. The picture with typical values from operation of 5 th TM during chilled water production is
shown below. For a good understanding, a brief description of the most important sub-system that characterize this
configuration of Li-Br solar absorption air conditioning system, in order to justify the technologic choices that have
been taken and focus on the specifications needed for proceed to a performance analysis is presented.

Fig. 1: LabView Control screen of the system

1. Evacuated heat pipe tube collectors (ETCs). The operating temperature of the hot water supplied to the generator
of the LiBr-water absorption refrigeration system is about 70°C and 90°C. The lower temperature limit is imposed
from the fact that hot water must be at a temperature sufficiently high to be effective for boiling the water off the
solution in the generator[4]. For a number of 20 tubes for 10 collectors, the effective lighting area installed resulted
of 20.4 m2. The ETCs are connected directly to the hot water storage tank. Because no evaporation or condensation
above the phase-change temperature is possible, the heat pipe offers inherent protection from freezing and
overheating. The collectors were installed on the roof of the building chosen. Although it is recommended to incline
the collector according to the latitude in order to catching the most direct radiation of the sun, it resulted that didn’t
permit the natural cleaning of the collectors by the rain and for this reason an inclination of 10° was chosen, and
being installed in north hemisphere, they are directed to the south.
2. The absorption chiller constitute the core of the configuration: the refrigerant steam enter into condenser and is
cooled down by cooling water flowing in the pipes, that passes from about 35°C to about 25°C, and the refrigerant
water gathered in condenser enter into the evaporator by throttling. Because of low pressure (0,6 kPa) in the
evaporator, obtained thanks to a vacuum pump, the refrigerant water will be evaporated by absorbing the heat of
chilled water flowing in pipes, so that to lower the temperature of chilled water and realize the refrigeration; it is
possible to obtain chilled water from 20°C until 7°C (in the picture the temperature in the evaporator are higher
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because the screen shot is taken when chilled water production is still not started). In order to work, the temperature
out of the tank could not be lower than 65°C and the cooling capacity increases with increase of this temperature.
3. Due to the intermittent nature of available solar energy, hot and chilled water storage tanks of a capacity of 1000
L are needed. They are carbon steel inertia buffer tanks, characterized of a high thermal inertia and insulation,
allowing correct management of energy, ideals for the closed cooling circuit, because they act as the installation
energy regulation[5]. Because of natural thermal stratification, the top zone of the tank is kept at the maximum
temperature, and the bottom one at the lowest.
4. An auxiliary gas heater, of 40 kW of nominal power, directly connected to the tank, activated whenever the heat
pipe collectors outlet temperature is less than the temperature required in the generator of the chiller, so that the
temperature out of the chiller is not enough to assure the system functioning.
5. Since in an absorption-refrigeration cycle heat must be rejected from the absorber and the condenser, a cooling
water system must be employed in the cycle. Because the absorber requires a lower temperature than the condenser,
the cool water from the cooling tower is fist directed to the absorber and then to the condenser[4]. It has been chosen
a particular closed circuit cooling tower because it is necessary that the water does not present problems of
contamination and encrustation. The closed-circuit evaporative cooler is composed by wet panel type adiabatic
cooler, in order to decrease the air temperature at the inlet of the coils, two coils of copper tubes and aluminum fins
installed in V with an axial fan of variable volume installed on its top, so the air is cooled by ventilator and by
adiabatic cooling, to assure high efficiency. The closed-circuit assure to minimize energy consumption and water
consumption (the nominal power at maximum capacity is at 1,9 kW) and to avoid contamination problem.
6. Water capillary mats were chosen instead of conventional fun coils, because they result more efficient,
exchanging heat by radiation. For this reason, they need a higher minimum temperature for being effective (about
7°C or even until 18°C water temperature, against the fun coil’s temperature of 5°C), reducing recirculation airflow
and increasing the temperature of chilled water supplied, allowing a reduction in energy consumption by airflow
and an improvement in energy efficiency of the solar-powered absorption cooling system. This system is installed in
a superimposed form on the “false ceiling”, of the top of building 24, required in order to avoid to damage the
ceiling in case of condensation of the water inside the tube.
7. Five pipe sections are identified in the system. The tabled below shows, at the sections considered, the diameter of
the pipeline and the nominal parameters of the pumps selected (the head, the number of step-speed that could be
selected and the power with respect to the working speed):
Tab. 1: Water Pipeline specifications

Section
1 Hot water storage tank - Collectors
2 Hot water storage tank - Absorption
chiller
3 Chilled water storage tank Absorption chiller
4 Chilled water storage tank capillary mats
5 Cooling tower - Absorption Chiller

Diameter internal
0.032 m
0.032 m

Head max
10 m
10 m

Speeds
1
1

Max power input
245 W
245 W

0.032 m

9m

3

150-179-196 W

0.063 m

8,5 m

9..144 W

0.04 m

27 m

Adapta
ble
1

740 W

8. In order to improve the energy efficiency, to renovate the air in the building, a 17,6 kW indirect evaporative
cooler (iec), called Coolerado, was installed, therefore the air entering is at lower temperature than outside; the
system draws a maximum of 750 watts of power at full flow[6]. Coolerado system is based on Maisotsenko cycle, a
particular case of indirect adiabatic (evaporative) cooling air conditioning system. Humid working air, that
constitute about half of the air that enters the heat and mass exchanger is released back into the atmosphere, carrying
energy removed from the conditioned air. Chilled fresh air with no added humidity is supplied.
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9. Auxiliary and measurement components.
In order to evaluate the performance of the solar cooling system a performance analysis for the three main
subsystem that characterised the air conditioning in the Building 24 is carried out: the absorption chiller, the solar
collector and the Coolerado.

3. Absorption chiller performance analysis
In order to test the performance of the equipment a series of test measurements (TMs) in different conditions are
carried out.
In order to describe and compare the performance of the absorption chiller in different TMs done the performance
indicators are estimated by an overall steady-state energy balance on the absorption chiller, neglecting net losses that
may occur to the surroundings. Being possible to experimentally calculate the flow rate into the cooling tower
(ሶୡ୲୭୵ୣ୰ ሻ from the manifacture’s pump flow rate delivered/ power supply curve [12], the power removed by the
cooling tower, from the the absorber to the condenser, was calculate as
(eq.1)

ሶ ୡ୲୭୵ୣ୰ ൌ ሶୡ୲୭୵ୣ୰  כሺୡ୭୭୪୧୬ǡ୭୳୲ െ ୡ୭୭୪୧୬ ሻ

Where
ሶୡ୲୭୵ୣ୰ ൌ ͳǡ͵ͺͻ kg/s
ୡ୭୭୪୧୬ (ܶ௧௪ǡ௨௧ ) is the temperature of condensation or “Cooling water inlet temperature” to the condenser,
coming from the cooling tower.
ୡ୭୭୪୧୬ǡ୭୳୲ ሺୡ୲୭୵ୣ୰ǡ୧୬ ) is the outlet temperature at the condenser, entering the cooling tower.Starting from the
nominal performance curve of the equipment[11], furnished by the constructor, with respect to the chilled water
outlet, cooling water inlet and hot water inlet temperature respectively, the equation curves of the cooling capacity
were extrapolated. In particular, for each measure the cooling capacity ( ܳሶ௩ ሻwith respect to the following
parameter was calculated:
x

Temperature of evaporation (ܶ௩ ሻ̶̶ at the evaporator, going
to the chilled water tank, according to eq. 2
(eq 2.) [11]
ሶ

ܳ௩ ൌ Ͳǡʹͻͺ ܶ  כ௩  ͻǡ͵ͺͳͳ

x

Temperature of condensation (ܶ ሻaccording to equation 3

ܳሶ௩ ൌ െͲǡͺͺͻ ܶ כ   ͵ǡͺͳ
x

(eq.3) [11]

Temperature of generation (ܶ௧ ) that is “Hot water inlet temperature” to the generator, coming from the
hot water tank), according to equation 4
(eq.4) [11]
ܳሶ௩ ൌ Ͳǡ͵ͳͻ ܶ כ௧  െ ͳǡͶͺʹ

Indeed for each TM three cooling capacities were found and the correction factor calculated as

݂ଵ ൫ܶ௩ ൯ ൌ
݂ଶ ൫ܶ ൯ ൌ
݂ଷ ሺܶ௧ ሻ ൌ
Where
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ܳሶ௩ ሺܶ௩ ሻ

ܳሶǡ௩

(eq.5)

ܳሶ௩ ሺܶ ሻ

ܳሶǡ௩
ܳሶ௩ ሺܶ௧ ሻ

(eq.6)

ܳሶǡ௩

(eq.7)
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ܳሶǡ௩ is the nominal capacity of the absorption chiller equal to 11,5 kW
Assuming valid the overlap of the effect the Coefficient of Performance was find for each TM (ܱܲܥǡ்ெ ሻ as

ܱܲܥǡ்ெ ൌ ܱܲܥ ݂ כଵ ൫ܶ௩ ൯ ݂ כଶ ൫ܶ ൯ ݂ כଷ ሺܶ௧ ሻ

(eq. 8)

Where:

ܱܲܥ is the norminal Coefficient of Performance of the machine equal to 0,69.
݂ଵ is the correction factor of the cooling capacity due to the influence of the chilled water outlet temperature.
݂ଶ is the correction factor of the cooling capacity due to the influence of the cooling water inlet temperature.
݂ଷ is the correction factor of the cooling capacity due to the influence of the hot water inlet temperature.
The indicators of performance (ܱܲܥǡ்ெ and ܳሶ௩ ) were analyzed during a period in which the air-conditioning
supplied by the transient operation of the chiller could be approximated to idealized steady-state operational
conditions (the transient operation of the chiller leads to approximately 8% lower COP than would be expected if
transients would neglected[7]). In order to compare the performance between each test measurement was chosen an
equal period of 45 minutes.
Finally, knowing ܱܲܥǡ்ெ and ሶ ୧ǡୡ୲୭୵ୣ୰ for each TM, following parameters that characterize the system
performance are calculated as:

ܱܲܥǡ்ெ ൌ

ܳሶ௩
ܳሶ

(eq. 9)

ܳሶ௧௪ ൌ ܳሶ௩  ܳሶ

ܱܲܥǡ்ெ ൌ

(eq. 10)

ܳሶ௩
ܳሶ

(eq. 11)

ܳሶ௧௪ ൌ ܳሶ *൫ܱܲܥǡ்ெ  ͳ൯
ܳሶ ൌ

ொሶೢೝ
൫ைǡಾ ାଵ൯

(eq. 12)
(eq. 13)

ܳሶ௩ ൌ ܳሶ௧௪ െ ܳሶ

(eq.14)

Where

ܳሶ is the heat consumption from the generator.
The results are shown in term of average in the table below:
Tab. 2: Performance results of the absorption cooling system during the five TMs.

1st TM

2nd TM

3rd TM

4th TM

5thTM

Average during 45 minutes of air conditioning (stable period)
തതതതതത
ࢀࢎ࢚ [°C]
തതതതതതതത
οࢀࢍࢋ [°C]

72,690

തതതതതത
ࡽሶࢍࢋ [kW]
തതതതതതത
ࢀࢋ࢜ࢇ [°C]
തതതതതതതതത
οࢀࢋ࢜ࢇ
തതതതതത
ࡽሶࢋ࢜ࢇ [kW]

77,320

75,950

79,140

69,930

3,484

3,28

3,166

3,380

4,560

10,589

9,112

8,706

8,713

17,673

15,330

13,670

16,150

14,140

13,560

2,648

2,308

2,697

2,652

4,030

4,273

4,473

4,240

4,698

6,699
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തതതതതതതതതത
ࢀࢉଙࢍ [°C]
തതതതതതതതതതതത
οࢀࢉଙࢍ [°C]
തതതതതതതതതത
ࡽሶࢉ࢚࢝ࢋ࢘ [kW]
തതതതതത
ࡻࡼǡ௧

29,530

29,520

29,460

29,430

27,600

2,56

2,340

2,230

2,310

4,198

14,862

13,585

12,946

12,830

24,372

0,404

0,491

0,487

0,539

0,379

2,8

2,65

2,5

2,4

3,4

ഥ
ࡼ

ࢇ࢘ࢉࢊ [kW]
ࢋ࢚࢘ࢋࢋ࢘ࢊ

Where
തതതതതതതത
തതതതതതതതതതതത
തതതതതതതതതത
οࢀࢍࢋ , οࢀ
ࢉଙࢍ ǡ οࢀࢋ࢜ࢇ are the average temperature difference inlet and outlet from the generator, the
evaporator and the condenser respectively
ഥ ࢇ࢘ࢉࢊ is the average of total power required by the system.
ࡼ
ࢋ࢚࢘ࢋࢋ࢘ࢊ

During all the TMs was never reach the nominal cooling capacity of 11,5 kW, that because of an intrinsic limit of
the system that never allows to work with a temperature in the generator (ࢀࢎ࢚ ሻ equal to 90°C . During the start up
period, indeed the period in which no vapor would have been involved, the generator consumes a lot of power, as
initial and final temperature shown in Table 3. This behavior is more remarked during the 5th TM when working
with a cooling temperature lower, and less remarked when working at partial load, during 3rd and 4th TMs.
Tab. 3: Start up period of TMs.

Start up period [min]
Lost in temperature [°C]

1st TM

2nd TM

3rd TM

4th TM

5thTM

8

7

7

5

5

5,8

7,5

6,5

6,5

8,2

Passing from 1st TM to 2nd TM could be noticed that increasing the inlet temperature of the generator of an
average of 5°C (it was necessary to heat the hot water storage tank of 13°C mores, from 79°C to 92°C) the COP
increase of 17,7 %. Also the cooling capacity increase of 4% and the time employed in chilled water production
decrease of about 48 minutes.
The 3rd TM and 4th TM are characterized by a reduction in evaporator’s flow rate, working with the second speed
of the pump. It brings to an improvement in the effectiveness of the heat exchange that could be reflected also in an
improvement of the COP.
If compare the indicators of the 3rd TM with which were obtained in the 1st TM, that are characterized by more
similar generator temperature, the COP passed from to be the 58,6 % of the nominal in the 1st TM to the 70,6 % in
the 3rd TM. During 3rd TM, for almost the same cooling capacity, the machine exploit much less thermal power
than in the 1st TM (8,7 kW versus 10,6 kW ), indeed a better COP is reached allowing the machine to work longer.
The air conditioning last 25 minutes more respect to the 1st TM: the machine worked longer, because the minimum
conditions required in the generator are guaranteed longer.
The best COP is registered during the 4th TM that is characterized to high temperature in the generator (the thermal
storage temperature arrived to 98,4 °C) and better heat exchange effectiveness (the highest difference in chilled
temperature, due to reduction of the mass flow rate in the evaporator). In this measurement, it was capable in
reaching the 78% of the nominal COP and the cooling capacity improve of 5% with respect to the 2nd TM and the
lowest time in production of chilled water was registered.
The 5th TM presented the highest cooling capacity, about equal to the 60% of nominal, but presented the lowest
COP registered (about the 55% of the nominal one). That is because in order to provide about 7kW of cooling
power (ࡽሶࢋ࢜ࢇ ሻ consume about 17 kW of thermal power stored. Such situation provoke that the minimum condition
requested from the chiller are extinguished very quickly.
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4. Collectors performance analysis
The performance of the collectors are described by the efficiency in term of useful energy delivered in joules: a solar
collector receives solar radiation ܳሶ௦ from the sun [product of the surface area,ܣ (݉ଶ ) and the solar radiation
perpendicular to the surface ܫ (kW/݉ଶ )] and supplies ܳሶ to a heat engine at the temperature ܶு . The ratio of
supply heat ܳሶ to the radiation ܳሶ௦ is defined as the thermal efficiency of a solar thermal collector[8]:

ߟ ൌ

ܳሶ
݉ሶܿ ሺܶை െ ܶ ሻ ܳሶ
ൌ
ൌ
ܣ ܫ כ
ܫ ܣ כ
ܳሶ௦

(eq.15)

In order to calculate the flow rate ሶcirculating into the collectors were assumed negligible energy loss into the hot
water tank and the average flow rate came out from the energy balance was assumed as real constant flow rate
delivered by the collectors’ pump. The table below resume the collector’s performance registered during 3rd TM,
4th TM and 5th TM (measurement for which was possible to measure the solar radiation I by means of the use of
pyrometer). In the table below തതതതതത
ࣁࢉ is the average efficiency of the solar collectors during the whole period of
operation; തࡵ is the average solar radiation registered during the period of operation; ࡼࢋࢇ is the maximum power
തതതതതതതതതതത
output from the collectors registered; ࡼ
ࢉǡଙ࢙࢚ is the average power output from the collectors; ࡱ࢚࢚ is the total
amout of energy provided by the collectors.
Tab. 4: Results of performance analysis of solar collector installed in the Building 24.

3rd TM
4th TM
5th TM
Weighted
(27/03/2017)
(28/03/2017)
(25/05/2017)
Average
തതതതതതത
31,40
29,50
30,90
ࢀࢇ࢈ ሾιሿ
746,50 (725,08*)
723,20 (668,17*)
655,70 (775,6*)
ࡵതሾࢃȀ ሿ
11:29 (11:53*)
10:06 (11:23*)
11:12
Collectors ON
16:00
15:13
16:00 (13:30*)
Collectors OFF
0,56 (0,57*)
0,50 (0,53*)
0,38 (0,50*)
0,53*
തതതതതത
ࣁࢉ
14,91
15,60
11,08
13,86*
ࡼࢋࢇ 
തതതതതതതതതതത
9,82
(9,88*)
9,34(9,79*)
6,14
(8,30*)
9,50*
ࡼࢉǡଙ࢙࢚ ሾࢃሿ
44,34 (40,65*)
47,82 (37,48*)
29,5 (21,9*)
40,97
ࡱ࢚࢚ ሾࢃࢎȀࢊࢇ࢟ሿ
*The value is referred to the average calculated during the period in which operate also the absorption chiller
The values remarked by the asterisk in the table, resulted higher because when the chiller works and exploit thermal
power stored, the collectors’ contribution is much more remarkable. Because the generator of the chiller is
consuming the power collected into the tank, the temperature entering the collector is lower; indeed the collectors
are much more effective, being the difference between temperatures in and out of the collectors higher. This is the
condition C of the figure below that point out the performance of the collectors by the temperature difference in and
out of the collector in orange related to the radiation incident on the collectors in blue, during the 4th TM. In
particular collector efficiency, referring also to the system condition, is affected by the auxiliary heater contribution,
that heating the water inside the tank increase its temperature inlet to the collector, so to make inefficient the
collector contribution in case the radiation is not enough or the temperature inlet is too high (see Condition D in the
figure). This phenomenon is even worse in case the chiller does not work and the auxiliary heater is switched on in
order to heat the storage faster. When the Chiller is starting up, a not stable state persists (see Condition B) that
addresses an appropriate control behavior; the same happens when the hot water pump is switched on in order to
make the temperature into the tank homogenous (see Condition A).
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Fig. 2: Collector performance analysis during 4th TM
rd

The 3 TM registered the best value of global efficiency, instant power output and energy output because presented
an higher average radiation and low generator temperature (see Table 4) indeed the condition D happen later. It is
the longest measurement in which the collectors works simultaneously with the absorption chiller and the difference
in temperature in and out from the collectors was higher (Condition C).
The 5th TM was the measurement in which the Condition C lasts less (only 2h 36min with respect to 3h 50min of the
4th TM and 4h 22 min of the 3rd TM) and indeed the global efficiency is lower. In more, the chiller during its
operation required much more thermal power in order to produce a bigger cooling capacity: the collectors could only
partially provide to it. This, in fact, suppose that the average temperature difference in and out of the collector, and
so the global efficiency and the power output, during absorption chiller operation was lower than in the previous
cases because the chiller faster consumes the power provided by them, together with the auxiliary heater.

5. Indirect Evaporative Cooler (iec) performance analysis
Being the IEC performance depending on temperature and relative humidity two different cases were simulated,
assuming a constant volume air flow equal to ܸሶ = 0,76 m3/s (maximum value registered in the measurement,
assuming the ventilator of the iecworks always at the same speed). Were chosen two favorable weather condition
typical of the city of Medellín: relative humidity (r.h.)equal to 30% and dry bulb temperature equal to 33°C. The
product air temperature (ܶௗ௨௧௪ ሻwas calculated through equations furnished by the constructor: with
respect to the external static pressure of Medellín the air product temperature should approach at 94% to the wet
bulb temperature(ܶ௪ ሻ. In equation is also considered an about of 2,5% of worsening in performance because of the
height of Medellín of 1538 meters [13] :
(eq.16)
ሺܶ െ ܶ௪ ሻ Ͳ כǡͻͶ  כሺͳ െ ͲǡͲͲͷ ͳ כͷ͵ͺȀ͵Ͳͷሻ ൌ ܺ
(eq.17)
ሺܶ െ ܺሻ= Design ܶ௪

ܶௗ௨௧௪ = Design ܶ௪ +1,1
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Fig. 3: Iec Performance at a defined relative humidity (r.h.=30%) and dry bulb temperature (ࢀࢇ࢈ ൌ ιሻ

By these plots it could be seen that in these conditions it is never reach the maximum nominal capacity (17,6 kW):
in the first simulation (at r.h.=30%) about 9,2 kW of cooling power is reach at the temperature equal to 40 °C and at
temperature under 35°C the capacity is halved. At the ambient temperature of 21, 28 and 35 °C the capacity improve
because the difference in wet and ambient temperature registered[9] is higher. Instead, in the second case (at
T=33°C) the cooling capacity reaches a maximum of 14,3 kW but decrease really rapidly at relative humidity few
lower (reaching negative values at high relative humidity, because the outlet temperature resulted even higher than
inlet temperature).
Considering all the tests measurement done so far, it could be said that the air conditioning with the use of iec at
Building 24 happens when the temperature oscillates between 33 °C to 23°C and relative humidity between 30% to
72% (without take in account the day in which rain, because in that case is not convenient to work with theiec).
Indeed taking into account these ambient condition, and the maximum flow rate registered experimentally, the
maximum cooling capacity of the iec is more than 8 kW (a cooling capacity of 8,2 kW was obtained at the best
ambient conditions of the air cooling, T=33°C, r.h.= 30%) and an energy consumption of maximum 681,3 W (the
maximum experimentally registered).

6. Economic analysis
In order to analyze the economic effort and justify the initial capital cost of the system a comparison with an air
cooler Chiller, the most used conventional refrigeration system is done. An analysis of fixed and annual cost was
done, taking in account only the purchased equipment costs (PEC) in the fixed capital investment (FCI). The simple
payback period was calculated as [10]:

ܾܵ݅݉݇ܿܽݕ݈ܽܲ݁ሾݏݎܽ݁ݕሿ ൌ

ݐݏܥ
ݐ݂݅݁݊݁ܤ

(eq. 19)

Where
the ݐݏܥare represent by the fixed cost difference between solar and conventional [€]
the  ݐ݂݅݁݊݁ܤare represented by the variable (annual) cost savings, in primary energy consumption and Operational
and Maintenance (O&M) costs, represented by the variable cost difference between conventional and solar systems
[€/year]. The analysis was carried on for different size of the system (indeed for different cooling capacity ), from
the actual case (about 30 kWfr) up to 1300kWfr , and assuming that the expenditure is justified over a long period of
cooling demand, the analysis was also done for different operational hours (ݐ௨௦ǡ௬ ሻ from 3000 h/year up to
1000 h/year. Two different cases were analyzed: Colombian and Italian case, differentiating only for the specific
cost of Electrical Energy (EE). For both variable and fixed cost the following assumption were made:
x Specific costs decrease with the increase of the size of the equipment (exchange rate of June20th 2017)
x The sizing of the collectors installed was estimated accounting for cooling capacity and the thermal storage.
x For the equipment which was not possible to provide the specific costs the relationship between the size and the
actual cost with a coefficient equal to 0,6 was used.
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x
x

The Balance of Plant (BOP) account for a 10% and a 30% of the PEC of the solar and conventional
respectively.
ܲതௗ ൌ ʹǡͷܹ݇, whose 40% does not depend on the size of the cooling system.

x

ܱܲܥௗ ൌ ͵ ൊ Ͷ variable with respect to the size

x

Renewable system works for the half time of its operational hours by thermal energy coming from the auxiliary
heater
ߟ௨௫௬௧ ൌ Ͳǡͻʹ
The O&M costs equal to 4% of the equipment cost of the conventional cooling system and the middle for the
solar one.
ܿሶ௧௨௦ ൌ Ͳǡ͵ €/Smc (tax free)

ௗ

x
x
x



x ܿሶாாǡ ൌ Ͳǡͳ €/kWh for Colombian case, ܿሶாாǡூ௧௬ ൌ Ͳǡ21 €/kWh for Italian case (tax free).
The Figures below show the results of the analysis for the Colombian and Italian case.

Fig. 4: Results of the payback period between Solar and Conventional cooling system

It is very clear the dependence in size of the equipment: the benefit, indeed the annual primary energy savings in
term of money increase so that the ratio to the benefit over the cost decrease exponentially, increasing the size of the
system. In Colombia, because of the very low cost of electric energy (0,16 €/kWh), this technology resulted
economically convenient (payback period less than 6 years) from capacity few lower than 200 kW if the cooling
demand is minimum of 3000 h/years. The situation seems much more convenient for Italy, where the price of
electrical energy is 25% higher. The dotted lines represents the payback period for different size of the solar cooling
system in case in which it operates 2/3 of the operational hours by sun radiation and 1/3 by thermal energy given by
the auxiliary heater, indeed at different share in primary energy consumption. This assumption is done only when
the operational hours are lower and indeed is enough to suppose that are present these conditions (1000 and 1500
h/year). For both cases a remarkable improvement could be seen passing from 1000 to 1500 h/year. That because the
electric energy consumption has much more heavy contribution for high cooling demand, and the savings are more
remarkable with respect to the cost of the investment: it might be not justifiable if the electric energy consumption is
not so elevated. In more, should also be noticed that for the electrical energy consumption of the conventional
system was assumed a COP that improves with the size; it is not always verified as true, even more if considered
that over time the machine is affected by a drop in performance due to wear. Therefore, the payback period curve
with respect to the size could present an even more inclined trend, that is traduced with the fact that even shorter
period in return of the investment could be expected.

7. Conclusions
The absorption chiller evidenced a cooling capacity lowered of more than the 50 % of the nominal capacity,
essentially due to impossibility of the system to maintain a high temperature in the generator. The machine, in fact
cannot exploit the nominal thermal power required by the generator (that should be equal to 16,7 kW). Starting from
the performance curve provided by the constructor and assuming a linear overlapping of the effects of the generator,
evaporator and condenser temperature in the performance of the machine, a lower power furnished by the generator

1708

C. Fella / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

was registered, (values between 10,5 to 8,7 kW). The problem could be solved doing some modification of the
layout:
• The pump that goes from the hot water storage tank to the absorption chiller takes water from the bottom of the
tank; indeed, it affects negatively the generator operation due to the thermal stratification inside the tank. It is
appropriate to connect the pump to the top of the hot water storage tank, in order to bring into the generator always
the hottest water stored.
• The auxiliary heater input is located directly to the hot water tank. A future simulation could be to connect the
auxiliary heater in series with the thermal storage. It could lead to provide always the nominal temperature required
by the machine, and to avoid the stoppage of the machine, assuring the minimum temperature required in the
absorption chiller.
• The pump that goes from the chilled water storage tank to the absorption chiller takes water from the bottom of the
tank; indeed, it always sent the coolest water to the evaporator, affecting negatively the heat exchange effectiveness
in the evaporator. Move the downstream handle of the chilled water pump to the top part of the tank will increase
the difference between inlet and outlet temperature of the heat exchange of the evaporator, increasing the cooling
capacity.
With the actual layout, two different operational conditions of the system could be preferred: the one, which could
lead to highest COP registered so far, and another that, provides the highest cooling capacity, at a cost of higher
energy consumption. These two different configuration are obtained by the lasts two TMs, the 4th and the 5th,
proving indeed that during the experimental tests, the right directions in varying operational conditions has being
followed. The operational conditions, which lead to optimize the COP, have been reached at 4th TM. Working with
the second speeds of the chilled water pump to the evaporator and at the highest temperature that actually could be
possible to maintain in the generator, heating the thermal storage up to the limit that avoid the boiling (about 98°C),
the effectiveness of the heat exchange in the evaporator improves and the machine produce chilled water exploiting
less thermal power in the generator, indeed obtaining the highest values of COP so far registered, equal to 0,54 that
is only 20% less of the nominal value. This configuration assure the longest period of work of the chiller because
consumes less instantaneous power from the generator. In more, it is assure the lowest value of energy consumption,
because both the cooling tower and the pump required less power input. This configuration could be more suitable in
case is needed only to maintain the same temperature in the building, and indeed when the cooling demand is lower.
The operational conditions, which lead to optimize the Cooling capacity, have been reach at 5th TM. As the
performance curves of the absorption unit shows, lowering the condensation temperature up to the limit that avoid
crystallization of the refrigerant flow, increase the cooling capacity of the machine. In particular, it was working
with a Tset in the cooling tower equal to 28°C and at maximum capacity in the evaporator, indeed with the third
speed of the chilled water pump. It was possible to reach the 60% of the nominal cooling capacity, once have heated
the thermal storage up to the boiling limit. This configuration is very useful in case the cooling demand is imminent
and big.
The average maximum collectors capacity registered during the TMs done, resulted equal to 13,86 kW, indeed the
actual capacity of the collectors does not resulted enough in order to furnished the nominal thermal power required
by the absorption chiller. This justify the use of the auxiliary heater during the whole test measurements. Is
evidenced an inappropriate control behavior is registered during start up period of the Chiller. In order to improve
the capacity of the collectors some improvement have been proposed.
• The actual arrangement of solar collectors sees a series of 5 manifolds in parallel with the same series. In this way
the flow rate provided by the pump is separated into two flux. Neglecting the heat loss from the hot tank, the flow
rate resulted by the energy balance into the hot tank, is equal to 972 L/h per manifold. Reducing the flow rate, that
referring to the datasheet of similar collectors could be even three times lower, the ΔT of the collectors and indeed
the power output could improve. Positioning the collectors in series of two, indeed five in parallel could increase
them performance.
• The actual arrangement of the auxiliary heater provoke that in case the radiation is low and the temperature inside
the storage tank already high (due to the auxiliary heater contribution) the collectors contribution is not effective.
The problem could be solved arranging the auxiliary heater in series with the hot water storage tank, so that the
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thermal storage is completely depended by the solar energy contribution.
• The actual position of the collectors does not permit to exploit the solar radiation after 4 pm, because the collectors
resulted covered by trees’ shadows. Very recommended is to move the collector to a different point of the roof of the
building.
In order to cover the nominal thermal power required by the absorption unit, dimensioning the capacity of the
collectors assuming to receive always an instant power equal to 13, 86 kW, a total of 4,2 m2 of absorption area of
collectors should be added. This corresponds to 4 collectors more (each collectors has 10 tube and each tubes 0,102
m2 of absorbed area).
From the iec performance analysis, responsible in renovate the air in the building, is evinced that the machine in
Medellin condition, and at the actual state of cleaning of filters could furnish a cooling capacity about equal to 8
kW.
From the economic analysis, is evinced the very strong dependence of the simple payback period on the size of the
solar cooling system. Increasing the size of the system the benefit, indeed the annual primary energy savings in term
of money, increase, so that the ratio of the benefit over the cost decrease exponentially, also due to the lower specific
cost of the machine. The payback period is strongly reduced passing from the solar cooling system of a capacity of
30kW to a system of 250 kW. For installed capacity higher than the system analyzed, the technology resulted very
convenient not only for a typical Colombian cooling demand (3000 h /year) but also for demand halved, indeed also
for an Italian case. Actually in Italy, where the electric energy cost is very high the payback period of the investment
resulted in general, much reduced than in Colombia, where the electric energy costs 35% less, due to the wealth of
rivers that allows low-cost hydroelectric power production. Considering a cooling demand that could be realistic for
Italian weather, equal to 1500 h/year, the technologies proposed resulted convenient (payback period of 6 years)
already for system with cooling capacity equal to 500 kW in Italy (the same capacity for Colombian cooling demand
has a payback period about of 3years).
Should also be noticed that the economic analysis was carried out considering for the electrical energy consumption
of the conventional system a COP that improves with the size; it is not always verified as true, even more
considering that over time the machine is affected by a drop in performance due to wear. Therefore, even shorter
period in return of the investment could be expected. Anyway, the very good news is that installing an air
conditioning system that uses these technologies could make the user richer not only in term of money but also in
term of sustainability, because the conditioned ambient in which he will live won’t be responsible in remarkable
CO2 emissions and won’t use any type of refrigerant that impacts the ozone. The user will live not only on a cheap
air-conditioned but also environmental-friendly room.
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Abstract

Solar cooling technologies have the potential to improve crop and vaccine supply chain management in areas with
unreliable access to an electricity distribution network. The diffusion absorption refrigeration (DAR) cycle is a
technology of interest for cooling in rural areas and developing countries due to its low capital cost, low
maintenance requirements, and unique design in which the requirement for electrically-driven components are fully
omitted. The main feature of DAR systems is a thermally driven bubble pump that is used to circulate the
refrigerant and absorbent fluid components around the system. In this paper, we present results from a laboratory
DAR system operating over a range of pressures and heat input rates with ammonia-water-hydrogen as the
working fluid. By reducing the system pressure from 21 bar to 14 bar, a 17% increase in maximum coefficient of
performance (COP) is reported, and the system start-up time is reduced by up to 58%. The results are used to
calibrate a thermal model of a solar-DAR system, which is then used to determine the optimal system pressure and
solar collector array configuration for summer operation in the location of Chennai, India.
Keywords: Solar cooling, diffusion absorption refrigeration, cold chain, solar thermal collectors

1. Introduction
The DAR cycle was patented by von Platen and Munters in 1928. Its principle of operation differs from that of
absorption refrigeration systems based on dual-pressure cycles and binary fluid mixtures in that it is designed
for “single-pressure” operation enabled by a third component, which imposes different partial pressures on the
refrigerant. The basic design has changed little since the early systems, which use ammonia-water-hydrogen as the
working fluid at system pressures of 20-25 bar to utilize thermal energy typically at temperatures of 180-250 ˚C.
A DAR system schematic is shown in Fig. 1. An ammonia-water solution is heated in the generator (1-2), and
boils so that the depleted liquid solution (3) is lifted by the ammonia-rich vapour (4) to the top of the bubble
pump. The vapour rises to the rectifier, where most of the remaining water is separated out (5), leaving a nearpure ammonia vapour (6). The ammonia returns to the liquid phase in the condenser (6-7a) and is precooled
(7a-9) before entering the evaporator, where it evaporates and diffuses into a reduced partial pressure hydrogen
environment, extracting heat from the evaporator’s surroundings (9-10). Any uncondensed vapour leaving the
condenser bypasses the evaporator entirely (7b-10). Saturated-vapour ammonia mixed with hydrogen exits the
bottom of the evaporator and enters the reservoir, then rises through the absorber column where it is absorbed by
the downwards flowing weak solution introduced at the top (8a). The hydrogen meanwhile is not absorbed and
rises back to the evaporator (8b) via a gas heat exchanger where it is pre-cooled by the downward flowing
refrigerant. The liquid solution, having absorbed the ammonia from the upward-flowing gas, settles in the
bottom of the reservoir before proceeding to the generator via the liquid heat exchanger (11-1).
Recent research has considered how the DAR cycle can be adapted for use in a lower temperature range with solar
thermal collectors. Approaches considered include the use of alternative working fluids (Zohar et al. 2009, Ben
Ezzine et al. 2010, Acuña et al., 2013) and the configuration of the generator and bubble pump (Zohar et al. 2008,
Damak et al., 2010). The UK company Solar-Polar has recently developed a solar-DAR system for use in rural
cold chain applications. A field-test of the system is currently in preparation at Anna University in Chennai, India
(see Fig. 2), where fifteen modular roof-top units will be used to provide cooling to a 34 m3 insulated cold store.
Each unit provides a nominal 60-70 W of cooling from a 0.72 m2 array of solar heat pipe collectors. A one-year
monitoring study will be undertaken in order to assess the seasonal performance of the system.
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Fig. 1: Schematic diagram of the diffusion absorption refrigeration cycle showing the flows of the ammonia, water and hydrogen
working fluid mixture components. For descriptions of the numbered cycle state points, refer to Fig. 3.

To ensure that the units in the pilot study are configured to provide maximum cooling output in Chennai
conditions, a predictive model that can capture the performance of the system over diurnal and seasonal time-scales
is an invaluable tool. The processes of the DAR cycle are well understood, however many of the models presented
in the literature (Zohar et al. 2005, Starace and De Pascalis 2012, Taieb et al. 2016) use restrictive assumptions
about the state of the system that are based on a limited range of operating conditions. In particular, there is a lack
of experimentally-validated models for the ammonia-water-hydrogen DAR cycle operating over a wide range of
system pressures and solution concentrations. The system pressure is an essential parameter for optimization in
solar thermal applications, which represents a trade-off between the operating temperature and efficiency of the
solar collector array, and the ability to reject heat from the cycle to the ambient air.

Fig. 2: Solar-Polar DAR demonstration system with heat pipe solar collector array, installed at Anna University campus, Chennai.

In this paper, the Solar-Polar DAR system will be used as the basis for a laboratory study in which the performance
of the system will be characterized over a range of operating conditions. The experimental data will be used to
calibrate a thermodynamic model of the system developed in earlier work (Freeman et al. 2016), and a wholesystem solar-DAR model will then be used to simulate performance in the Chennai climate over a range of
operating pressures and with various solar collector configurations.

2. Experimental methods
Steady-state tests were performed on the laboratory DAR units over a range of generator heat input powers
(ܳሶୣ୬ ) and system charge pressures (ୡ୦ ). In this paper, results will mostly be presented for a cooling delivery
temperature (ܶୡ୭୭୪ ) of 5 ˚C. The main performance parameter of interest is the cooling power delivered by the
DAR evaporator (ܳሶୣ୴ୟ୮ ) and the coefficient of performance (COP), which is defined as the ratio of the cooling
output delivered at the evaporator to the heat input provided to the generator. Therefore accurate measurements
of both the heat input and cooling output from the system are required.
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Heat was provided by five 9.5-mm diameter cartridge heaters, of similar dimensions to the condenser end of the
heat pipe collectors used in the solar-DAR setup. The cartridge heaters were fitted into sockets welded to the
outer surface of the generator tube. The full length of the bubble pump was insulated with 50 mm of rockwool
insulation, while a larger thickness of 100 mm was used to insulate the generator and cartridge heaters. During
each steady-state test, the electrical power to the cartridge heaters was maintained at a fixed value, set using an
AC autotransformer (variac). The heater power was varied between 0-500 W at intervals of 50 W for each
pressure level. Three system charge pressure settings were chosen for the experiments: (i) 14 bar; (ii) 17 bar; and
(iii) 21 bar (absolute pressure, measured while the system was at rest under ambient temperature conditions).
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Fig. 3: Layout of the laboratory DAR system showing major components and numbered state points representing the locations of
temperature measurements on the system.

In order to measure the cooling power ܳሶୣ୴ୟ୮ , a box was constructed around the evaporator using 100 mm thick
layers of rigid polyurethane insulation. The internal dimensions of the cold box were 710 × 360 × 110 mm,
giving an internal volume of 0.0281 m3. Sealant was applied around all pipe penetrations in order to minimize
air leakage to or from the surroundings. A small electric fan heater placed inside the box was used to control the
temperature of the air delivered across the surface of the evaporator. Air was delivered in a downward direction
via an insulated channel running along the edge of the box and was distributed between parallel aluminium fins
attached to the outer surface of the steel evaporator tubing. The power delivered by the fan heater was controlled
so that the “air off” temperature measured at the bottom of the evaporator was maintained at a constant value of
5 °C. Heat losses from the box were estimated in the final COP calculations by assuming a U-value of
0.24 W m-2 K-1 and an air leakage rate of 0.2 air changes per hour from the cold box.
Detailed temperature measurements were taken on each system sub-component in order to evaluate assumptions
used in the thermodynamic model of the cycle (see Section 3.1). For some of the locations, measurement of
fluid temperatures was challenging, for example in the concentric tube (pipe-in-pipe) heat exchangers in the
evaporator and bubble pump. The apparatus was modified to include thermowells welded into the pipework so
that fluid temperatures in the inner tube of the bubble pump could be measured more accurately at locations 2
and 3. Elsewhere in the system, most fluid temperatures were estimated from measurements in contact with the
outer surfaces of the steel tubes. A direct measurement of system pressure during the tests was also provided by
a pressure transducer located at the fluid reservoir. For each run, the system was operated under steady-state
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conditions for a period of one hour while temperatures, pressure and electrical input power to the cartridge
heaters and fan heater were measured at intervals of 1 second. Air temperature in the laboratory was maintained
at approximately 25 ºC, although some variation of ± 2 ºC was found to occur between the tests.
Previous experimental studies by Mazouz et al. (2014) and Ben Jemaa et al. (2016), among others, have noted
that the starting characteristic of DAR systems varies significantly with heat input rate. During the start-up
process, the solution in the generator is heated until it transitions from nucleate boiling to a state where
significant bubble coalescence takes place to provide lifting of the liquid solution through the entire length of
the bubble pump. Shelton and White (2002) and Hanafizadeh et al. (2014) have discussed the conditions under
which the bubble pump processes are dominated by slug flow or churn flow regimes. It is important to consider
the dynamic behaviour of the system in any situation where the heat source is intermittent (such as solar
applications), and therefore in the present work the temperature profiles of the generator during start-up will be
used to determine the thermal capacity and minimum starting temperature under various operational settings.

3. Modelling methodology
A model of the solar-DAR system was developed to evaluate its performance under realistic climatic conditions
and to select the most appropriate operational settings for the chosen location. In this paper, the model is used to
investigate the optimal system pressure and solar collector array configuration for summer operation in Chennai.
The sub-models of the DAR cycle and the solar collector sub-systems are described in the following sections.

3.1. DAR system sub-model
The thermodynamic model of the DAR cycle is based on the equations of Starace and De Pascalis (2012), and
consists of 6 lumped sub-component models: (i) generator and bubble pump; (ii) rectifier; (iii) condenser; (iv)
evaporator; (v) absorber; and (vi) liquid-solution heat exchanger. The energy balances for each component are
shown in Eqs. 1-6, where ݉ሶ is mass flow rate in kg s-1, ܳሶ is heat flow rate in W, ݄ is specific enthalpy in J kg-1,
and “ig” denotes hydrogen (inert gas). The numbered state points correspond to those shown in Figs. 1 and 3.
ܳሶୣ୬ ൌ  ݉ሶଷ ݄ଷ  ݉ሶସ ݄ସ െ ݉ሶଵ ݄ଵ + ܳሶୠ୮ǡ୪୭ୱୱ ,

(eq. 1a)

ܳሶୠ୮ǡ୪୭ୱୱ ൌ  ݉ሶଷ ሾ݄ଷ െ ݄୪ ሺܶଶ ሻሿ  ݉ሶସ ሾ݄ସ െ ݄௩ ሺܶଶ ሻሿ,

(eq. 1b)

ܳሶ୰ୣୡ୲ ൌ  ݉ሶହ ݄ହ  ݉ሶ ݄ െ ݉ሶସ ݄ସ ,

(eq. 2)

ܳሶୡ୭୬ୢ ൌ  ݉ሶ ሺ݄ െ ݄ ሻ,

(eq. 3)

ܳሶୣ୴ୟ୮ ൌ  ݉ሶଽ ሺ݄ଵ െ ݄ୟ ሻ  ݉ሶ୧ ൫݄ଵǡ୧ െ ଼݄ୠǡ୧ ൯,

(eq. 4)

ܳሶୟୠୱ ൌ  ݉ሶଵଵ ݄ଵଵ െ ݉ሶଵ ݄ଵ െ ݉ሶ଼ୟ ଼݄ୟ  ݉ሶ୧ ଼݄ୠ െ ݉ሶ୧ ݄ଵǡ୧ െ ݉ሶୠ ݄ୠ ,

(eq. 5)

݉ሶଷ ݄ଷ  ݉ሶହ ݄ହ െ ݉ሶ଼ୟ ଼݄ୟ ൌ ݉ሶଵ ሺ݄ଵ െ ݄ଵଵ ሻ.

(eq. 6)

The thermodynamic properties of the ammonia-water mixtures were calculated using the correlations of Patek
and Klomfar (1995), and REFPROP was used to calculate the properties of hydrogen. The DAR system models
presented in Zohar et al. (2005) and Starace and De Pacalis (2012) require temperatures to be specified as inputs
at several points in the cycle, including the inlet and/or outlet of the generator, condenser, evaporator and
reservoir. The aim in the present work is to predict DAR performance using only the local climatic conditions,
and information on the system charge pressure and thermal input provided from the solar collector array. Thus
the experiments in this study will be used to characterize the performance of the various system components,
and the following additional relations will be formulated for the bubble pump, rectifier and condenser:
ܶଶ ൌ ݂ሺǡ ܳሶୣ୬ ሻ,

(eq. 7)

ܶ ൌ ܶସ െ ߝ୰ୣୡ୲ ሺܶସ െ ܶୟ ሻ,

(eq. 8)

ܳሶୡ୭୬ୢ  ൌ ܷܣୡ୭୬ୢ οܶୈ .

(eq. 8)

The following assumptions were also used: (i) the mass fraction of the rich ammonia-water solution entering the
generator from the reservoir is fixed at 30% NH3, with no hydrogen present; (ii) the preheated solution enters
the generator as a saturated liquid; (iii) the refrigerant enters the condenser as a saturated vapour.
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3.2. Solar collector sub-model
Two types of solar heat-pipe collector will be investigated for use with the DAR system. Collector 1, shown on
the left in Fig. 2a, is a classic low-cost design consisting of a heat pipe with an aluminium fin inside an all-glass
tube formed of two concentric layers. The annulus is evacuated, and a solar absorbing coating is applied to the
inner glazed layer. Collector 2, shown on the right in Fig. 2a consists of a single-glazed tube with a fully
evacuated core that contains a copper tube with a textured fin. The heat pipe is inserted inside the copper tube,
and the solar absorbing coating is applied directly onto the surface of the metal fin. The former type of collector
is easily mass-produced and available at very low costs in bulk quantities, while the latter tends to be more
expensive due to the high-quality glass-to-metal seal required at the copper tube penetration point.

a)
Fig. 4: (a) Photograph showing two heat pipe collector types investigated for use with the solar-DAR system: Collector 1 (left) and
Collector 2 (right). (b) Efficiency curve plots for the two collectors (aperture area basis, ࡳ ൌ1000 W m-2).

The efficiency curves for the two heat pipe collectors are compared in Fig. 2b, showing a higher zero-loss
efficiency and stagnation temperature for Collector 2. The efficiency curve coefficients for Collector 2 were
taken from a Solar Keymark performance test report (SPF, 2009). In the absence of existing performance data
for Collector 1, the collector was tested in-house under irradiance conditions of 1000 W m-2 and a temperature
range of 30-180 ˚C to obtain the efficiency curve coefficients ߟ , ܿଵ and ܿଶ in Fig. 2b. The coefficients are used
in the solar-DAR system model to calculate the collector’s useful heat output ܳሶୱୡ as a function of the solar
irradiance (direct and diffuse components ܩୠ and ܩୢ ), collector temperature ܶୱୡ and ambient temperature ܶୟ :
ܳሶ௦ ൌ ߟ ܣ൫ܭఏǡୠ ܩୠ  ܭఏǡୢ ܩୢ ൯  െ ܿଵ ܣሺܶୱୡ െ ܶୟ ሻ െ ܿଶ ܣሺܶୱୡ െ ܶୟ ሻଶ Ǥ

(eq. 9)

The main dynamic component considered in the system model is associated with the thermal capacity  ܥof DAR
generator, which will be determined experimentally. The collector’s effective thermal capacity is assumed to be
small by comparison and is therefore not included in the model. The thermal conductance ሺܷܣሻୣ୬ between heat
pipe collector and the DAR generator is also required to solve the following energy balance at 1-min intervals:
ௗ்ౝ
ܳሶୱୡ ൌ ܳሶୣ୬  ܥ
ൌ ሺܷܣሻୱୡିୣ୬ ൫ܶୱୡ െ ܶୣ୬ ൯.
ௗ௧

(eq. 10)

3.3. Climate data for diurnal simulation
In the present study, the system operation will be simulated for a “peak solar” day in Chennai, India, using
climate data published by ASHRAE (2001). The region of Chennai experiences high solar irradiance during the
summer season, between the months of March to May. From June onwards, the weather is typically cloudier
with periods of heavy rainfall. The day chosen for the simulation is the 3 rd of May.

4. Results and discussion
4.1. Experimental results – steady-state performance
Plots of cooling power and COP over the range of steady-state heat inputs are presented in Fig. 5 at the three
system charge pressure settings 14 bar, 17 bar and 21 bar. It was found that for ୡ୦  17 bar, it was not possible
to achieve the cooling delivery temperature of 5 ºC at ܳሶୣ୬ values < 150 W.
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Fig. 5: Experimental results: (a) cooling power and (b) COP, at various charge pressures and for a cooling temperature of 5 °C.

The cooling output is shown to increase with generator heat input, however a change in the trend is observed at
values of ܳሶୣ୬ around 200-300 W, that also corresponds to the peak COP of the system. The same behaviour
was also observed in the study by Chen et al. (1996) who noted that for a further increase in heating input power
beyond this point, liquid refrigerant begins to exit the evaporator.

Fig. 6: Temperature at States 2 and 3 (generator outlet and top of the bubble pump, respectively), for system charge pressures of:
(a) 14 bar and (b) 21 bar. Error bars denote standard deviation of measured values over the measurement period.

Fig. 7: Temperature at States 5, 6 and 7 (rectifier, condenser inlet and condenser outlet, respectively), for system charge pressures
of: (a) 14 bar and (b) 21 bar. Also shown are the ambient air temperature ࢀ ܉and the saturated liquid temperature of the
refrigerant ࢀܜ܉ܛǡۼ۶ . Error bars denote standard deviation of measured values over the measurement period.
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Fig. 8: Temperature at State 8b, 9 and 10 (absorber gas outlet, evaporator inlet and evaporator outlet, respectively), for cooling
delivery temperatures (indicated by the dashed line) of: (a) 5 ºC and (b) 25 ºC, and for various values of  ܐ܋and ࡽሶ ܖ܍.

The mean temperatures measured along the bubble pump are plotted in Fig. 6. At low heat input rates, a large
difference can be observed between the temperature at the top of the bubble pumpܶଷ and at the lower part of the
bubble pump close to the generator ܶଶ . At higher heat input rates this temperature difference is far smaller,
indicating a change in flow regime that results in a lower level of heat dissipation according to Eq. 1b.
Full utilization of the rectifier and condenser is found to be a key factor in maximizing COP. Figure 7 shows the
measured rectifier and condenser inlet and outlet temperatures; also indicated are the ambient air temperature
and the saturation temperature of pure ammonia at the operating pressure of the DAR system. The highest COP
is achieved at the point where the temperature at the condenser inlet (ܶ ) is very close to (slightly higher than)
the saturation temperature of ammonia, such that the maximum flow-rate of ammonia with the minimum of
water content was conveyed to the evaporator. At lower heat inputs, temperatures measured along the rectifier
indicate that the condensation of ammonia occurs prior to the inlet of the condenser, thus resulting in some drain
back of ammonia to the generator and a lower COP. At higher heat input rates, higher temperatures at the
condenser inlet indicate that a larger fraction of water is present in the saturated vapour entering the condenser.
At the lowest heat inputs, significant subcooling is achieved at the condenser, where exit temperatures approach
that of the ambient air. However, at the lowest system pressure ୡ୦ = 14 bar and ܳሶୣ୬ > 250 W, Fig. 7a indicates
that the fluid exiting the condenser is no longer subcooled, exiting the condenser in a two-phase state at the
refrigerant saturation temperature. The uncondensed fraction of the refrigerant flow is diverted from the
evaporator to the absorber via the gas bypass tube, and the result is a lower cooling output at higher values of
ܳሶୣ୬ than achieved at ୡ୦ = 17 bar (see Fig. 5a).
The evaporator inlet and outlet temperatures (ܶଽ and ܶଵ , respectively) were found to vary with cooling delivery
temperature more than system pressure or generator heat input. At a cooling delivery temperature of ܶ  = 5 ºC
(Fig. 8a), the evaporator inlet temperature is between -22 and -25 ºC across most of the heat input range, while
for a cooling delivery temperature of ܶ  = 25 ºC (Fig. 8b) it is between -12 and -15 ºC. In the former case, it
should be noted from Fig. 8a that the evaporator outlet temperature is higher than the cooling delivery
temperature due to the counterflow heat exchange with the warmer flow of hydrogen gas flowing upwards from
the absorber, which enters the gas heat exchanger at the higher temperature of ଼ܶୠ .

4.2. Experimental results – dynamic performance during system start-up
Figures 9a and 9b show generator temperature plotted against time during the start-up process, for a range of
fixed heat input rates and for system charge pressures of 14 bar and 21 bar respectively. Temperature is shown
to increase until the point at which the bubble pump begins to lift the solution from the generator, which is then
replaced by a continuous flow of lower-temperature fluid from the reservoir. The start times and peak generator
start-up temperatures for the range of test conditions are presented in Fig. 10.
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Fig. 9: Generator temperature at various steady heat input rates during start-up for: (a) 14 bar and (b) 21 bar charge pressure.

The lowest values of ܳሶୣ୬ are characterized by an “overshoot” of the generator temperature followed by a
sudden drop in temperature as the system transitions to steady-state operation. Meanwhile, for the highest values
of ܳሶୣ୬ , an oscillating behaviour is observed for the generator temperature after the transition to steady-state. At
intermediate values of ܳሶୣ୬ corresponding to peak COP, neither of these aforementioned behaviours are
observed. In all cases there is a noticeable change in the rate of increase of the generator temperature during the
initial heating of the solution that represents the onset of boiling, after which the temperature continues to
increase at a slower rate (as is characteristic for non-isothermal phase-change processes in two-component
mixtures) until the start of the bubble pump operation.

Fig. 10: Experimental results showing start-up time (bar plots) and peak generator start-up temperature (line plots) at various
steady heat input rates. Shown for system charge pressures of 14 bar (blue), 17 bar (white) and 21 bar (red).

The peak in temperature observed at low values of ܳሶୣ୬ is significant. At ୡ୦ ൌ 14 bar and ܳሶୣ୬ ൌ 100 W, the
generator temperature reaches a maximum value of 201 ºC, which is 65 ºC above the temperature observed
during steady-state operation. A likely reason for this is that slow nucleate boiling of stagnant fluid in the
generator under low heat-flux conditions leads to a depletion of ammonia from the solution. This gradually
raises the temperature at which the coalescence of bubbles is sufficient to lift liquid solution upwards in the
bubble pump, before cooler solution can flow from the reservoir. At higher values of ܳሶୣ୬ , there is a faster
transition from nucleate boiling to flow boiling before significant depletion of the ammonia-rich solution occurs,
with the result that no observable overshoot of the generator temperature occurs.
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4.3. Model calibration
The results of the steady-state experiments were used to calibrate the system model. Table 1 contains a list of
relations that were used to determine the state of the system according to certain environmental parameters or
operational settings. The DAR system pressure  at each time instant in the model is determined as a function of
the initial charge pressure ୡ୦ and the generator temperature ܶଶ . An additional equation is also included to
describe the relationship between ܳሶୣ୬ , ܶଶ and  based on the experimental data. The conductance value
ሺܷܣሻୱୡିୣ୬ describing the heat transfer between the solar heat pipe collectors and the generator was estimated
from observations of the temperature difference between the cartridge heaters and generator during the tests.
The parameters  ܥand ሺܷܣሻୣ୬ିୟ୫ୠ were estimated from the time constant of the temperature response of the
generator during start-up and after shut-down. The conductance value ሺܷܣሻୡ୭୬ୢ was estimated using temperature
profiles measured along the two-phase (condensation) and single-phase (subcooling) zones of the condenser.
Figure 11 shows that the calibrated model gives a reasonably good prediction of cooling output, particularly at
the lower end of the range of ܳሶୣ୬ values, and correctly captures the trend of the COP curve. However, at higher
values of ܳሶୣ୬ (beyond those corresponding to the peak COP) the model is shown to over-predict ܳሶୣ୴ୟ୮ by
~10% at ୡ୦ ൌ 14 bar, and under-predict ܳሶୣ୴ୟ୮ by ~15% at ୡ୦ ൌ 21 bar.
Tab. 1: Supplementary equations and input parameters used in the solar-DAR system model.
Parameter

Value / Equation



 ൌ ୡ୦  ͲǤͳʹ͵ ൈ ͳͲିଷ ή  ሺܶଶ െ ʹͷሻଶ

ܳሶୣ୬

ܳሶୣ୬ ൌ ͳͶǤʹܶଶ  ͵ͶǤͺ െ ͳʹͻ͵

ߝ୰ୣୡ୲

ߝ୰ୣୡ୲ ൌ0.85

ሺܷܣሻୡ୭୬ୢ

ሺܷܣሻୡ୭୬ୢ ൌ5.5

ሺܷܣሻୱୡିୣ୬

ሺܷܣሻୱୡିୣ୬ ൌ5
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Fig. 11: Line plots showing predictions of (a) cooling power output and (b) COP from the calibrated DAR system model, overlaid
with experimental data points for the corresponding charge pressures and heat input rates.
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4.4. Solar-DAR system performance simulation
The solar-DAR system model, with the calibration parameters listed in Table 1 as inputs, was used to simulate
the performance of the solar-DAR system on a “peak solar” day in Chennai, India. From the climate dataset, the
maximum solar irradiation was found to occur on 3rd May. The peak ambient air temperature on this day is
39 ºC. Diurnal simulations were performed at system charge pressures between 12-21 bar and a delivered
cooling temperature of 5 ºC. The solar collector array area was varied between 0.5-5 m2, using Collector Types
1 and 2 presented in Section 3.2.

Fig. 12: Diurnal simulation results for the solar-DAR system with Collector Type 2, showing (a) total cooling output, (b) overall
(solar to cooling) efficiency, (c) refrigeration cycle COP and (d) solar collector efficiency, plotted against DAR system charge
pressure. Simulations are performed with various collector array areas, and a cooling delivery temperature of 5 °C.

The plots in Fig. 12a show the total daily cooling energy delivered with Collector 2 over the range of operating
pressures and collector areas. As expected, cooling output increases with solar collector area, however for each
doubling of the array size beyond 1 m2, the improvement in maximum cooling output becomes smaller,
indicating a higher cost per unit of cooling energy delivered; while maximum cooling output occurs at
progressively higher system pressures as the array size is increased. Figure 12b shows that a maximum overall
(solar to cooling) efficiency of 2.3% is achieved with 0.5 m2 of collector array and a system pressure of 14 bar.
For 1 m2 of collector array area, a slightly lower maximum overall efficiency is achieved, however the system is
able to operate over a wider range of system pressures and the DAR operates with a slightly higher COP,
delivering an average power of 26 W over a 5.8 hour operating period. Figure 12c shows that with 1 m2 of
collector a DAR daily COP of up to 12.7% is achieved for a system pressure 16.5 bar. It can be seen in Fig. 12d
that as system pressure is increased, the solar collector efficiency decreases due to higher collector temperatures
and shorter operating periods of the DAR system; while larger collector array areas are needed to provide
sufficient heat to the generator. Thus, from these results it can be predicted that an “optimal” summer-day
configuration for the DAR system in Chennai is between 14-16.5 bar, with a collector array area of 0.5-1 m2.
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The simulated performance of the solar-DAR system was considerably poorer with Collector 1, delivering less
than 25% of the daily cooling energy predicted with Collector 2 for an equivalent collector array area. Furthermore
with Collector 1, a minimum array area of 2 m2 was required in order to deliver sufficient thermal energy to start
the system; while with an array area up to 10 m2 the system could only operate at pressures < 14 bar.
Figures 13a and 13b show profiles of the system temperatures and energy flows over the diurnal operating
period for the solar-DAR system charge pressure of 14 bar and 19 bar respectively, and with a 1 m2 array area of
the higher efficiency solar collectors (Collector Type 2) as the heat source. The figures illustrate the trade-off
between the lower operating temperatures, higher collector efficiency, and longer operational period achieved at
the lower system pressure; compared to the higher cooling power output during the middle of the day achieved
at the higher system pressure. It can also be observed in Fig. 13a that at 14 bar the lower saturated liquid
temperature of the working fluid in the condenser (shown by the green line) results in only partial condensation
of the working fluid under the warm ambient conditions. As a result, 40% of the mass-flow of refrigerant
bypasses the evaporator, resulting in a significant loss of cooling potential illustrated by the energy flow
ܳሶୠ ൌ  ܺ ݉ሶ୰ ο݄ . At the higher system pressure of 19 bar in Fig. 13b, the difference between the saturated
liquid temperature of the working fluid in the condenser and the temperature of the ambient air is larger and
therefore for most of the operating period, full condensation is achieved.

Fig. 13: Diurnal simulation profiles showing system temperatures and energy flow rates for two configuration cases.

5. Conclusions
A solar-cooling system based on a diffusion absorption refrigeration (DAR) cycle was presented, using heatpipe solar collectors as the heat source. Based on experimental results from a DAR system operating over a
range of charge pressures and heat input rates, a thermodynamic model was calibrated and used to simulate the
system’s performance in the climate of Chennai, India. The experimental analysis has shown that the DAR
system can operate over a wide range of heat input rates, but that the maximum COP achieved is highly
dependent on the system pressure. As the system pressure was lowered, a higher maximum COP was obtained
for a lower corresponding generator heat input rate. For a cooling delivery temperature of 5 ºC and a charge
pressure of 14 bar, a maximum COP of 0.25 was obtained with a heat input of 200 W. The observations relating
to the condenser have shown that there is a limit to how far the lowering of the system pressure results in an
increase in the COP of the system. This has further implications for the application of the system in the high-
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ambient temperature environment of Chennai; the diurnal simulation of the solar-DAR system demonstrated that
the optimal setting for the system pressure is a trade-off between reducing the generator temperature required to
start the system and maximising the ability to reject heat in the condenser. Future work should investigate the
effect of changing the ammonia-water solution concentration, while the diurnal simulation of the solar-DAR
system should be extended to an annual analysis. The performance of this system in other geographical locations
of interest with lower ambient temperatures should also be investigated.
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Abstract
One of the key components of a solar liquid desiccant system is the regenerator, in which the diluted solution
from the absorber is reconcentrated for its reuse in the air dehumidification task. Among the different types of
regeneration units stands out the solar collector/regenerator (C/R), in which the liquid sorbent is exposed
simultaneously to the solar radiation and the air stream, thus enhancing the regeneration process. In order to
assess its thermal performance, an experimental study of a single-glazed forced convective C/R has been carried
out using calcium chloride solution. The results of the conducted tests show that the water desorption rate
increases strongly with the rise of the solar radiation and the inlet solution temperature as well as with the
diminution of the gap height and the tilt angle. For the analysed measuring range, the water desorption rate
firstly increases and then reaches a stable value by augmenting the air volumetric flow rate. Finally, the
regeneration performance diminishes by increasing the solution volumetric flow rate.
Keywords: Liquid desiccant, solar collector/regenerator, experimental performance.

1. Introduction
The imperative need to mitigate the global environmental problems of greenhouse effect and ozone layer
depletion, as well as the electrical energy consumption associated with the widespread use of vapour
compression machines in air conditioning applications has recently contributed to renew the interest in direct
solar thermally-driven liquid sorption systems, in which the diluted desiccant solution is reconcentrated by
means of its simultaneous exposure to the solar radiation and the scavenging air stream into a single device
named collector/regenerator (C/R). This equipment offers a great potential not only for simplifying and reducing
the costs of liquid sorption systems via the elimination of the regeneration chamber, but also for improving the
thermal regeneration efficiency through the further heating of the liquid sorbent.
When integrated to liquid desiccant systems, the solar collector/regenerator plays a key role since for every
kilogram of water vapour absorbed by the concentrated solution in the dehumidifier, the same amount should be
desorbed from the diluted one in the C/R (Collier, 1979), giving a direct measure of the system performance
(Hawlader et al., 1992; Yang and Wang, 1995).
The solar collector/regenerators can be classified as open-type, closed-type and convective-type. Several
theoretical works (Yang and Wang, 2001; Kaushik et al., 1992) and experimental studies (Gezahegn et al., 2013;
Kabeel, 2005; Hawlader et al., 1997) carried out under different operating conditions have demonstrated that the
convective C/R performs generally better than the other types in both humid and temperate climates, since its
glazing limits the thermal losses to the ambient and also keeps the desiccant solution free from contamination
due to dirt and rains. Furthermore, depending on the use of blowers, the convective collector/regenerators can
operate in natural and forced ventilation modes.
Experimental studies on the performance of both counterflow forced and natural convective solar C/Rs operated
under the hot humid climate of Kaohsiung, Taiwan, were realised by Yang and Wang (1994) by using aqueous
LiCl solution as liquid desiccant Their findings indicated that, the water desorption rate of the forced convective
C/R rose more significantly with increasing ambient temperature than for the natural convective one.
Additionally, the forced convective C/R performed much better than the natural convective one for low inlet
solution mass fractions from 40.90 to 42.50%. When the inlet mass fraction became higher than 42.50%, forced
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convection was unnecessary. It was also observed that the evaporation rate decreased with the glazing height for
the forced convective C/R, while the natural convective C/R had an optimum glazing height.
Kabeel (2005) tested a cross flow forced convective collector/regenerator and a natural convective solar
regenerator with aqueous CaCl2 solution as liquid sorbent. It was observed that the desorption rate and the
regeneration efficiency of both C/Rs rose strongly with enhancing the air mass flow rate. However, for higher
air mass flow rates, said performance indices diminished again due to the fall of the solution temperature.
Furthermore, the evaporation rate and the regeneration efficiency fell with rising the inlet solution mass fraction,
operating the forced cross flow regenerator better than the natural one for medium solution mass fractions.
Nevertheless, the performance difference between both C/Rs was small at higher mass fractions.
Despite the studies carried out by the aforementioned authors, the relevant experimental data of convective
collector/regenerators are still very scarce. This work provides some light on this issue by experimentally
investigating the effect of operating parameters such as the solar radiation, the inlet solution temperature and the
volumetric flow rates of air and solution as well as geometric parameters such as the gap height and the tilt
angle on the performance of a single-glazed forced convective C/R.

2. System description
In order to investigate the influence of both climatic and operating conditions on the performance of a forced
convective collector/regenerator, a test bench comprising a collector/regenerator, fans, solution tanks, pumps,
flow regulator/indicator, PID controller, and data acquisition devices was designed and constructed in the
sorption laboratory at the University of Applied Sciences Stuttgart (see Fig. 1).
The collector/regenerator is made of polycarbonate and has a total area of 0.65 m² (0.5 m width × 1.3 m length),
a gap height of 0.04 m or 0.1 m and a sprinkling area of 0.5 m² (0.5 m width × 1.0 m length). Its inclination
angle can be variably set. The stainless steel absorber plate is painted with a special black nanocoating lacquer
and is covered with a black cotton cloth for ensuring uniform wetting and absorption of the solar radiation. The
C/R can be operated in both counterflow and parallel flow modes. The forced air is supplied by an axial fan with
continuous flow control in the range of 2.5 to 25 m3/h. A solution pump delivers the desiccant solution to the
liquid distributor header at flow rates between 2.5 and 15 l/h. The temperature of the liquid sorbent is controlled
before entering the C/R by the combination of an ARCTIC cold bath/circulation thermostat HAAKE AC 150A10 and a plastic heat exchanger B3-12A-30-2.0. The volumetric flow rates, temperatures, relative humidities
and the densities of the fluids involved in the regeneration process are measured both at the inlet and outlet of
the collector/regenerator by means of the sensors summarised in Tab. 1. Data are taken at 5 seconds interval
after the initial wetting and stabilising.
-2+M2

Air temperature and
humidity sensors
Solution temperature
sensor

-5

Air volumetric
flow sensor
V1
-1+M1

-6

Air temperature
and humidity
sensors

Solution
temperature sensor

Solution density sensor
U1
V2

Pump

Solution volumetric flow
sensor

-4
-3

Heat
Strong solution W
Weak solution
on exchanger

(a) System sketch

-7
-8

Tempering
unit

(b) Test bench

Fig. 1: System sketch and test bench of the collector/regenerator.
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Tab. 1: Model parameters for the analysed air- and water-based solar collectors.

Manufacturer

Sensor

Kobold

Flowmeter MIK-5NA

KEY
Instruments

Flowmeter MR-3000

Honeywell

Flowmeter AWM 720P

Rotronic

Sensor module HC2-S3

Measured
parameter
Volumetric flow
rate solution/water

Measuring range

Rated accuracy

0,6 l/h-30 l/h

±2%

0,24 l/h -3,0 l/h
1,2 l/h -18,0 l/h

±4 %

Volumetric flow
air

0-12 m³/h

±2%

Air temperature

-10-90 °C

± 0,1 K

Relative humidity

0-100 %

± 0,8 % R. H.

Fühlersysteme

Cable temperature sensor
KT/E

Temperature
solution/water

-50-250 °C

-

Anton Paar

Density transmitter LDens 313

Solution density

0,5-2 g/cm³

± 0,001 g/cm³

KippZonen

Pyranometer CMP 11

Global radiation

< 4000 W/m²

-

3. System performance measures
The performance of the collector/regenerator is evaluated on the basis of the water desorption capacity and the
water desorption rate. The water desorption capacity (οɖdes ) in [kg/kg] is defined as the amount of moisture
added to an air stream during the regeneration process:

οɖdes =ɖa,out -ɖa,in

(eq. 1)

On the other hand, the water desorption rate (οmdes
ሶ ) indicates the change of the amount of water vapour
transferred to the air stream mሶ a , and therefore evaporated from the hygroscopic solution per unit time:

οmdes
ሶ =mሶ a ή൫ɖa,out -ɖa,in൯

(eq. 2)

Where ɖa,in and ɖa,out are the absolute humidities of the air at the inlet and outlet of a sorption unit, respectively.
The fluids involved in the regeneration process are characterised through the changes of their temperature
(οTaΤs ) and mass fraction (οɌs ):

οTaΤs =TaΤs,out -TaΤs,in

(eq. 3)

οɌs =Ɍs,out -Ɍs,in

(eq. 4)

The mass and energy balance between air and desiccant solution are analysed through the dimensionless
quantities Ɉmass and Ɉenergy , which are given by (Jaradat et al., 2011):

ߢmass =

ሶೌ ڄఞೞ
ሶೞ ήೞ

(eq. 5)

Qa ାQሶ s
Qሶ solar

(eq. 6)

Ɉenergy =

Where Ƀs is the water content in the desiccant solution given as function of the solution mass fraction Ɍs by eq. 6.

Ƀs =

1-Ɍs
Ɍs

(eq. 7)

4. Experimental results and discussion
To analyse the performance potential of the collector/regenerator several measurement series were carried out
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under different boundary conditions for the aqueous calcium chloride (CaCl2) solution at natural sunlight. The
volumetric flows of the regenerating air and the hygroscopic solution were varied between 2.5 m3/h and 25.0
m3/h and 2.5 l/h to 15.0 l/h, respectively.

4.1 Effect of the solar radiation on the C/R performance
Fig. 2 shows that the desorption rate, the desorption capacity, the temperature differences of air stream and
CaCl2 solution between inlet and outlet as well as the mass fraction difference of liquid sorbent between inlet
and outlet increased strongly as the solar radiation rose at the boundary conditions summarised in Tab. 2, since
the absorbed solar radiation is the energy source for water evaporation from the diluted solution. Furthermore, it
can be observed from Fig. 2(d) that the values of țmass for test sequences at solution volumetric flow rates of
5.24 l/h and 9.77 l/h were very close to the unity, while the values of țenergy exhibited an average relative
deviation of 43.8%, which reflected the heat losses mechanisms such as the radiative heat transfer between the
absorber plate and the collector glazing as well as the convective and radiative thermal losses to the
environment.
Tab. 2: Boundary conditions for the experiments with fluctuating solar radiation (gap height = 4 cm, tilt angle = 30°).

Solution
volumetric
flow rate
[l/h]

Solution
temperature
[°C]

Solution
mass
fraction
[%]

9.41

5.11

26.19

38.24

8.72

10.07

24.45

37.89

Test
seq.

Air
volumetric
flow [m3/h]

Air
temperature
[°C]

Air absolute
humidity
[g/kg]

1

7.50

27.15

2

7.56

29.08

(a) Desorption rate/capacity

(b) Temperature diff. between inlet and outlet

(c) Mass fraction difference

(d) Mass and energy balances

Fig. 2: Experimental results for the collector/regenerator with different solar radiation levels.

4.2 Effect of the inlet solution temperature on the C/R performance
From Fig. 3(a), it is clearly shown that both the desorption rate and the desorption capacity averagely increased
by 56% as the inlet desiccant temperature rose from 25.1 °C to 37.3 °C at the boundary conditions summarised
in Tab. 3. This was a consequence of the higher solution vapour pressure and the associated greater driving
force for the mass transfer between the liquid sorbent and the regenerating air. According to Fig. 3(b), the
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temperature difference of the regenerating air averagely augmented from 7.2 °C at an inlet solution temperature
of 25.1 °C to 12.3 °C at an inlet solution temperature of 37.3 °C. Moreover, the temperature difference of the
liquid sorbent fell from a high value of 12.5 °C to a low one of 5.8 °C at an inlet solution temperature of 37.3 °C
due to the heat transfer from the desiccant film to the adjacent air stream. Conversely, the temperature difference
of the hygroscopic liquid followed an upward trend at an inlet solution temperature of 25.1 °C because of the
progressive solar heating of the liquid film. On the other hand, the mass fraction difference of desiccant solution
between inlet and outlet averagely rose by 54% as the inlet solution temperature enhanced from 25.1 °C to 37.3
°C (see Fig. 3(c)). Finally, the values of Ɉmass for test sequences 3 and 4 were very close to the unity, whereas
the values of Ɉenergy for same tests exhibited average relative deviations of 39.1% and 55,6%, respectively (see
Fig. 3(d)), which could be result not only of the heat losses from the collector/regenerator but also of sensors’
accuracy and measurement errors.
Tab. 3: Boundary conditions for the experiments with fluctuating solution temperatures (gap height = 4 cm, tilt angle = 30°).

Test
seq.

Solar
radiation
[W/m2]

Air
volumetric
flow [m3/h]

Air
temperature
[°C]

Air
absolute
humidity
[g/kg]

Solution
volumetric
flow rate
[l/h]

Solution
temperature
[°C]

Solution
mass
fraction
[%]

3

909

7.43

30.53

9.80

5.21

37.33

36.78

4

848

7.46

25.67

9.41

5.05

25.07

38.56

(a) Desorption rate/capacity

(b) Temperature diff. between inlet and outlet

(c) Mass fraction difference

(d) Mass and energy balances

Fig. 3: Experimental results for the collector/regenerator at different solution temperatures.

4.3 Effects of the fluid volumetric flow rates on the C/R performance
For the operating conditions analysed in experimental runs (see Tab. 4), the desorption rate obtained with the
solar collector/regenerator firstly augmented with increasing the air volumetric flow rate, until it stabilised at a
certain value as shown in Fig. 4(a). This net effect resulted from the combination of two facts:
x

Increase of the mass transfer coefficient between the desiccant solution film and the regenerating air by
enhancing the air volumetric flow rate.
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x

Further decrease of the solution temperature and consequently, of the solution vapour pressure and the
driving force of mass transfer within the C/R by rising the air volumetric flow rate.

At a solution volumetric flow rate of 7.5 l/h, doubling the air volumetric flow rate from 5.0 m3/h to 10 m3/h
increased the desorption rate by about 11% from 0.26 kg/(m2 h) to 0.29 kg/(m2 h). Said enhancement slightly
rose by increasing the solution volumetric flow rate.
Conversely, as shown in Fig. 4(b), the desorption capacity decreased with augmenting the air volumetric flow
rate due to the reduction in the temperature increase of the air stream in the collector/regenerator, which led to a
lower vapour pressure difference between the desiccant solution and the air. At a solution volumetric flow rate
of 7.5 l/h, doubling the air volumetric flow rate from 5.0 m3/h to 10 m3/h decreased the desorption capacity by
about 43% from 21.65 g/kg to 12.26 g/kg.
Tab. 4: Boundary conditions for the experiments with fluctuating fluid volumetric flow rates (gap height = 4 cm, tilt angle = 30°).

Test
seq.

Solar
radiation
[W/m2]

Air
volumetric
flow [m3/h]

Air
temperature
[°C]

Air
absolute
humidity
[g/kg]

Solution
volumetric
flow rate
[l/h]

Solution
temperature
[°C]

Solution
mass
fraction
[%]

5

873-918

4.96- 25.08

28.57-30.03

9.52-10.40

2.47

24.93-25.87

37.70-38.18

6

870- 920

4.96-24.97

25.79-28.66

8.76- 9.80

4.98

24.61-25.80

37.49-38.16

7

886-928

2.52-25.03

26.03-32.40

9.43-9.93

7.44

24.53-25.47

37.42-38.25

8

875-922

2.61-24.95

25.45-31.37

8.64-9.44

10.03

24.59-25.22

37.42-38.12

9

872-904

2.41-24.99

24.70-28.88

8.93-9.85

15.01

24.78-25.23

37.30-38.00

(a) Desorption rate

(b) Desorption capacity

(c) Mass balance

(d) Energy balance

Fig. 4: Experimental results for the collector/regenerator at different fluid volumetric flow rates.

On the other hand, the desorption rate and the desorption capacity decreased with augmenting the solution
volumetric flow rate as shown in Fig. 4(a) and Fig. 4(b). The higher the solution volumetric flow rate, the
shorter the residence time of the liquid sorbent within the collector/regenerator. Consequently, the hygroscopic
solution was heated little, thus reducing the vapour pressure difference between the solution film and the air. At
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an air volumetric flow rate of 15.0 m3/h, doubling the solution volumetric flow rate from 5.0 l/h to 10.0 l/h
reduced both the desorption rate and the desorption capacity by about 31% from 0.39 kg/(m2 h) to 0.27 kg/(m2
h) and from 10.79 g/kg to 7.39 g/kg, respectively. These reductions slightly increased by enhancing the air
volumetric flow rate. Finally, according to Fig. 4(c) and Fig. 4(d), the values of Ɉmass were very close to the
unity, whereas the values of Ɉenergy were deviated from the unity, especially at lower solution volumetric flow
rates. These deviations reflected both the heat losses mechanisms from the collector/regenerator and problems
related to sensors’ accuracy and measurement errors.

4.4 Effects of the gap height on the C/R performance
At a constant air volumetric flow rate, the reduction of the gap height led to an average increase in the flow
velocity of the regenerating air within the collector channel. The higher the air volumetric flow rate, the greater
the enhancements in the air flow velocity and in the Reynolds number. As a result, the heat and mass transfer
coefficients between the desiccant solution and the regenerating air also augmented. According to the operating
conditions summarised in Tab. 4 and Tab. 5 for a solution volumetric flow rate of 7.5 l/h, the desorption rate and
the desorption capacity averagely increased by about 5% by reducing the gap height from 10 cm to 4 cm (see
Fig. 5). Greater increases in the regeneration performance were achieved at low air volumetric flow rates.
Tab. 5: Boundary conditions for the experiments with fluctuating fluid volumetric flow rates (gap height = 10 cm, tilt angle = 30°).

Test
seq.

Solar
radiation
[W/m2]

Air
volumetric
flow [m3/h]

Air
temperature
[°C]

Air
absolute
humidity
[g/kg]

Solution
volumetric
flow rate
[l/h]

Solution
temperature
[°C]

Solution
mass
fraction
[%]

10

863-909

5.09-25.20

30.06-35.03

9.09-11.08

2.41

24.58-26.48

37.54-38.13

11

885-923

4.87-25.03

31.64-33.98

9.38-11.39

4.96

24.65-25.78

37.39-38.07

12

883-934

2.48-25.10

29.57-33.66

9.57-11.79

7.52

24.84-25.59

37.36-37.90

13

891-918

2.55-24.90

28.36-32.80

10.16-12.16

10.00

24.82-25.43

37.47-37.90

14

877-913

2.63-25.06

25.98-31.46

9.85-12.25

15.01

24.97-25.26

37.54-37.82

(a) Desorption rate

(b) Desorption capacity
Fig. 5: Experimental results for the collector/regenerator at different fluid volumetric flow rates and gap heights.
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4.5 Effects of the tilt angle on the C/R performance
From Fig. 6, the regeneration performance could be increased by reducing the inclination angle of the
collector/regenerator from 30° to 15° due to the longer residence time of the desiccant solution on the absorber
surface. Consequently, the liquid sorbent was quickly heated. According to the operating conditions summarised
in Tab. 5 and Tab. 6 for a solution volumetric flow rate of 7.5 l/h, both the desorption rate and the desorption
capacity averagely augmented by about 6% by decreasing the tilt angle from 30° to 15°.
Tab. 6: Boundary conditions for the experiments with fluctuating fluid volumetric flow rates (gap height = 4 cm, tilt angle = 15°).

Test
seq.

Solar
radiation
[W/m2]

Air
volumetric
flow [m3/h]

Air
temperature
[°C]

Air
absolute
humidity
[g/kg]

Solution
volumetric
flow rate
[l/h]

Solution
temperature
[°C]

Solution
mass
fraction
[%]

15

876-897

5.04-15.08

29.53-30.56

8.81-9.04

2.49

24.90-25.38

37.56-38.04

16

885-900

5.08-15.05

26.84-28.75

9.04-9.45

5.03

24.75-25.27

37.54-38.04

17

872-894

2.46-14.99

28.03-30.49

8.44-8.73

7.56

24.83-25.26

37.52-37.89

18

868-936

2.44-15.00

26.51-28.73

8.32-8.66

10.03

24.93-25.01

37.38-38.07

19

866-911

2.54-14.97

28.00-29.80

8.44-8.73

15.00

24.87-25.21

37.41-37.88

Tab. 7: Boundary conditions for the experiments with fluctuating fluid volumetric flow rates (gap height = 4 cm, tilt angle = 30°).

Test
seq.

Solar
radiation
[W/m2]

Air
volumetric
flow [m3/h]

Air
temperature
[°C]

Air
absolute
humidity
[g/kg]

Solution
volumetric
flow rate
[l/h]

Solution
temperature
[°C]

Solution
mass
fraction
[%]

20

873- 918

4.96-15.06

28.57-29.71

9.52- 9.89

2.48

24.93-25.87

37.77-38.18

21

883-911

4.96-14.96

25.79-27.96

8.76-9.17

4.95

24.82-25.80

37.49-38.11

22

905-928

2.52-15.01

29.60-32.40

9.66-9.93

7.41

24.53-25.47

37.42-38.25

23

875-922

2.61-15.05

29.22-31.37

8.64-8.95

9.94

24.59-25.22

37.44-38.12

24

872-904

2.41-24.99

24.70-28.88

8.93-9.85

15.01

24.78-25.23

37.30-38.00

(a) Desorption rate
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(b) Desorption capacity
Fig. 6: Experimental results for the collector/regenerator at different fluid volumetric flow rates and tilt angles.

5. Conclusions
A single-glazed forced convective collector/regenerator was experimentally tested at the climatic conditions of
Stuttgart. The experimental tests results indicated that the volumetric flow rates of the air and the desiccant
solution as well as the gap height and the tilt angle of the collector played an important role in the assessment of
the regeneration performance. Further studies will be carried out in order to optimise the construction of the C/R
for specific requirements of air conditioning applications.
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Abstract
Solar liquid desiccant air-conditioning systems have recently attracted attention due to their sustainability and
good energy saving potential, since only heat is required in the solution regeneration process. The solar
regenerators can be classified as indirect and direct regeneration units. In the first type, the solar heat can be
transferred either to the air stream via solar air collectors or a combination of solar water collectors and waterto-air heat exchangers or to the liquid desiccant via a combination of solar water collectors and water-to-solution
heat exchangers before entering the regeneration chamber. In the second type, the diluted solution is exposed
simultaneously to the solar radiation and the air stream within a solar collector/regenerator. A performance
comparison between both types of regeneration units is presented in this paper. The simulation results
demonstrate that direct solar regenerators have a high potential for enhancing the water desorption rate from a
diluted solution and, consequently, the air dehumidification capacity within the absorber.
Keywords: Liquid desiccant, indirect solar regenerator, solar collector/regenerator, performance comparison.

1. Introduction
Air conditioning in buildings is a large and growing market, almost exclusively covered with electrical
compression systems. Therefore, in order to supply this market with sustainable technologies, cost-effective
solar thermally-driven liquid sorption systems, which rely on the capacity of hygroscopic solutions in removing
the air moisture content by the absorption process (Grossman and Johannsen, 1981) and on the solar heat for
regenerating the solution in a temperature range of 40 to 70 °C (Katejanekarn and Kumar, 2008), need to be
developed.
Indirect solar regenerated systems comprise the main components absorber, in which the moisture of the inlet
process air is removed by bringing it into contact with sprinkled desiccant solution, and regenerator, in which
the water content of the solution gradually diluted within the absorber is reduced by enhancing both its
temperature and vapour pressure, and by subsequently removing the evaporated water through an air stream.
Among the direct contact sorption chambers commonly used as heat and mass exchangers in both the air
dehumidification and solution regeneration processes stand out the packed bed towers, which are filled with
random or structured packing materials that increase the mass transfer area per unit volume as well as the
contact time between the fluids involved in the sorption process, leading to more compact units (Martin and
Goswami, 2000). Nevertheless, they require high enough solution mass flow rates for a proper wetting of the
packing material as well as high fan energy consumption due to high air pressure drops. The heat required for
the regeneration process can be supplied by either air-led (Kabeel et al., 2017) or water-based solar collectors
(Jamar et al., 2016) and, more recently, by photovoltaic/thermal (PV/T) modules (Guo et al. 2017), which
provide both heat for reconcentrating the liquid desiccant and electricity for powering the parasitic components
(fans and pumps). The resulting strong solution is then stored without thermal losses for carrying out the air
dehumidification process when solar radiation is not available. The dehumidified process air, heated by
exothermic reactions during the moisture absorption in the desiccant solution, is generally precooled by the
outdoor air or the return air from the room and moistened adiabatically in the next step to produce the desired
cooling effect for air conditioning applications. However, some barriers like the high costs of manufacture and
installation of the equipment, high system complexity due to the large number of individual components and the
need of highly sophisticated control systems drastically limit the market entrance of indirect solar regenerated
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liquid desiccant systems (Gommed and Grossman, 2007).
The needed system simplification and its associated cost reduction can be accomplished by transferring the
regeneration process into the solar collector. In this way, and contrary to the indirect solar regenerator, the
hygroscopic solution is exposed simultaneously to the solar radiation and the air stream, which contributes to
enhance the thermal regeneration efficiency. The direct solar regenerators can be classified as open-type, closedtype and convective-type. Several theoretical works (Yang and Wang, 2001; Kaushik et al., 1992) and
experimental studies (Gezahegn et al., 2013; Kabeel, 2005; Hawlader et al., 1997) carried out under different
operating conditions have demonstrated that the glazed forced convective collector/regenerator performs
generally better than the other types in both humid and temperate climates, since its glazing limits the thermal
losses to the ambient and also keeps the desiccant solution free from contamination due to dirt and rains.
However, there is a lack of works in the literature on the performance comparison between the indirect solar
regeneration chambers and the solar collector/regenerators. This paper provides some light on this issue by
comparing the performance curves obtained for both types of solar regenerators at specified operating
conditions from calculation models developed in the equation-oriented simulation environment EES and by
outlining under what conditions the direct solar regenerator outperforms the indirect ones.

2. System description
Three indirect solar regeneration units, which essentially comprise an adiabatic packed bed sorption reactor, an
array of solar water/air heaters as well as heat exchangers, and a forced convective direct solar regenerator were
theoretically analysed in this study. These configurations are depicted in Fig. 1 and described as follows:
x

Variant SWH+WA-HX+Reg (solar water heater + water-air heat exchanger for preheating of the
regenerating air): A 16 m² south-oriented collector field of solar water heaters (Topson TX) with 40%
aqueous propylene glycol solution as working fluid and a tilt angle of 30° is connected with a finned
coil water-air heat exchanger (WA-HX, Brazetek BT-HTL 12×12), in which the regenerating air
stream is warmed-up before entering a counterflow adiabatic regeneration chamber (see Fig. 1(a)),
whose packed bed (400 mm width × 400 mm length × 400 mm height) is filled with ceramic Novalox®
saddles (volumetric mass transfer area = 255 m²/m³, void fraction = 0.74).

x

Variant SAH+Reg: A similar field of compact solar air heaters (SAH TwinSolar) is directly coupled
to the aforementioned packed bed regenerator as shown in Fig. 1(b).

x

Variant SWH+WS-HX+Reg: The finned coil water-air heat exchanger of the variant SWH+WAHX+Reg is replaced by a water-solution parallel plates heat exchanger (WS-HX, Kaori K095) for
heating up the liquid sorbent before its entrance to the sorption reactor (see Fig. 1(c)).

x

Variant SWH+WS-HX+WA-HX+Reg: A finned coil water-air heat exchanger and a water-solution
parallel plates heat exchanger, identical to those of the variants SWH+WA-HX+Reg and SWH+WSHX+Reg respectively, are connected in parallel with the solar water heaters field for simultaneously
preheating the regenerating air and the desiccant solution (see Fig. 1(d)).

x

Variant SCR: The diluted hygroscopic liquid and the regenerating air stream are simultaneously,
directly heated through a field of counterflow, single-glazed solar collector/regenerators for
reconcentrating the desiccant solution (see Fig. 1(e)).

Based on the energy conservation laws, thermodynamic equilibrium, as well as the heat and mass transfer laws
for each system component, all these regenerator variants were modelled in the equation-oriented simulation
environment EES to assess the water desorption rate (οmdes
ሶ ) for the specified operating conditions, which
indicates the change of the amount of water vapour transferred to the air stream mሶ a and, therefore, evaporated
from the hygroscopic solution per unit time:

οmdes
ሶ =mሶ a ή൫ɖa,out -ɖa,in൯

(eq. 1)

Where ɖa,in and ɖa,out are the absolute humidities of the air at the inlet and outlet of a sorption unit, respectively.
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Indirect Use of the solar heat
Preheating of the regenerating air

(a) Solar water heaters + water-air heat exchanger +
regenerator (SWH+WA-HX+Reg)

(b) Solar air heaters + regenerator (SAH+Reg)

Preheating of the desiccant solution

Simultaneous preheating of the regenerating air and
the desiccant solution

(c) Solar water heaters + water-solution heat exchanger +
regenerator (SWH+WS-HX+Reg)

(d) Solar water heaters + water-solution heat exchanger +
water-air heat exchanger + regenerator (SWH+WSHX+WA-HX+Reg)

Direct use of the solar heat
Simultaneous heating of the regenerating air and the desiccant solution

(e) Solar collector/regenerator (SCR)
Fig. 1: Analysed variants of the solar regenerators with indirect and direct (pre)heating of the regenerating air and the desiccant
solution.
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3. Mathematical modeling of the system components
3.1 Indirect solar regenerators
The efficiency of the sola collector Ʉc is given in terms of the average bulk temperature of the heat transfer
medium Tf,m and the ambient temperature Tamb by:

Ʉc =Ʉ0 -UL,1 ήൣ൫Tf,m-Tamb ൯ൗGg,c ൧-UL,2 ήGg,c ήൣ൫Tf,m-Tamb ൯ൗGg,c ൧

2

(eq. 2)

Where Ʉ0 , UL,1 , and UL,2 are the collector optical efficiency, the linear heat loss coefficient and the quadratic
heat loss coefficient for the solar collectors. For the collectors employed in this simulation, these coefficients are
summarized in Tab. 1.
Tab. 1: Model parameters for the analysed air- and water-based solar collectors.

Parameter

TwinSolar compact

Topson TX

K 0 [-]

0.82

0.797

2

U L,1 [W/(m K)]

6.50

2.833

U L,2 [W/(m2 K2)]

0.032

0.0133

Fig. 2 shows a schematic diagram of the finite difference of a conventional counterflow regeneration unit with
the heat and mass transfer interactions between the liquid desiccant and the regenerating air stream. By
assuming negligible heat loss from or gain to the finite element, the 1D steady-state mass and energy balances
can be written as follows:

Desiccant solution:
Mass balance

mሶ s,i ήɌs,i =mሶ s,i-1 ήɌs,i-1

(eq. 3)

mሶ s,i =mሶ s,i-1 -ȟmሶ des,m,i

(eq. 4)

Energy balance

mሶ s,i-1 ήhs,i-1 =mሶ s,i ήhs,i +hconv,s-a,m,i ήAw,i ή൫Ts,m,i -Ta,m,i ൯+ȟmሶ des,m,i ή൫hfg,i +ȟhd,i ൯

(eq. 5)

Regenerating air:
Mass balance

mሶ a ήɖa,i-1 =mሶ a ήɖa,i ȟmሶ des,m,i

(eq. 6)

Energy balance

mሶ a ήha,i +hconv,s-a,m,i ήAw,i ή൫Ts,m,i -Ta,m,i ൯+ȟmሶ des,m,i ή൫hfg,i +ȟhd,i ൯=mሶ a ήha,i-1

(eq. 7)

Where mሶ , h and T stand for the mass flow rate [kg/s], the specific enthalpy [J/kg] and the temperature [K] of the
fluids involved in the regeneration process, while ɖa and ߦs are the absolute humidity of the air [kg/kg] and the
mass fraction of the hygroscopic liquid. The subscripts a and s stand for the air and the desiccant solution,
whereas the subscripts i-1 and i denote the inlet/outlet and outlet/inlet characteristics of the solution/air. The
symbols hconv,s-a,m,i, Aw,i , ȟmሶ des,m,i , hfg,i and ȟhd,i correspond to the local values of the convective heat transfer
coefficient between the solution film and the air stream [W/(m² K)], the finite element area wetted by the
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solution [m²], the water desorption rate [kg/s], the latent heat of water vaporisation [J/kg] and the differential
enthalpy of dilution [J/kg], respectively.

Fig. 2: Heat and mass transfer mechanisms in a finite element of the adiabatic counterflow packed bed regenerator.

On the other hand, the local water desorption rate ȟmሶ des,m,i from the diluted liquid sorbent can be calculated as
follows:

ȟmሶ des,m,i =

Ⱦm,i ήMH2O
R m ήTa,m,i

ήAw,i ή൫ps,m,i -pa,m,i ൯

(eq. 8)

With MH2O and R m as the molar mass of the water vapour (0.01802 kg/mol) and the molar gas constant (8.31451
J/(mol K)), and ps,m,i and pa,m,i as the vapour pressures [Pa] of the solution and the regenerating air at their
average temperatures Ts,m,i and Ta,m,i .
The local mass transfer coefficient based on the gas-phase concentration Ⱦm,i [m/s] is determined in terms of the
heat transfer coefficient hconv,s-a,m,i by applying the Chilton-Colburn analogy:

Ⱦm,i =

hconv,s-a,m,i
ɏa,m,i ήcp,a,m,i ήLea 2Τ3

(eq. 9)

Where ɏa,m,i , cp,a,m,i and Lea stand for the density [kg/m³], the isobaric specific heat capacity [J/(kg K)] of the
regenerating air, and the Lewis number of the water vapour-air mixture. The local convective heat transfer
coefficient between a fluid and the particles in the packed bed reactor is calculated according to the relationships
given in the VDI Heat Atlas (Gnielinski, 2010).

3.2 Direct solar regenerators
The simultaneous heat and mass transfer mechanisms occurring within a single-glazed forced convective
collector/regenerator are shown in Fig. 3. By neglecting the gradients of temperature and water content in both
the air stream and the liquid film along the collector width, disregarding the heat conduction and mass diffusion
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in both the air and the solution along their flow directions, and considering uniform wall temperature and
concentration boundary conditions for the heat and mass transfer in the finite element, the following 1D steadystate mass and energy balances can be formulated for the counterflow case:

Collector housing;
Energy balance

Ucond,p-h,m,i ή൫Tp,m,i -Th,m,i ൯=hconv,h-amb,m,i ήAc,i ή൫Th,m,i -Tamb ൯

(eq. 10)

+hrad,h-sky,m,i ήAc,i ή൫Th,m,i -Tsky ൯
+hrad,h-gr,m,i ήAc,i ή൫Th,m,i -Tgr ൯
Absorber plate:
Energy balance

ቂ൫ɒg ήɒs ήȽp ൯ ήFw +൫ɒg ήȽp ൯ ήሺͳ-Fw )ቃ ήGg,c ήAc,i =Ucond,p-h,m,i ήAc,i ή൫Tp,m,i -Th,m,i ൯
eff

(eq.11)

eff

+hconv,p-a,m,i ήሺ1-Fw )ήAc,i ή൫Tp,m,i -Ta,m,i ൯
+hconv,p-s,m,i ήFw ήAc,i ή൫Tp,m,i -Ts,m,i ൯
+hrad,p-g,m,i ήሺ1-Fw )ήAc,i ή൫Tp,m,i -Tg,m,i ൯
Desiccant solution:
(see eq. 3 and eq. 4)

Mass balance
Energy balance

mሶ s,i-1 ήhs,i-1 +hconv,p-s,m.i ήFw ήAc,i ή൫Tp,m,i -Ts,m,i ൯=mሶ s,i ήhs,i ȟmሶ des,m,i ή൫hfg,i ȟhd,i ൯

(eq.12)

+hconv,s-a,m,i ήFw ήAc,i ή൫Ts,m,i -Ta,m,i ൯
+hrad,s-g,m,i ήFw ήAc,i ή൫Ts,m.i -Tg,m,i ൯
Regenerating air:
Mass balance

(see eq. 6)

Energy balance

mሶ a ήha,i ȟmሶ des,m,i ή൫hfg,i ȟhd,i ൯+hconv,s-a,m,i ήFw ήAc,i ή൫Ts,m,i -Ta,m,i ൯

(eq.13)

+hconv,p-a,m,i ήሺ1-Fw )ήAc,i ή൫Tp,m,i -Ta,m,i ൯+hconv,g-a,m,i ήAc,i ή൫Tg,m,i -Ta,m,i ൯=mሶ a ήha,i-1
Glass cover:
Energy balance

Ƚg ήGg,cήAc,i +hrad,s-g,m,i ήFw ήAc,i ή൫Ts,m,i -Tg,m,i ൯+hrad,p-g,m,i ή൫1-Fw ൯ήAc,i ή൫Tp,m,i -Tg,m,i ൯=

(eq.14)

hconv,g-a,m,i ήAc,i ή൫Tg,m,i -Ta,m,i ൯+Uconv,g-amb,m.i ήAc,i ή൫Tg,m,i -Tamb ൯
+Urad,g-sky,m,i ήAc,i ή൫Tg,m,i -Tsky ൯+Urad,g-gr,m,i ήAc,i ή൫Tg,m,i -Tgr ൯
With mሶ , h and T as the mass flow rate [kg/s], the specific enthalpy [J/kg] and the temperature [K] of the fluids
involved in the regeneration process. The subscripts h, p, s, a, g, amb, sky and gr refer to the collector housing,
the absorber plate, the hygroscopic solution, the regenerating air, the glass cover, the ambient, the sky and the
ground, while the subscripts i-1 and i indicate the inlet/outlet and outlet/inlet conditions of the solution/air. The
symbols Fw , Ac,i , ȟmሶ des,m,i , hfg,i and ȟhd,i correspondingly stand for the wetting factor, the total finite element
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area [m²] as well as the local values of the water desorption rate [kg/s], the latent heat of water vaporisation
[J/kg] and the differential enthalpy of dilution [J/kg]. The approaches to estimate the effective transmittanceabsorptance products for the glass cover-absorber plate ൫ɒg ήȽp ൯ and the glass cover-desiccant solutioneff

absorber plate ൫ɒg ήɒs ήȽp ൯

eff

optical systems are given by Duffie and Beckman (2013). Finally, hconv- Uconv , hrad -

Urad , and Ucond denote the convective heat transfer coefficients, the radiative heat transfer coefficients, and the
heat conductance value, respectively.
The air channel of a forced convective collector/regenerator is asymmetrically heated since its absorber plate is
considerably warmer than its glass cover. For analysis purposes, the convective heat transfer coefficients
between the absorber plate and the air stream (hconv,p-a,m,i), the desiccant solution and the air stream (hconv,s-a,m,i ),
and the glazing and the air stream (hconv,g-a,m,i) are considered to be equal. In this way, the convective heat
transfer coefficient hconv,s-a,m,i [W/(m² K)] is evaluated as follows:

hconv,s-a,m,i = Nus-a ήk a,m,i ΤDh

(eq. 15)

For laminar flow (Rea,Dh ʹ͵ͲͲ), the Nusselt number Nus-a,lam can be determined by means of the correlation of
Mercer et al. (1967) for one-sided heated air channels at constant wall temperature:
1.2

Nus-a,lam =4.86+

ͲǤͲͲήቀRea,Dh ڄPra ڄDh ΤLc ቁ
1+0.0909ڄቀRea,Dh ڄPraڄDh ΤLc ቁ

0.7

ڄPra0.17

(eq. 16)

For turbulent flow (Rea,Dh ͵ͲͲͲ), in which the influences of the boundary conditions and the channel geometry
are minor, the modified equation of Petukhov (Gnielinski, 1976) is used for assessing the Nusselt number
Nus-a,turb :

Nus-a,turb = ቈ

ሺfΤ8)ήRea,Dh ڄPra

1+12.7ڄඥfΤ8ڄቀPra2Τ3 -1ቁ

f=൛0.78ڄLn൫Rea,Dh ൯-1.5ൟ

D 2Τ3
൨
Lc

  ڄ1+ ቀ h ቁ

(eq. 17)

-2

With Lc and Dh as the channel length [m] and the hydraulic diameter [m].

Fig. 3: Heat and mass transfer mechanisms in a finite element of the counterflow collector/regenerator.
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4. Simulation results and discussion
This section presents the performance comparisons between the indirect and direct solar thermal regeneration
units. Aqueous lithium chloride solution (LiCl-HO) was used as liquid desiccant. The parameters for this
simulation study are summarised in Tab. 2.
Tab. 2: Parameters for the simulation of the analysed solar regeneration systems.

Component

Solar water heater

WA-HX

WS-HX

Solar air heater

Regenerator

Collector/regenerator

1740

Operating parameter

Unit

Range (reference
value)

Solar radiation

W/m²

800

Collector area

m²

16

Tilt angle

°

30

Fluid volumetric flow rate

l/h

240

Variant

SWH+WA-HX+Reg,
SWH+WS-HX+Reg,
SWH+WS-HX+WAHX+Reg

Fluid mass fraction

%

40

Inlet fluid temperature

°C

40

Fluid volumetric flow rate

l/h

Air volumetric flow rate

m³/h

100-400 (300)

Inlet air temperature

°C

24-40 (30)

Inlet air absolute humidity

g/kg

10.6-18.8 (10.6)

SWH+WA-HX+Reg,
SWH+WS-HX+WAHX+Reg

240

SWH+WS-HX+Reg

Fluid volumetric flow rate

l/h

120

SWH+WS-HX+WAHX+Reg

240

SWH+WA-HX+Reg

120

SWH+WS-HX+WAHX+Reg

Solution volumetric flow rate

l/h

100-400 (200)

Inlet solution temperature

°C

40-70 (50)

Inlet solution mass fraction

%

34-42 (37)

Air volumetric flow rate

m³/h

100-400 (300)

Inlet air temperature

°C

24-40 (30)

Inlet air absolute humidity

g/kg

10.6-18.8 (10.6)

SWH+WS-HX+Reg,
SWH+WS-HX+WAHX+Reg

SAH+Reg

Air volumetric flow rate

m³/h

100-400 (300)

SWH+WA-HX+Reg,
SAH+Reg, SWH+WSHX+Reg, SWH+WSHX+WA-HX+Reg

Inlet air temperature

°C

24-40 (30)

SWH+WS-HX+Reg

Inlet air absolute humidity

g/kg

10.6-18.8 (10.6)

Solution volumetric flow rate

l/h

100-400 (200)

SWH+WA-HX+Reg,
SAH+Reg, SWH+WSHX+Reg, SWH+WSHX+WA-HX+Reg

Inlet solution temperature

°C

40-70 (50)

SWH+WA-HX+Reg,
SAH+Reg

Inlet solution mass fraction

%

34-42 (37)

SWH+WA-HX+Reg,
SAH+Reg, SWH+WSHX+Reg, SWH+WSHX+WA-HX+Reg

Air volumetric flow rate

m³/h

100-400 (300)

Inlet air temperature

°C

24-40 (30)

Inlet air absolute humidity

g/kg

10.6-18.8 (10.6)

Solution volumetric flow rate

l/h

100-400 (200)

Inlet solution temperature

°C

40-70 (50)

Inlet solution mass fraction

%

34-42 (37)
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4.1 Effects of inlet air parameters on the regeneration performance
Fig. 4 shows that, for all configurations, the desorption rate increased with the rise of the inlet air temperature
due to the enhancement in the driving force for the heat transfer between the regenerating air and the
hygroscopic solution, which consequently augmented the temperature and the vapour pressure of the liquid
sorbent. The desorption rate obtained from the direct solar regenerator (SCR) was in average 11% and 9%
greater than those respectively achieved from the variants with indirect solar preheating of both air and liquid
sorbent (SWH+WS-HX+WA-HX+Reg) and of only desiccant solution (SWH+WS-HX+Reg), which were the
best indirect solar regeneration units at the analysed operating conditions. By contrast, the regenerators with air
preheating via solar air heaters (SAH+Reg) and solar water heaters (SWH+WA-HX+Reg) exhibited the worst
performances among the conventional regeneration units with average desorption rates 37 % and 49% lower
than that from the direct solar regenerator.

Fig. 4: Effect of the inlet air temperature on the desorption rate of the solar regenerators with indirect and direct (pre)heating of
the regenerating air and the desiccant solution.

The desorption rate linearly decreased in all analysed solar regenerators with increasing absolute humidity of the
air stream (see Fig. 5) due to the inherent rise in the air vapour pressure, which indeed diminished the vapour
pressure difference between the desiccant solution and the air. This decrease was less severe in the direct solar
regenerator than in the conventional regeneration units at the analysed operating conditions. The desorption
rates achieved with the variants with simultaneous indirect solar preheating of the liquid sorbent and the air
(SWH+WS-HX+WA-HX+Reg) and indirect solar preheating of the desiccant solution came next and were on
average about 17% and 21% lower than those for direct solar regenerators, respectively. On the other hand, the
regeneration systems with air preheating through solar air heaters (SAH+Reg) and solar water heaters
(SWH+WA-HX+Reg) had the worst desorption rates, which were approximately 47% and 60% less than the
respective value for collector/regenerators.

Fig. 5: Effect of the air absolute humidity on the desorption rate of the solar regenerators with indirect and direct (pre)heating of
the regenerating air and the desiccant solution.

According to Fig. 6, the desorption rate for all configurations augmented at the analysed operating conditions by
increasing the air volumetric flow rate due to the enhancement in the mass transfer coefficient, which
counteracted the decrease in the solution temperature and its vapour pressure. From an air volumetric flow rate
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of 300 m3/h (mሶ a Τmሶ s,in =1.187 with Vሶ s,in =200 l/h), the direct solar regenerator exhibited considerably high
values of said performance index compared with those of indirect solar regenerators because of the proximity to
the turbulent regime of air flow within the collector/regenerator channel (Rea,ch =2374). In average, the
desorption rate achieved with the direct solar regenerator was 14% greater than those for the variants with
indirect solar preheating of air and liquid desiccant (SWH+WS-HX+WA-HX+Reg and SWH+WS-HX+Reg).
Moreover, the variants with indirect solar preheating of air by means of solar air heaters (SAH+Reg) and solar
water heaters (SWH+WA-HX+Reg) were clearly outperformed with average desorption rates 44% and 53%
lower than that of the direct solar regenerator.

Fig. 6: Effect of the air volumetric flow rate on the desorption rate of the solar regenerators with indirect and direct (pre)heating
of the regenerating air and the desiccant solution.

4.2 Effects of inlet solution parameters on the regeneration performance
When the desiccant solution entered the analysed regeneration units at high temperatures, the consequent
increasing in the heat and mass transfer driven potentials led to higher desorption rates (see Fig. 7). Comparing
with the effect of the inlet air temperature, it can be concluded that preheating the desiccant solution was more
efficient than preheating the air stream. Although the average desorption rate attained with the direct solar
regenerator was approximately 11%, 17%, 26% and 37% higher than those corresponding to the conventional
regeneration units SWH+WS-HX+WA-HX+Reg, SWH+WS-HX+Reg, SAH+Reg and SWH+WA-HX+Reg,
the performance differences among them were considerably reduced from an inlet solution temperature of 60°C.

Fig. 7: Effect of the inlet solution temperature on the desorption rate of the solar regenerators with indirect and direct
(pre)heating of the regenerating air and the desiccant solution.

Under the given operating conditions, the higher the solution mass fraction, the lower the desorption rate for all
the analysed regeneration units due to the lower vapour pressure of the solution, which indeed reduced the mass
transfer driven potential as shown in Fig. 8. The desorption rate achieved with the direct solar regenerator was
10% and 13% higher than the corresponding values for the variants with indirect solar preheating of both the air
and desiccant solution (SWH+WS-HX+WA-HX+Reg) and of only liquid sorbent (SWH+WS-HX+Reg).
Besides, the performance of the configurations with indirect solar preheating of air by using solar air heaters
(SAH+Reg) and solar water heaters (SWH+WA-HX+Reg) were widely surpassed with average desorption rates
39% and 51% lower than that of the solar collector/regenerator.
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Fig. 8: Effect of the inlet solution mass fraction on the desorption rate of the solar regenerators with indirect and direct
(pre)heating of the regenerating air and the desiccant solution.

For the analysed range of operating conditions, the increase of the solution volumetric flow rate affected in
different ways the desorption rate for direct and indirect solar regenerators (see Fig. 9). In the case of the
collector/regenerator, the desorption rate strongly decreased with the rise of the solution volumetric flow rate
due to the reduced residence time of the liquid sorbent within said device, which contributed to diminish both
the solar warming of the solution and the resulting mass transfer potential. On the other hand, the desorption rate
obtained from the indirect solar regeneration units exhibited the inverse behaviour since the shortening of the
residence time of solution within the sorption reactor led to the decrease of the temperature falls for both the air
and the liquid sorbent, thus keeping the heat and mass transfer driven potentials relatively high. It was observed
that the direct solar regenerator clearly outperformed the investigated indirect solar regeneration units until
reaching a critical solution volumetric flow rate of approximately 225 l/h (mሶ a Τmሶ s,in =1.282 with Vሶ a =300

m3 /h). At higher flow rates, the performance of the collector/regenerator was clearly surpassed by that of the
indirect solar regenerator with preheating of liquid desiccant (SWH+WS-HX+Reg).

Fig. 9: Effect of the solution volumetric flow rate on the desorption rate of the solar regenerators with indirect and direct
(pre)heating of the regenerating air and the desiccant solution.

5. Conclusions
The use of collector/regenerators contributes to reduce the installation costs and complexity of liquid desiccant
systems by diminishing their number of components and by simplifying their control strategies. Moreover, the
direct solar regenerator clearly outperforms the indirect ones at high absolute humidities, air volumetric flow
rates higher than 300 m3/h (݉ሶ Τ݉ሶ௦, = 1.187 with Vሶ s,in =200 l/h), high inlet temperatures of air and solution
as well as solution volumetric flow rates lower than 225 l/h (mሶ a Τmሶ s,in =1.282 with Vሶ a =300 m3 /h) while
keeping constant the other operating parameters.
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Abstract
To make full utilization of low-temperature solar thermal, a novel balanced-type absorption-resorption
heat pump (ARHP) cycle with a simple construction is proposed in this paper. The novel cycle is based on
concentration difference of strong solution, weak solution and ammonia vapor (in fact a very small amount
of water vapor inside). In order to achieve the optimal operating conditions, a mathematical model is
developed and the feasibility and performance are investigated when factors like high and low generation
pressure and ambient air temperature vary. Performance of the novel cycle is compared with that of the
conventional single-stage absorption heat pump (AHP) cycle. The novel cycle is proved to have a smaller
operation pressure differential compared to the conventional AHP cycle and is more suitable for the
temperature characteristics of commonly used solar collectors. Coefficient of performance (COP) value of
1.42 can be obtained when high pressure (PH) and low pressure (PL) are respectively 1.40 MPa and 0.41 MPa
under given working conditions. COP increases with the increasing of solar thermal temperature and ambient
air temperature.
Key words: Solar thermal, absorption-resorption heat pump, simulation, COP
Nomenclature
COP
PV
AHP
GAX
FPC
ETC
HPG
LPG
HPA
LPA
SHX
FRV
TV
Subscripts
hpg
lpa
a
e
c
H
L
h
lpg
hpa
P1
m
h
Q
W
x
T

coefficient of performance
photovoltaics
absorption heat pump
generator–absorber exchanger (GAX)
flat plate collectors
evacuated tube collectors
high pressure generator
low pressure generator
high pressure absorber
low pressure absorber
solution heat exchanger
flow regulating valve
throttling valve
high pressure generator
low pressure generator
absorption
evaporation
condensation
high
low
heat source
low pressure absorber
high pressure absorber
solution pump 1
mass flow rate [kg/s]
specific enthalpy [kJ/kg]
heat exchanged [kW]
work, power [kW]
concentration [kg/kg]
temperature [℃]
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1, 2, …
Greek symbols

state points

[

concentration [kg/kg]

1. Introduction
Heat pumps gain popularity by helping improve the quality of life by means of supplying heating in
heating seasons and producing domestic hot water throughout the year. Improving their performance,
reliability, and environmental impacts has been an ongoing concern (Chua et al. 2010). Conventional
compression heat pumps are driven by electric power, and high-power compressors are often required to
improve the performance (Fatouh and Elgendy 2011), which leads to many environmental problems. Solar
energy is potential in driving heat pumps for different applications due to its cleanliness and accessibility
(Fraga et al. 2015; Jradi et al. 2017; Zhou et al. 2016; Dai et al. 2015; Ozcan and Dincer 2013). Solar driven
heat pumps can be divided into 3 kinds, i.e. heat pumps driven by thermal arrested by solar collectors, vapor
compression heat pumps driven by solar photovoltaics (PV) and those combining solar thermal and vapor
compression heat pumps. Among all the technical routes of solar driven heat pumps, the first kind has the
highest solar thermal efficiency, which can theoretically convert 80% of the incident solar radiation energy
into heating capacity. The combined heat pump systems use solar energy as the low-temperature heat source
and are often combined with periodic heat storage devices to improve the cycle’s COP by lifting the
evaporation temperature (Omojaro and Breitkopf 2013). Electricity is still the basic power source for winter
heating. Wu et al. (2014a, 2014b) reviewed recent absorption heating technologies and ammonia-based
absorption heat pumps and pointed out that vapor compression and resorption heat pumps were suitable for
wider temperature range than absorption ones. Van de Bor D. M. et al. (2014) numerically investigated many
compression-resorption heat pumps with ammonia-water as working fluid for 50 specific industrial cases.
The simulation results showed that the optimal performance, along with the lowest compression power and
reduced investment and operating costs, is obtained under conditions which make the quality of vapor into
the resorber be exact 100%. In practice, the vapor quality cannot reach 100% and compressors often work in
the wet compression regime with a lower isentropic efficiency. Limited by cycle modes and high driven
temperature, these products didn’t utilize solar energy. Velázquez N. et al. (2002) presented a methodological
analysis and energy evaluation of an air-cooled ammonia–water absorption heat pump with a generator–
absorber heat exchanger (GAX) and operated by a hybrid natural gas–solar energy source. The heat pump
allowed 19% of solar contribution at full load. A COP value of up to 1.86 was calculated by using ambient
air up to 40℃ with a relative humidity of 24% as cooling source. The system had a working pressure
difference of up to 1.50 MPa and must be equipped with a rectifier. The required temperature of heat source
is up to 150 ℃, making function time of solar thermal relatively short, which together with the complex
structure and high investment cost limited its application.
An absorption-resorption heat pump is formed when the evaporator and condenser in a conventional
absorption heat pump are displaced by a low-pressure generator and a high-pressure absorber, respectively,
and it completes the inner cycle relying on the concentration difference change of the binary mixtures.
Although solar energy utilization is plagued by its intermittence and volatility, absorption-resorption heat
pumps are still viable alternatives to supply winter heating in low-temperature environment when utilizing
proper working fluid and high-temperature heat sources. Moreover, efficient and stable heating can be
achieved by capacity regulating, energy complementary and working fluid storage, making solar driven
absorption-resorption heat pump a research hotpot in the field of solar heating worldwide. Du et al. (1991,
1993) analyzed an unbalanced type of absorption -resorption heat pump with ammonia-water as working
fluid. The simulation results showed that the system’s highest working pressure is determined by the
ammonia concentration in the cycle. The cycle appeared stronger adaptability to the environment by
regulating ammonia concentration under varying operating conditions. The system was equipped with two
solution pumps and the required temperature of generating is too high for efficient application of solar
thermal.
This paper presents a novel balanced-type ammonia-water absorption-resorption heat pump which can
be driven by solar thermal of lower temperature and of wider temperature range than the abovementioned
GAX ones and the unbalanced types, which makes it possible to use flat plate collectors (FPC) and
evacuated tube collectors (ETC).
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As depicted in Fig. 1, in a conventional AHP cycle, concentration of solution out from condenser is 100%,
while in a balanced ARHP cycle, outlet solution concentration of HPA is lower than 100%. Therefore, given
the same temperature of solutions out from HPA and condenser, PH of the novel cycle is lower than that of a
conventional AHP cycle (∆PH), consequently resulting in a temperature decline of ∆Th at the generator side,
which makes it possible to utilize low-temperature heat source to drive ARHPs for space heating. Besides,
given the same inner pressure difference in the two types of heat pumps, a pressure difference (∆PL) can also
be achieved between evaporator and LPG. “Balanced” here means that there is overlap between the solution
concentration range of the left and right sub-cycle Solution streams out from LPG and LPA are mixed
together and then pumped to HPA and HPG to complete high-pressure absorption and generation process,
respectively.
Condensor

P

Generator

'PL
High-pressure
absorber

'T
High-pressure
generator

Evaporator
Absorber

'PL
Low-pressure
generator

Low-pressure
absorber

T

Fig. 1: Comparison of the conventional AHP cycle and the ARHP cycle proposed in this paper

2. Cycle description
The schematic diagram of the proposed balanced ARHP cycle is shown in Fig. 2. The
pressure-temperature ( P  T ) diagram of the aqueous ammonia is shown in Fig. 3. The novel cycle
comprises the following main components: HPG (high pressure generator), SHX1, 2 (solution heat
exchanger 1, 2), TV1, 2 (throttling valve 2), LPA (low pressure absorber), solution mixing tank (SMT), P1
(solution pump1), solution separation tank (SST), HPA (high pressure absorber), LPG (low pressure
generator). In order to clarify different heat absorption processes in low pressure generator, LPG is
functionally divided into two parts, LPG1 which takes heat from the ambient and LPG2 which recovers heat
from warm solution out from HPA. Ammonia/water is utilized as working pair in this work. The working
principle is detailed as follows.
1-2-3-4-5-6-7-8-9-1 is a closed solution circuit. The weak solution out from HPG (1) is precooled by the
solution out from SHX1 to state point (2) and then throttled in TV2 to low-pressure (PL) (3). The solution (3)
then absorbs the vapor (16) from LPG, releasing the absorption heat and becoming strong solution (4). The
strong solution discharged from LPA (4) is then blended in the SMT with the solution (5) from LPG to make
solution (6). The solution (6) is preheated in SHX2 by the hot solution from HPG to solution (7). The
solution (7) is pressurized through P1 to high-pressure solution (8). Solution (9) (a portion of solution (8))
then enters HPG and heated by solar thermal to generate, making high-temperature and high-pressure vapor
(17/18) and weak solution (1). The solution circuit of the right sub-cycle is finished.
15-6-7-8-9-10-11-12-13-14-5 is another solution circuit. The weak solution out from LPA (5) (which is
stronger than the solution (1)) is blended in the solution mixing tank with the solution out from LPA (4) into
the solution (6). The solution (6) is then preheated in SHX2 by the solution (1) out from HPA to (7). The
solution (7) is pressurized through P1 to high-pressure solution (8). Solution (10) (the remaining portion of
solution (8)) then enters LPA and absorb the vapor (18/17), giving off the resorption heat and forming strong
solution (which is stronger than solution (4)). The strong solution out from HPA (11) is precooled by solution
(14) in LPG2 to solution (12). The high-pressure solution (12) is then depressurized by TV1 to low-pressure
solution (13). The low-temperature solution (13) then enters LPG and takes heat from the ambient to
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generate, discharging low-temperature and low-pressure vapor in turn in LPG1 and LPG2 and making weak
solution (5) (which is stronger than solution (1)). The solution circuit of the left sub-cycle is finished.
t should be pointed out that the amount of solution (4) and solution (9) are not the same due to the
different amount of vapor (17/18) and (16). In the same way, the amount of solution (14) and solution (10)
are different.
17-18 and 15(15a)-16 are the high- and low-pressure ammonia vapor flow, respectively. 23-24 is the
ambient air flow acting as the low-temperature heat source. 19-20-21-22 is the series supply/return water
flow. 25-26 is the working medium out from/ into solar collectors, which serves as the high-temperature heat
source (80~100 oC in this paper).
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Fig. 2: Schematic diagram of the novel ARHP cycle
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Fig. 3: P-T diagram of the novel ARHP cycle
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3. Mathematical model
In this paper, low-temperature solar thermal of about 80℃-100℃ works as the high-temperature heat
source. A mathematical model is developed to analyze the performance of the proposed cycle. Performance
of the proposed cycle is simulated and compared to conventional single-stage cycle. The model can be
simplified by the following assumptions:
(1) The system runs in a steady state;
(2) Heat losses to the surroundings and pressure drops along the pipelines are neglected;
(3) The solutions out from the LPG, HPG, LPA and HPA are all saturated;
(4) The vapor out from the LPG and HPG are saturated;
(5) The process in the solution pump is adiabatic.
(6) The expansion processes in throttling valves are isenthalpic.
(7) The mixing process in the solution mixing tank is adiabatic.
The proposed cycle comprises several relatively simple components such as the solution pump, heat
exchangers, solution mixing tank, valves, and solution separation tank, HPG, LPG (1 and 2), HPA and LPA.
Each component can be taken as a control volume with inlet and outlet fluid, heat transfer and work
interactions (Hong 2011). The basic models for all of the components include energy balance equation,
solution mass balance equation and ammonia mass balance equation, which are shown respectively as
follows in Table 1.
ab. 1: Basic equations of the main components in the heat pump cycle

Components
HPG

SHX2

TV2

LPA

SMT

LPG1

TV1

SHX1

Balance equations
m9 h9 +Qhpg = m1h1 + m17 h17

(eq. 1)

m9 =m1 + m17

(eq. 2)

m9 x9 = m1 x1 + m17 x17

(eq. 3)

m1h1 + m6 h6 = m2 h2 + m7 h7

(eq. 4)

m1 = m2

(eq. 5)

m1 x1 = m2 x2

(eq. 6)

m6 = m7

(eq. 7)

m2 h2 = m3h3

(eq. 8)

m2 = m3

(eq. 9)

m2 x2 = m3 x3

(eq. 10)

m3h3 + m16 h16 = m4 h4 + Qlpa

(eq. 11)

m4 = m3 + m16

(eq. 12)

m4 x4 = m3 x3 + m16 x16

(eq. 13)

m5h5 = m4 h4 + m14 h14

(eq. 14)

m5 = m4 + m14

(eq. 15)

m5 x5 = m4 x4 + m14 x14

(eq. 16)

m13h13 + Qlpg1 = m14 h14 + m15 h15

(eq. 17)

m13 = m14 + m15

(eq. 18)

m13 x13 = m14 x14 + m15 x15

(eq. 19)

m12 h12 = m13h13

(eq. 20)

m12 = m13

(eq. 21)

m11h11 + m5h5 = m12 h12 + m6h6

(eq. 22)

m11 = m12

(eq. 23)

m11 x11 = m12 x12

(eq. 24)

m6 = m5

(eq. 25)

m6 x6 = m5 x5

(eq. 26)

m10 h10 + m17 h17 = m11h11 + Qhpa

(eq. 27)
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HPA

P1

SST

LPG2

m11 x11 = m10 x10 + m17 x17

(eq. 28)

m11 = m10 + m17

(eq. 29)

m7 h7 + Wp1 = m8 h8

(eq. 30)

m7 = m8

(eq. 31)

m7 x7 = m8 x8

(eq. 32)

m8h8 = m9 h9 + m10 h10

(eq. 33)

m8 = m9 + m10

(eq. 34)

m8 x8 = m9 x9 + m10 x10

(eq. 35)

m14h14 + m11h11 = m12h12 + m5h5 + m15a h15a

(eq. 36)

m14 = m5 + m15a

(eq. 37)

m14 x14 = m5 x5 + m15a x15a

(eq. 38)

In this paper, COP is adopted to evaluate performance of the proposed NH 3-H2O absorption-resorption
cycle. It can be defined as heating capacity output divided by the total energy input, given by
Q +Q
Q
COP = hpa lpa =1 + lpg1
(eq. 39)
Qhpg
Qhpg
Where Qlpg1 and Qhpg are the total heat input of LPG1 and HPG, respectively.
All the properties of ammonia-water and pure ammonia are calculated by the REFPROP 8.0.

4. Results and discussion
In this paper, all the simulation results are based on the assumption that mass flow rate of low-pressure
refrigerant vapor is 0.034 kg/s, i.e. m16 = 0.034 kg/s. The initial working conditions are listed in Table 2.
Tab. 2 Initial working condition
Working conditions
Temperature of solution out from HPG (1)
Temperature of solution out from HPA (11)
Temperature of solution out from LPA (4)
Temperature of the return water (19)
Ambient air temperature
Temperature difference between ambient air and solution (14)
Cold end temperature difference of SHX2, i.e. T2ˉT6
Temperature difference between HTF outlet and solution (1), T25ˉT1
Temperature difference in LPG2, i.e. T5ˉT14

Given values (oC)
90
40
35
30
10
3
10
5
5

Performance of the proposed cycle has been simulated under working conditions listed in Table 2.
Simulation results are illustrated in Figs. 4-8.
Fig. 4 shows the effect of PH (high generation pressure) values and PL (low generation pressure) values on
COP of the novel cycle. It can be seen that for a given PH value, the COP increases rapidly with the
increasing of PL at first and then decreases with the increasing of PL value. Under given working conditions,
each PH value corresponds to an optimum PL to make the cycle’s COP to its maximum value. The optimum
PL value increase with the increasing of PH value, and so does the maximum value of COP. For instance, the
maximum COP values for PH values of 0.80 MPa, 0.90 MPa, 1.00 MPa, 1.10 MPa, 1.20 MPa, 1.30 MPa and
1.40 MPa are 1.17, 1.20, 1.23, 1.26, 1.31, 1.36, 1.42, respectively, and the corresponding optimum PL values
are 0.18 MPa, 0.21 MPa, 0.24 MPa, 0.28 MPa, 0.31 MPa, 0.36 MPa and 0.41 MPa, respectively. For a given
PH value, the corresponding PL value is limited in a certain range and the proposed heat pump cycle will not
work beyond that range.
Fig. 5 depicts effect of PH and PL values on 'T1 of LPG1, 'T2 of LPA, 'T3 of HPG and 'T4 of HPA. It can be
seen that 'T1 , 'T2 and 'T4 decreases while 'T3 increases with the increasing of PL value within its range. It
indicates that when PL increases, the amount of heat needed to drive the high-pressure generation process
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increases.
Fig. 6 describes heat source temperature (Ths) corresponding to different PH and PL values. It can be seen
that for given PH value, Ths increases with the increasing of PL value. It is also obvious that the maximum Ths
of the cycle under given working conditions reaches 51.0 oC when PH and PL are with the value of 0.80 MPa
and 0.22 MPa, respectively, where the cycle’s COP is 1.114. It can basically meet the temperature demand of
winter hot water supply. It is worth mentioning that, when the cycle is operated at its maximum COP (1.42)
when PH and PL are 1.40 MPa and 0.41 MPa, respectively, Ths can still reach 43.7 oC, which can meet the
temperature demand of building floor heating. Furthermore, for other selected PH/PL values such as 1.30/0.36
MPa, 1.20/0.31 MPa, 1.10/0.28 MPa, 1.00/0.24 MPa, 0.90/0.21 MPa and 0.80/0.18 MPa the Ths values are
44.1 oC, 44.3 oC, 45.2 oC, 45.4 oC, 46.1 oC and 46.7 oC, which are all suitable for fan coil heating.
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COPmax curve
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Fig. 4: The effect of PH and PL values on COP
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Fig. 6 Heat supply temperature (Ths) corresponding to different PH and PL values

Fig. 7 depicts the effect of heat source temperature (Th) on COP under the PH/PL pair values corresponding
to the maximum COPs obtained in Fig. 4. It can be found that for the novel balanced ARHP cycle, Th must
be above 85 oC which happens when PH/PL pair value is 1.40/0.41 MPa and the corresponding COP value is
1.17. Meanwhile, For given PH/PL pair, COP firstly ascends rapidly with the increasing of Th, and then
increases slowly when Th is higher than 95 oC. The maximum COP under given working conditions can
reach 1.425.
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Fig. 7: Effect of heat source temperature (Th) on COP
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Fig. 8 Comparison of the novel ARHP cycle and the conventional AHP cycle

For comparison, effect of Th value on COP of the conventional AHP cycle when Te, Tc, Ta are 0 oC, 40 oC,
48 oC, respectively, and effect of Th value on COP are also illustrated in Fig. 8. For the conventional AHP
cycle, Th must be higher than 101 oC, and when Th is higher than 104 oC, COP of the balanced ARHP cycle is
lower than that of the conventional AHP cycle. However, COP of the conventional AHP cycle declines
quickly when Thd is lower than 108 oC. Furthermore, the AHP cycle will stop working whereas the balanced
ARHP cycle could still operate when Th is lower than 100 oC. Apparently, the balanced ARHP cycle we
proposed could function under a larger heat source temperature range than the conventional AHP cycle.

5. Summary and conclusions
To make efficient use of low-temperature solar thermal, this paper proposes a novel absorption-resorption
heat pump cycle. The new resorption heat pump cycle without distillation device is more suitable for
temperature characteristics of the solar heat source. Parameters like the pressure of the cycle, heat source
temperature and heat supply temperature are investigated. COP of the novel cycle in this paper can reach up
to 1.42 with low temperature of solar thermal acting as the high-temperature heat source. PH and PL value are
important on the performance of the heat pump cycle. Pressure of the high-pressure generator and pressure of
the low-pressure generator could be optimized to get a maximum COP at any given working conditions. The
novel cycle can supply water that can meet space heating temperature demand.
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Multiple heat sources with different temperatures can also be efficiently used at the same time by slightly
modifying the configuration of the cycle. And when the ambient temperature is too low to drive the cycle,
solar thermal collectors can be used to lift the temperature in the low-pressure generator.
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Abstract
A low-capacity solar absorption system for air conditioning applications has been developed. The system uses
the mixture ammonia-lithium nitrate and plate heat exchangers as the main components. Several experimental
test runs were carried out at different operating conditions for the generator, condenser and absorber. The
system achieved an internal cooling power close to 3.1 kW, with cooling temperatures around 6 °C and an
internal coefficient of performance around 0.62.
Key-words: absorption cooling system, solar air conditioning, ammonia-lithium nitrate

1. Introduction
In the last years absorption systems have gained increasing interest by the fact that they can be operated with
either solar thermal energy or residual heat from industries. Around 15% of the electricity produced worldwide
is used for air-conditioning and cooling (Statistics, I. E. A., 2011), so absorption systems may help to reduce
this percentage. Currently, the research on absorption systems has focused in three main aspects:
(i)
(ii)
(iii)

the study of alternative mixtures,
the development of more efficient and low cost components, and
the development of advanced systems

Up to now, several studies have been carried out on the development of absorption cooling prototypes
operating with ammonia-water (Jakob et al., 2008) and water/lithium bromide (Achuthan et al., 2011; Agyenim
et al., 2010; González-Gil et al., 2011; Lizarte et al., 2012, 2013; Qu et al., 2010; Venegas et al., 2011; Yin et
al., 2013;). These two mixtures have been the most used since they possess great advantages. However due to
their well-known drawbacks, Best and Rivera (2015) presented a review of thermal cooling systems. According
to their study, the ammonia-lithium nitrate mixture possesses some advantages over the conventional ones.
Regarding ammonia-lithium nitrate mixtures, some of the most relevant studies are cited below. Rivera et al.
(2012) and Moreno-Quintanar et al. (2012) reported the assessment of an intermittent solar absorption
refrigeration system operating with NH3-LiNO3 using a cylindrical parabolic collector as a generator–absorber.
The results showed that it was possible to produce up to 8 kg of ice per day. Generation temperatures varied
from 75 °C to 110 °C achieving evaporation temperatures as low as -11 °C and solar coefficients of
performance of 0.08. Llamas et al. (2007, 2014) reported the results of a 10 kW solar absorption air
conditioning system for a cooling capacity between 5 and 10 kW operating with the ammonia-lithium nitrate
mixture. The system was air cooled and the heat was supplied by evacuated solar collectors. Coefficients of
performance up to 0.53 were achieved with chilled water temperatures as low as 0 °C. Hernández-Magallanes
et al. (2014) reported the experimental assessment of an absorption cooling system operating with the
ammonia-lithium nitrate mixture. The generator and absorber were helical coil falling film heat exchangers
while condenser, evaporator and economizer were plate heat exchangers (PHE). The COP values varied
between 0.45 and 0.7 while the cooling capacity was between 0.52 to 2.52 kW, for generator temperatures
between 85 °C and 105 °C and condenser temperatures from 18 °C to 36 °C. Zamora et al. (2014, 2015)
reported two studies on the assessment of an absorption chiller operating with the ammonia-lithium nitrate
mixture using compact heat exchangers as the main components. The authors reported that the water-cooled
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prototype yields 12.9 kW of cooling capacity and an electrical COP of 19.3, when operating at 15 ºC for chilled
water, 90 ºC for heating water and 35 ºC for cooling water. Dominguez-Inzunza et al. (2016) carried out the
evaluation of an ammonia/lithium nitrate absorption cooling system. The generator temperatures varied
between 80 °C and 100 °C, while the cooling water temperatures varied from 20 °C to 34 °C. Cooling capacities
up to 4.5 kW and evaporator temperatures as low as 4 °C were achieved with coefficients of performance
ranging from 0.3 to 0.62.
On the other hand, regarding to the use of PHE as components in absorption cooling systems, some of the most
relevant works are the following: Goyal et al. (2017) reported the evaluation of a small-capacity, waste-heat
driven ammonia-water absorption chiller. The system developed used waste heat from diesel generator exhaust
to desorb the refrigerant solution. The system was designed to deliver 2.71 kW of cooling at extreme ambient
temperature of 51.7 °C obtaining a coefficient of performance of 0.55. The system utilizes air-cooled finnedtube in the absorber and condenser and microchannel array in the evaporator. Experiments were carried out at
ambient temperatures of 29.7–44.2 °C, delivered cooling duties of 2.54–1.91 kW. Zacarías et al. (2013)
reported the results on the experimental assessment of the adiabatic absorption of ammonia vapor in an
ammonia-lithium nitrate solution using a fog jet nozzle. The system utilizes compact heat exchangers in all the
components with exception of the absorber. The authors reported that the approach to adiabatic equilibrium
factor for the conditions essayed was always between 0.82 and 0.93. Khan et al. (2012a, 2012b) carried out an
experimental investigation on evaporation heat transfer and pressure drop for ammonia in 30º and 60º chevron
PHE. The experiments were performed for saturation temperatures ranging from 25 ºC to 2 ºC and the heat
flux varied between 21 kW m-2 and 44 kW m-2. The experimental results showed a significant effect of
saturation temperature, heat and exit vapor quality on heat transfer coefficient and pressure drop. The authors
proposed correlations for the Nusselt number and friction factor. Stasiek (1998) carried out experimental
studies of heat transfer and fluid flow across corrugated-undulated heat exchanger surfaces. The authors used
a true color image processing of liquid crystal images for temperature and heat transfer distribution
measurements in six element-shapes of heat exchangers. The authors reported that the technique could be of
considerable use in improving the design of all types of plate heat exchangers. Ibarra-Bahena et al. (2015)
reported the experimental results of a single stage heat transformer using PHE in all its main components. The
system operated with the water-carrol mixture. The experimental gross temperature lift achieved values from
18.5 to 22.2 ºC and the coefficients of performance varied from 0.30 to 0.35.
From the literature review it can be seen that just a few prototypes have been developed using the ammonialithium nitrate mixture and only the research carried out by Zamora et al. (2014, 2015) involves plate heat
exchangers as main components. However, their studies only present some global results for the coefficients
of performance for very specific conditions and they did not do a parametric study in order to evaluate the
system’s performance under several operating conditions. Therefore, this paper presents the evaluation of a
single-stage absorption cooling system operating with the ammonia-lithium nitrate mixture at different
temperatures heating and cooling water.

2. System description
2.1 Experimental setup
The absorption system proposed consists of the following components: generator, absorber, condenser,
evaporator, economizer, pump, throttle device, and a couple of tanks. The system was operated with the
ammonia-lithium nitrate mixture, and it was built using five plate heat exchangers (PHE) as the main
components which were oriented in vertical configuration. The PHE utilized in the system were manufactured
by Alfa Laval, and it was considered the model Alfanova 52 for generator, economizer and absorber, the
number of plates for each heat exchanger is 40, for condenser and evaporator the model Alfanova 27 was
chosen with 20 plates in each heat exchanger. A Milton Roy diaphragm pump with a nominal power of 745 W
was used in order to pumping the working fluid from the absorber to the generator. The throttle device used
was a stainless steel low-pressure metering valve coupled with vernier handle, which has a maximum flow
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coefficient equal to 0.004. Besides, a couple of tanks with a volume capacity near to 2 liters were included in
the system: one of them is located at the exit of the generator, whose function is to enable the phases’
separation, thus it allows the ammonia vapor flow to the condenser and the liquid solution flow to the absorber.
On the contrary, the second tank acts as a mixing chamber, because the solution with a low refrigerant’s
concentration (weak solution) that comes from the generator and the solution that is being recirculated get
mixed there. The system’s measures are: 1.06 x 1 x 0.65 meters (front-height-depth). All the components
utilized in the system are 100% stainless steel, in order to avoid their degradation caused by ammonia and
lithium nitrate. The described components can be seen in the system’s schematic diagram shown in figure 1.
Although the aim of the system is to be driven by solar energy, in order to perform the experimental assessment
under controlled conditions, up to now, the experimental tests were carried out using three auxiliary systems.
The thermal energy required to separate the refrigerant from the working mixture is supplied to the generator
by means of an auxiliary heating system. This auxiliary system uses an electric resistance to heating up a mass
flow rate of water, the hot water is supplied to the generator at a gauge pressure near to 200 kPa (2 bar), thus,
avoiding the boiling of the water at generation temperatures.

Fig. 1: Schematic diagram of the absorption cooling machine

On the other hand, the thermal power removed from the condenser and absorber is dissipated by means of an
auxiliary cooling system, this cooling system consists of a storage tank, a recirculating water pump and a
commercial chiller. Once the flow of water has removed heat from the condenser and absorber, its temperature
is reduced in the chiller, transferring the heat to the ambient air, when the water leaves the chiller it is stored
in the tank, the recirculating pump takes the low-temperature water from the storage tank and pumps it to the
condenser and absorber, hence, the water is able to take thermal energy from the condenser and absorber again.
The third auxiliary system is intended to supply a mass flow rate of water to the evaporator, in order to be
cooled by the absorption system. This system also has a storage tank, a pump and an electric resistance, and it
was designed to provide the heat necessary to keep the water’s temperature constant.

2.2 Operation of the system
A mass flow rate of hot water is supplied to the generator in order to get the ammonia and the solution
separated. The two phase mixture (ammonia vapor and weak solution) leaves the generator and enters to a
separation tank, there, the ammonia vapor flows to the condenser where it is liquefied by means of the cooling
water supplied by the chiller. The ammonia in liquid phase, leaves the condenser and goes through the
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expansion valve, reducing its pressure and temperature. Once the ammonia has passed through the valve, its
thermodynamic state is a saturated liquid-vapor mixture and its temperature is the lowest temperature of the
entire cycle. Under these conditions, the ammonia mixture enters into the evaporator extracting a thermal load
from the water circulating in the adjacent channels of the PHE as a countercurrent flow, producing the system’s
cooling effect. The ammonia leaves the evaporator as superheated vapor and goes to the absorber where it is
mixed with the weak solution coming from the generator. This mixture process releases thermal energy, which
is transferred to the cooling water that flows in the absorber. Finally, the solution with high concentration of
refrigerant (strong solution) leaving the absorber is pumped to the generator starting the cycle again.
Furthermore, an economizer is included in the system, whose purpose is to exchange heat between the solution
flows going to and leaving the generator, in order to enhance the coefficient of performance (COP) by reducing
the heat rejection in the absorber as well as the heat supplied to the generator.

2.3 Instrumentation
In order to evaluate the system’s performance while the operative conditions are modified, a set of temperature,
pressure and mass flow rate sensors were included in the absorption system. The pressure in the system was
measured in the generator, condenser, evaporator and absorber. Ashcroft piezoelectric transducers were
utilized. Regarding the mass flow rates in the absorption system: two types of sensors were considered: in
order to obtain the refrigerant produced and the weak solution mass flow rates, a couple of Micro Motion Elite
Coriolis Flow Meters was used. The strong solution as well as the external mass flow rates of water were
registered by several turbine flow meters. The temperature for each current was measured at the inlet and outlet
ports in every PHE. Every measuring device used for the system’s experimental assessment was calibrated and
a set of calibration equations was obtained. Each outlet signal was received, processed and stored by a HP data
acquisition system using the software Agilent VEE Pro 9.3, were the equations obtained were utilized in order
to find the expected values. The sensors’ position in the system is shown in the schematic diagram presented
in figure 2.

Fig. 2: Schematic diagram showing the sensors location in the absorption cooling machine

1758

J.C. Jimenez Garcia / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 3: Developed absorption cooling machine

The uncertainties associated to the cited instrumentation are presented in Table 1.
Tab. 1: Instruments uncertainties

Measuring instrument

Uncertainty

Elite Coriolis flowmeter

± 0.10%

Omega rotameter

± 1%

Turbine flowmeter

± 1%

Pressure transducer

± 1%

RTD sensor

± 0.3°C

3. Main equations
The coefficient of performance is a measure of the system’s efficiency and it can be determined based on
internal or external parameters. Internal parameters are related to the conditions for the weak and strong
solutions and the refrigerant produced. External parameters are influenced by the conditions of the mass flow
rates of heating and chilled water, at inlet and outlet of the generator and evaporator, respectively, as well as
the work supplied by the related pumps.
The internal coefficient of performance (COPint) can be determined by equation 1:

ܱܲܥ௧ ൌ

ܳሶǡ௧
ሶ
ܳǡ௧  ܹሶǡ௧

(eq. 1)

In equation 1 ܳሶǡ௧ represents the system’s cooling power, this term is the thermal power transferred to the
ammonia in the evaporator and it is calculated as shown in equation 2.
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ܳሶǡ௧ ൌ ݉ሶ ሺ݄ǡ െ ݄ǡ ሻ

(eq. 2)

On the other hand, the term ܳሶǡ௧ represents the actual heat power supplied to the strong solution in the
generator, it is calculated as an energy balance considering the mass flow rates across the PHE. The energy
balance calculation can be advertised in equation 3.
ܳሶǡ௧ ൌ ݉ሶ௪ ൫݄ǡି௪ ൯  ݉ሶ ൫݄ǡିேுଷ ൯ െ ݉ሶ௦௧ ൫݄ǡ ൯

(eq. 3)

The term ܹሶǡ௧ in equation 1 expresses the mechanical power supplied to the system in order to pump the
strong solution from the absorber to the generator. It is determined calculating the enthalpies difference (before
and after the pump) for the strong solution mass flow rate. Equation 3 exposes the manner in which the
mechanical power for the internal pump is determined.
ܹሶǡ௧ ൌ ݉ሶ௦௧ ൫݄ǡି௦௧ െ ݄ǡ ൯

(eq. 4)

The properties for the ammonia-lithium nitrate mixture were calculated using the equations reported by Farshi
et al. (2014). The ammonia properties were determined from the REFPROP software using the international
institute of refrigeration (IIR) reference state.

4. Results
In order to assess the absorption cooling system, approximately 40 test runs have been carried out. A parametric
analysis was performed with the aim of demonstrating the effects of the change in a parameter on the others.
Thus, the condensation temperature was varied while parameters as the strong solution mass flow rate and
temperatures of heating water and water to be chilled, were kept constant. The working mixture employed in
the experimental assessment had an ammonia’s mass concentration equal to 54 % and it was kept constant for
the test runs presented.
The preliminary assessment was performed for generation temperatures between 80 and 95 °C, and
condensation temperatures from 22 °C to 32 °C. Generation temperature was varied in 5 °C increments. The
condensation temperature steps were equivalent to 2 °C.
For each test run steady state conditions were achieved and kept by a minimum period of 30 minutes. The
figures 4 to 7 present the temperature profiles obtained in the main components for a chosen test run, where
the generation temperature was 80 °C while the condensation temperature was 28 °C. The mass flow rate
values utilized for the system’s assessment are presented in table 2.
Tab. 2: Mass flow rate values for parameters enternal and internal

Parameter

Mass flow rate (kg/s)

Heating water

0.25

Cooling water

0.2

Chilled water

0.183

Solution to generator

0.016

In figure 4 is advertised that generator temperatures are constant for the test’s period of time. The highest
temperature corresponds to heating water entering to generator (Tg,wi). On the contrary, the lowest
temperature is the solution going into the generator (Tg,i), which almost reaches the highest temperature when
it leaves the PHE. That means the selected parameters such as solution mass flow rate and flow arrangement
(countercurrent arrangement) are adequated for the conditions presented. The average temperatures for the
solution entering and leaving the generator are 64.1 °C and 78.2 °C, respectively.
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Fig. 4: Temperature profiles in generator during the test run
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Fig. 5: Temperature profiles in condenser during the test run

In the case of the temperature profiles in condenser, from figure 5 it can be seen the steady state is also kept.
The refrigerant enters to the condenser at an average temperature of 68.5 °C (܋܂ǡܑ ), and leaves the heat
exchanger at an average temperature near to 29.12 °C (܋܂ǡ) ܗ. The pressure measured in this test run is
approximated to 1.25 MPa (12.5 bar) which means that for the ܋܂ǡ ܗmeasured it is assured that refrigerant
condensation is achieved. In the case of cooling water an average temperatures difference between the inlet
and outlet near to 2.6 °C is accomplished.
The profiles for attained temperatures in evaporator are shown in figure 6, where it is possible to observe that
for the test conditions, the refrigerant at the inlet’s port in evaporator (܍܂ǡܑ ) had a temperature near to 10 °C.
The water to be chilled (܍܂ǡ ) ܑܟentered the evaporator at an average temperature of 20 °C and experimented a
reduction of 2.5 °C in average. It is important to mention the refrigerant temperature leaving the evaporator
(܍܂ǡ ) ܗis very close to ܍܂ǡ ܑܟ, this probably means that refrigerant is overheated, which would imply that the
mass flow rate of refrigerant produced is low, regarding the evaporator’s capacity.
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Fig. 6: Temperature profiles in evaporator during the test run

In figure 7 is possible to see the temperature profiles through the absorber. The cooling water entering the
PHE has an average temperature of 28 °C (ࢇ܂ǡ ) ܑܟand leaves it at an average temperature of 30.65 °C (ࢇ܂ǡ) ܗܟ.
On the other hand, a two phase mixture of ammonia vapor and weak solution arrives at an average temperature
(ࢇ܂ǡܑ ) near to 47 °C. After the absorption process has taken place, the solution with a higher ammonia
concentration leaves the absorber at an average temperature approximated to 32.4 °C.
In figures 5 and 7 a temperature perturbation is seen on the water profiles, this disturbance is induced by the
auxiliary cooling system which has an intermittent behavior which is determined by the temperature variations
in the storage tank. The described disruption causes, at the same time, a disturbance on the exit temperature
of the opposite flow, which is reflected on its temperature profile of both PHE: condenser and absorber.
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Fig. 7: Temperature profiles in absorber during the test run

The thermal power transferred to ammonia in evaporator (calculated as ࡽሶࢋǡ࢚ from eq. 2) is presented in figure
8. Figure 8 shows the downward trend for this parameter as the condensation temperature grows up. In other
words, the system’s cooling capacity is reduced at higher condensation temperatures. This fact was expected
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because the higher condensation temperatures the higher pressures in the components are gotten, and higher
evaporation temperatures for ammonia are obtained, which means the cooling capacity is reduced. The figure
8 also shows a direct relationship between generation temperatures and cooling power, having that the lowest
generation temperatures the lowest cooling capacities are attained. When the system was operated at ܂ǡ ܑܟൌ
ૢι۱, the pressures attained were very similar to those for ࢍ܂ǡ ܑܟൌ ૢι , for that reason some key
temperatures and thermal powers are very close, as it can be seen in figure 8.

4.0
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Fig. 8: Internal thermal power transferred in evaporator for several generation temperatures

Figure 9 exhibites the ammonia mass flow rate produced for every generation temperature tested. As
condensation temperature increased, the ammonia mass flow rate produced was diminished, presenting a
downward linear changement for every trend. On the other side, it could be seen from figure 9 that there is a
direct relationship between the generation temperatures and the amount of ammonia circulating throught the
condenser and evaporator. Thus, at higher generation temperatures a higher amount of ammonia is produced
and a higher cooling effect is obtained as it is demonstrated in figure 8.
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Fig. 9: Refrigerant mass flow rate produced during the assessment
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The lowest system’s temperature is reached after the ammonia has passed through the throttle valve (ࢀࢋǡ ),
just before the inlet to evaporator. The ammonia temperature was measured at this point and it was plotted in
figure 10 against condensation temperature, for each generation temperature considered. As it is presented in
figure 10, this temperature augmented as condensation temperature grew up. This was due to the fact that at
higher condensation temperatures higher pressures in absorber and evaporator are gotten, which causes the
saturation temperature for ammonia to increase.
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Fig. 10: Ammonia evaporation temperatures registered

The variation of internal COP with respect to condensation temperatures for each generation temperature
tested is shown in figure 11. From this figure, it is possible to see that, as a general trend, the internal COP
decreases as the condensation temperature increases, besides this, the figure 11 makes evident that for higher
generation temperatures, higher coefficients of performance are reached, according to what was expected.
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Fig. 11: Internal coefficient of performance for the absorption system

For the lowest ࢀࢍǡ࢝ (80 °C) the highest ࡻࡼ࢚ value was 0.587 when ࢀࢉǡ࢝ was 20 °C, while the minimum
COP was 0.566 when 32 °C were kept in condenser. The ࡻࡼ࢚ for ࢀࢍǡ࢝ ൌ ૡι varied from 0.612 to
0.589 for the condensation range specified. Regarding 90 and 95 °C generation temperatures, the highest
ࡻࡼ࢚ obtained were 0.612 and 0.619 at ࢀࢉǡ࢝ ൌ ι respectively, while the lowest value was close to
0.595 for both cases.
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5. Conclusions
The preliminary assessment of an experimental absorption cooling system operating with the ammonia-lithium
nitrate working mixture was presented. The assessment was performed for generation temperatures from 80 to
95 °C, while condensation temperatures were varied from 20 to 32 °C. A mass flow rate of solution going to
generator was kept constant at 0.016 kg/s (1 kg/min). Key parameters such as main temperatures, cooling
powers, mass flow rates of refrigerant produced and internal coefficients of performance were presented and
discussed. It was found the system achieved a cooling power close to 3.1 kW for a generation temperature
equal to 90°C. On the other hand, for the lowest generation temperatures, cooling temperatures around 6 °C
were attained. A maximum internal coefficient of performance near to 0.62 was obtained when ܶǡ௪ ൌ ͻͷιܥ
and ܶǡ௪ ൌ ʹͲιܥǤ
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7. Appendix
Nomenclature
Parameter

Symbol

Units

Reference

Symbol

Coefficient of performance

dimensionless

Internal

int

Thermal power

COP
ܳሶ

kW

Evaporator

e

Mechanical power

ܹሶ

kW

Condenser

c

Mass flow rate

݉ሶ

Kg/s

Generator

g

Specific enthalpy

h

kJ/kg

Absorber

a

°C

Economizer

ec

Input

i

Temperature
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Subscripts

T

Output

o

Refrigerant

ref

Diluted/weak solution

weak

Concentrated/strong solution

strong

Water

w
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Abstract

Commercial refrigerants used for vapour compression cycle show positive adsorption capacity with various
activated carbon adsorbents however most of them appeared to have high global warming potential (GWP) values.
Nevertheless, refrigerants such as R1234yf, R1234ze (E), R450A, R290, R600a, R744 and R717 have been
proposed as low GWP alternatives in vapour compression cycles.
Properties of some vapour compression cycle refrigerants qualify them as the good alternative adsorbate for solar
adsorption refrigeration systems. Maximum adsorption capacity of 2kg/kg-adsorbent reported for commercial
refrigerant R134a on activated carbon, while the maximum for classical adsorption pairs is 0.259 kg/kg-adsorbent
which appears for activated carbon-methanol pair.These refrigerants will add the availability of the adsorbates,
reduced scale of problems associated with material compatibility and leakages. These systems have good potential
applications in off grid areas in developing countries with abundant availability of solar energy including food
preservation, vaccine and medicine storage.
Keywords: Refrigerant, GWP, Adsorption refrigeration, off grid application,

1. Introduction
Refrigeration is the cooling effect of the process of extracting heat from a lower temperature heat source, a
substance or cooling medium, and transferring it to a higher temperature heat sink, probably atmospheric air and
surface water, to maintain the temperature of the heat source below that of the surroundings for purposes of
comfort or preservation (Kreith et al., 1999). Refrigeration technology includes the classical cycle with a
compressor and an expansion valve, absorption processes, adsorption processes and desiccant systems. Vapour
compression cycle is the common refrigeration technology however, significant implications of refrigerants to the
environment such as ozone layer depletion, greenhouse effect, global warming and huge electrical energy
consumption have forced scientists to develop environmentally friendly refrigerants and refrigeration technologies
(Anupam et al., 2016).
Refrigerants are used in a wide variety of heating, ventilation, air conditioning and refrigeration (HVAC&R)
equipment in both industrial and domestic equipment from household refrigerator, cooling chambers and air
conditioners (Benhadid-Dib and Benzaoui, 2011; Goetzler et al., 2014). The first generation of refrigerants
involved whatever worked and was available, including familiar solvents and other volatile ﬂuids of which
majority were ﬂammable, toxic, or both and some were also highly reactive included substances such as
hydrocarbons, ammonia and carbon dioxide. The second generation refrigerants shifted to ﬂuorochemicals for
safety and durability which included CFCs and HCFCs which became widely used because were efficient, nonflammable and non-toxic. However, in the 1980s CFCs and HCFCs were determined to play a major role in
depleting the stratospheric ozone layer, therefore phased out in the 1990s in favor of a third generation of
refrigerants HFCs which presented zero ODP but along with CFCs and HCFCs were greenhouse gases that
contribute to the radiative forcing of climate with significantly GWP when released to the atmosphere (Calm,
2008; Goetzler et al., 2014; Velders et al., 2009). This shifts ignited renewed interest in natural refrigerants
particularly ammonia, carbon dioxide, hydrocarbons and water (Calm, 2008).
The growing international emphasis on global warming mitigation stimulated interest for the fourth generation of
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low GWP refrigerants with countries like the United States, Canada and Mexico proposed an amendment to the
Montreal Protocol in 2014 to reduce production and consumption of HFCs by 85% during the period 2016-2035
for Non A5 (developed) countries and the European F-gas legislation issued in 2014 which will reduce HFC
consumption by 79% over the period 2016-2030 (Goetzler et al., 2014).
On other hand, adsorption refrigeration systems can utilize environment friendly refrigerants and low temperature
waste heat and renewable energy sources like solar radiation and biomass derived thermal energy to generate the
cooling effect (Anyanwu, 2004; El-Sharkawy et al., 2008).

2. Low GWP refrigerants for vapour compression cycle refrigeration
Various researchers are on board searching for new refrigerants which will be both efficient and environmental
friendly. Velders et al. (2009) reported the hydrocarbons, ammonia and CO2 as the suitable low GWPs refrigerants
if compared to HFCs for small refrigerant charges systems where a refrigerant leak would not pose unacceptable
flammability or toxicity risk, however for industrial systems with large refrigerant charges expert to managed fire
and toxicity risk were required. Koyama et al. (2010) carried out drop-in experiments in order to investigate the
possibility to introduce R1234ze (E) and its mixture with R32 as low GWP alternatives for vapour compression
heat pump/refrigeration systems. The results obtained proved that the heating effect and COP of R1234ze (E)
could be improved by adding R32 as the second component into R1234ze (E) and the mixtures found to be strong
candidates for replacing R410A in domestic heat pump system. The mixture of 50% R1234ze (E) and R32
produced the COP of about 7.5% lower than that of R410A at the same heating load of 2.8 kW. Pure R1234ze (E)
at 1.6 kW produced the COP value of 20% lower than that of R410A at 2.8 kW. Evaporator and condenser sides
pressure drops in both HFO-1234ze(E) and its mixture with R32 were almost at the same level as R410A though
the refrigerant flow rates were lower, enlargement of diameter of heat transfer tubes and connecting tubes required
as compared with the case of R410A. Drop-in replacements of R1234yf and R1234ze to R134a refrigerants were
also tested with no performance enhancing modifications to the refrigerators to evaluate energy consumption,
results indicates that R1234yf was a suitable drop-in replacement for R134a in domestic refrigeration applications
however the lower capacity of R1234ze in domestic refrigerators would need to be addressed therefore R1234ze
might not be suitable for drop-in replacement (Karber et al., 2012). Table 1 show low GWP refrigerants for vapour
compression cycle.
Tab. 1: Alternative Vapour Compression Refrigerant (Low GWP refrigerants)

S/N

Refrigerant

Chemical formula

ODP

GWP 100 yrs.

1

R1234yf

CH2=CFCF3

0

<4.4

2

R1234ze (E)

CHF=CHCF3

0

6

3

R450A

(R134a/R1234ze commercial mixture)

NA

NA

4

R290

CH3CH2CH3-propane

0

20

5

R600a

CH(CH3)2CH3-isobutane

0

20

6

R744

CO2-carbon dioxide

0

1

7

R717

NH3-ammonia

0

<1

Navarro-Esbrí et al. (2013) did an experimental analysis of a vapour compression system using R1234yf as a
drop-in replacement for R134a in vapor compression system. The tests were performed by varying the condensing
and evaporating pressure, superheating degree, the compressor speed and the use of IHX. The energetic
comparison was performed on the basis of the cooling capacity, volumetric efﬁciency, compressor power
consumption and the COP. The energy performance parameters of R1234yf in a drop-in replacement were close
to those obtained with R134a at high condensing temperatures and making use of an IHX. The cooling capacity
of R1234yf was 9% lower in an R134a refrigerant facility in the tested range of which difference decreased when
the condensing temperature increases and when an IHX was used. The volumetric efﬁciency was about 5% lower
for R1234yf compared with R134a. Also, the compressor volumetric efﬁciency using R1234yf showed a greater
dependence on the compressor speed. The values of the COP obtained using R1234yf were between 5% and 30%
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lower than those obtained with R134a. However, when the condensing temperature raises from 313.15 K to 333.15
K the difference decreases from 25% until 8%, even more when using an IHX.
Mota-Babiloni et al. (2014) did energy performance evaluation of two low GWP refrigerants, R1234yf and
R1234ze (E) as drop-in replacements for R134a. Tests were carried out in a monitored vapour compression system
combining different values of evaporation and condensation temperature without/with the adoption of an internal
heat exchanger. The volumetric efficiency, cooling capacity and COP taking R134a as baseline were analyzed
with results showed that without IHX the average volumetric efficiency for R1234yf and R1234ze was 4% and
5% lower compared with R134a. The cooling capacity obtained with R1234yf and R1234ze was reduced, with an
average difference of 9% and 30% without IHX. Also, COP values were about 7% lower for R1234yf and 6%
lower for R1234ze than those obtained using R134a. The use of an internal heat exchanger reduced the COP
differences for both replacements as shown in Table 2.
Tab. 2: R1234yf and R1234ze (E) as drop-in replacements for R134a without IHX (Mota-Babiloni et al., 2014)

Refrigerant

Volumetric efficiency

Cooling Capacity

COP

R134a (baseline)

100%

100%

100%

R1234yf

4% lower (96%)

Reduced 9%

7% lower (93%)

R1234ze(E)

5% lower (95%)

Reduced 30%

6% lower (94%)

Mota-Babiloni et al. (2015a) presented a drop-in analysis of an internal heat exchanger (IHX) used in a monitored
vapour compression system. They compared R134a and two of its alternatives, R1234ze and R450A
(R134a/R1234ze commercial mixture). Study, concluded that IHX produced beneﬁts for all refrigerants tested
and could be considered its use for R450A as drop-in or retroﬁt R134a replacement and new design installations
using R1234ze. However, without IHX in an R134a system, alternative R450A would overcome the R134a COP
results but for R1234ze more system modiﬁcations would be needed. Experimental performance of nonﬂammable refrigerant R450A (contrary to R1234ze and R1234yf) as R134a replacement in a vapour compression
system under a wide range of operating conditions were studied by Mota-Babiloni et al. (2015b) . The cooling
capacity of R450A found to be slightly lower than those obtained with R134a (6% lower as average). The COP
of R450A found to be 1% average higher than R134a due to compressor power consumption for R450A being
much lower than R134a. The IHX affected positively the R450A energy efﬁciency in a similar proportion to
R134a. The discharge temperature of the alternative was found to be lower, 2K as average than of R134a. R450A
could be used directly in R134a systems with slightly lower cooling capacity and similar COP, however redesign
and optimisation would lead to better energy performance and hence, lower power consumption.
Janković et al. (2015) reported the analysis of R1234yf and R1234ze (E) as drop-in replacements for R134a in a
small power refrigeration system. The first analysis was based on equal evaporation and condensation
temperatures before and after the refrigerant replacement. The second analysis was carried out for equal cooling
medium conditions in the condenser, so that the transport properties and the heat transfer features in the condenser
were considered for the three refrigerants. Results showed that different conclusions may be drawn if the drop-in
analysis was carried out for equal condensation temperatures or for equal temperatures of the cooling medium in
the condenser, as well as that these results were affected by the condenser design. R1234yf was found as an
adequate drop-in refrigerant for R134a, but R1234ze (E) may perform better when used an overridden compressor
to match the refrigerating system cooling power. Sethi et al. (2016) evaluated the performance of R1234yf and
R1234ze (E) in a representative vending machine system and compared against the baseline refrigerant R134a as
promising replacements for new small refrigeration systems. In the theoretical analysis, it was estimated that
R1234yf has pressures similar to R134a whereas R1234ze (E) has pressures lower than R134a. Based on actual
drop-in system testing, it was found that R1234yf shows capacity and efﬁciency similar to R134a as estimated
based on thermodynamic properties. R1234ze (E) was estimated to have about 25% lower capacity. To match the
capacity of R134a larger compressor was needed as result lower efﬁciency observed due to higher pressure drop
in the system. R1234yf may show even better performance by using a slightly larger diameter suction line and
employing a suction line liquid line heat exchanger in new systems. R1234ze (E) may show performance similar
to R134a by use of a compressor with larger displacement, a slightly larger diameter suction line and by increasing
the number of refrigerant circuits in the heat exchangers.
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Brown et al. (2010) reported thermodynamic properties of eight fluorinated olefins, namely: R-1225ye(E), R1225ye(Z), R-1225zc, R-1234ye(E), R-1234yf, R-1234ze(E), R-1234ze(Z), and R-1243zf. The group contribution
method were used to predict the critical temperatures, critical pressures, critical densities, acentric factors, and
ideal gas speciﬁc heats at constant pressure. The Peng-Robinson equation of state was used to predict
thermodynamic properties and the results were presented in pressure-enthalpy and temperature-entropy state
diagrams. Higashi (2010) presented the thermo physical properties of R1234yf and R1234ze (E). He predicted
the difficulties of finding the next generation refrigerant from pure substances hinted that, the combination among
HFCs, HFOs, and HCs should be expected in the next generation refrigerant. Lai (2014) described the
thermodynamic properties of the R1234ze (E) with the molecular based BACKONE and PC-SAFT equations of
state (EOS). The investigation indicated that the relative deviations among corresponding cycles’ characteristics
were mostly within 1% compared with multi-parameter EOSs. Thus, molecular based EOSs could be used in the
investigation of a refrigeration cycle in case of no multi-parameter EOS due to the insufﬁcient numbers of accurate
experimental data in full ﬂuid region. For the refrigeration cycle using R1234ze (E), R1234yf, R22, R134a, and
R32 as refrigerants, R1234ze (E) and R1234yf were reported to be potential alternative refrigerants for the
replacement of R134a.
Mota-Babiloni et al. (2015c) reviewed the current status of commercial refrigeration for food freezing and
conservation in retail stores and supermarkets as one of the relevant energy consumption sectors. They reported
that new GHG regulations impose strong GWP limitations that were going to phase out currently used HFC
refrigerants in commercial refrigeration (R404A and R507A). In low charge applications propane, showed a good
performance, while low GWP HFC or HFC/HFO mixtures as drop-in or retroﬁt replacements (with little system
modiﬁcations), and CO2 systems in trans-critical systems or at the low-stage of cascade systems were proposed
as the different alternatives. Mota-Babiloni et al. (2016) reviewed thermo physical and compatibility properties,
heat transfer, pressure drop characteristics and vapour compression system performance of R1234ze (E) HFO
refrigerant. Pure R1234ze (E) was found to be a good option only in new HVACR systems. Nevertheless, if it
was combined with other refrigerants, the final GWP value was also considerably reduced and maintaining the
efficiency parameters at levels that allow them to replace R134a, R404A or R410A in existing systems with minor
modifications.
There are importance of proper selection of refrigerant (Calm, 2012). Most refrigerant were selected as per the
application, the environmental and physical properties together with performance parameters. Global warming
issues suggested to phase out presently most used refrigerant R134a and use natural refrigerants such as ammonia,
carbon dioxide and hydro carbons (isobutene R600a and propene R290) in vapour compression refrigeration
system for sustainable environment. R1234yf also reported to be a suitable candidate for refrigeration and air
conditioning systems. However eco-friendly technologies like thermo-electric, magnetic and adsorption
refrigeration will receiving more attention as energy environmental problems keep increasing (Bhatkar et al.,
2013)

3. Performance of commercial refrigerants as adsorbate in adsorption
refrigeration system
Several researchers have reported the performances of commercial vapour compression refrigerant in adsorption
studies. Akkimaradi et al. (2001) presented adsorption isotherms for R134a on activated charcoal, in the
temperature range of 273-353 K and pressures up to 0.65 MPa using volumetric method. Experimental isotherm
data were obtained for three specimens of activated charcoal (Chemviron, Fluka and Maxsorb Charcoal) adsorbing
R134a. A mathematical description of the isotherms was provided by using the D-A equation and the isosteric
enthalpy of adsorption evaluated from the transformed isotherm data. Habib et al. (2010) measured adsorption
rates of R134a and R507A onto pitch based activated carbon of type Maxsorb III with temperatures varying from
20-60 0C. The experimental data were found to match fairly with the Fickian diffusion model while the surface
diffusions followed the classical Arrhenius trend for both pairs. It was noted that Maxsorb III can adsorb R134a
as high as 1.6 kg/kg within an adsorption time interval of 1200 s at an adsorption temperature of 25 0C, while
R507A can adsorb as high as 1.3 kg/kg within an adsorption time interval of 1100 s at adsorption temperature of
20 0C.
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Askalany et al. (2013a) designed and built an adsorption cooling system using granular activated carbon GACR134a pair. The theoretical mathematical model results presented good agreements with experimental results.
COP was theoretical 0.35 at 373 K driving temperature and 293 K evaporator temperature. The system operated
between the pressures of 3.3 bar and 7 bar where the difference in the adsorption uptake reached up to 0.3 kg/kg
and time of the intermittent cycle of about 900 s. The experimental SCE was up to 70 kJ/kg, while the theoretical
SCE was 83 kJ/kg at 373 K driving temperature and 295 K evaporator temperature. SCE and COP was increased
by raising the driving or evaporator temperatures. Increase of cycle time increased COP and SCE at constant
evaporator temperature and decreased COP and SCE at constant driving temperature. Attalla et al. (2014)
investigated experimentally the adsorption capacity of R134a on a GAC for adsorption/desorption process. The
bed was designed and built with finned tubes heat exchanger to increase the heat transfer area. The experiments
were conducted over a temperature range from 20 oC to 60 oC and pressure up to 10 bars. The data were correlated
with D–A equation corresponding to adsorption/desorption process. The maximum adsorption capacity uptake
found to be 1.92 kg/kg at 20 oC after 1200 s, later Attalla and Sadek (2014) found the isosteric heat of adsorption
which varied from 120 to 340 kJ/kg for adsorption capacities ranging from 0.2 to 1.8 kg/kg-adsorbent. AquaSorb
2000-R407C pair was tested over a temperature range of 25-75 0C, maximum adsorption capacity of 0.43 kg·kg1 of adsorbent was obtained (El-Sharkawy et al., 2016).
Askalany et al. (2013b) reported adsorption isotherms for refrigerant R32 on activated carbon powder (ACP) and
ﬁber (ACF) forms over the range of 25-750C and pressures up to 1400 kPa, measured using constant volume
apparatus. The data were correlated by Toth and Dubinin-Astakhov with the adsorbed phase volume correction
isotherm models. Adsorption parameters were evaluated from the least-squares ﬁt of experimental data, whereas
the D-A equation with volume correction ﬁtted the data better. The uptake and pressure dependence of the isosteric
heat of adsorption was extracted from the D-A equation using the Clapeyron equation. ACP observed to have
better adsorption than ACF. Adsorption isotherms and kinetics of R410A onto ACP (Maxsorb III) and ACF (A20) studied by Askalany et al. (2014), the maximum adsorption capacity of the ACP was found to be 1.6 times
higher than that of ACF at same adsorption temperature. Both investigated adsorption isotherms (Tόth and D-A)
models and kinetics (LDF) models have been found to ﬁt the experimental data within ±5% deviations. D-A
equation was used to determine the isosteric heat of adsorption pairs. Adsorption isotherms and kinetics were also
investigated experimentally and theoretically over a temperature range of 25-75 0C for Maxsorb III-R152a and
AquaSorb 2000-R404A pairs (Ghazy et al., 2016a; Ghazy et al., 2016c). Table 3 shows the commercial vapour
compression refrigerant reported on adsorption studies.
Tab. 3: Commercial Vapour Compression Refrigerants used in Adsorption Research

S/N

Refrigerant

Chemical formula

Adsorption capacity
kg/kg

ODP

GWP 100 yrs.
(CO2 =1)

1

R134a

CH2FCF3

1.6-2.0 with ACP

0

1,370

2

R32

CH2F2-methylene fluoride

1.29 ACP/0.94 with
ACF

0

716

3

R404A

R-125/143a/134a
(44.0/52.0/4.0)

0.52 with AquaSorb
2000

0

3,700

4

R507A

R-125/143a (50.0/50.0)

1.3 with ACP

0

3,800

5

R410A

R-32/125 (50.0/50.0)

NA

0

2,100

6

R152a

CH3CHF2

1.3 with ACP

0

133

7

R407C

R-32/125/134a
(23.0/25.0/52.0)

0.43 with AquaSorb
2000

0

1,700

Askalany and Saha (2015) investigated experimentally and theoretically the adsorption kinetics of
Difluoromethane (R32) onto activated carbon powder (Maxsorb III) and activated carbon fiber (A-20) at various
adsorption temperatures ranging from 25-65 0C. Two commonly used theoretical models (LDF and FD) ﬁtted
experimental data well within ±5% error. Jribi et al. (2013) reported a transient mathematical model of a 4-bed
adsorption chiller using Maxsorb III as the adsorbent and low GWP refrigerant R1234ze (E). The performance of
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the cyclic-steady state of the system for different heating and cooling water inlet temperatures presented. With 80
kg of Maxsorb III the chiller produced 2 kW of cooling power at driving heat source temperature of 85 0C along
with a cooling temperature of 30 0C, the performance which compared slightly higher than that of the Maxsorb
III-R134a based adsorption cooling cycle. Consequently propose R1234ze (E) as potential replacement of R134a
based adsorption cooling system. Ghazy et al. (2016d) reported adsorption isotherms and kinetics of HFC-152a
onto activated carbon of type Maxsorb III over a temperature range of (25 to 75) 0C. The D-A and Toth equations
were used to correlate the adsorption isotherms with D-A found to be more suitable. Maxsorb III adsorbed up to
1.3 kg of HFC-152a per kg of adsorbent. Adsorption kinetics data were correlated using LDF and FD models and
isosteric heat of adsorption was estimated. Activated carbon/CO2 pair reported to show the maximum COP of
0.16 for evaporation and desorption temperatures of 15ºC and 80ºC (Jribi et al., 2010).
Ghazy et al. (2016b) investigated experimentally and theoretically over a temperature range of 25-75 0C
adsorption isotherms and kinetics of AquaSorb 2000-R404A pair. D-A and Tóth equations were used to ﬁt
equilibrium uptake while adsorption kinetics was correlated using LDF and FD models. The experimental
maximum adsorption capacity of AquaSorb 2000-R404A pair was about 0.52 kg/kg. The activation energy and
the pre-exponential coefﬁcient were estimated to be 10488.49 J/mol and 1.11 respectively. Using the ClausiusClapeyron equation, Isosteric heat of adsorption found to vary from 145 to 330 kJ/kg depending on the adsorbate
loading. Both LDF and FD models found suitable to simulate the adsorption kinetics of AquaSorb 2000-R404A
with an acceptable error of ±5%. The D-A equation was used to ﬁt the P-T-C diagram of AquaSorb 2000-R404A.
Classical pairs which includes activated carbon-methanol, activated carbon-ethanol, activated carbon-ammonia,
silica gel-water and zeolite-water reported to have the maximum adsorption capacity of 0.259 kg/kg-adsorbent
which occurs on activated carbon-methanol pair, while the commercial refrigerant R134a presented maximum
adsorption capacity of 2 kg/kg-adsorbent with activated carbon adsorbent (Shmroukh et al., 2015). The
application of commercial refrigerants as adsorbates will positively contribute to adsorption refrigeration systems
as it will add the availability of the adsorbate, reduce the problems associated with material compatibility like on
ammonia with copper and reduced leakage problems associated with the negative pressure systems (Zhong et al.,
2006). These adsorption refrigeration systems have good potential for off grid applications in developing countries
with abundant availability of solar energy including food preservation, vaccine and medicine storages.

4. Conclusions
The potential for adsorption refrigeration system using the commercial refrigerants is evident. The maximum
adsorption capacity for the classical working pairs (activated carbon-methanol, activated carbon-ethanol, activated
carbon-ammonia, silica gel-water and zeolite-water) of 0.259 kg/kg which appeared for activated carbon-methanol
is small compared to adsorption capacity of 2 kg/kg-adsorbent which appeared for modern adsorption working
pair of activated carbon-R134a (Shmroukh et al., 2015).
Commercial refrigerants such as R134a, R32, R404A, R507A, R410A, R152a and R407C have been studied as
the potential adsorbates for adsorption cooling systems or for mixture separation in the blended refrigerant
(Akkimaradi et al., 2001; Askalany and Saha, 2015; Askalany et al., 2013a; Askalany et al., 2014; Askalany et
al., 2013b; Attalla and Sadek, 2014; Ghazy et al., 2016b; Ghazy et al., 2016d; Habib et al., 2010). Though they
have shown the positive adsorption capacity with various type of activated carbon adsorbents, they also possess
high GWP values (Calm and Hourahan, 2007).
Several refrigerants including R1234yf, R1234ze (E), R450A, R290, R600a, R744 and R717, have been proposed
to be possible alternatives or drop in replacement of commercial high GWP refrigerants in vapour compression
cycles (Bhatkar et al., 2013; Brown et al., 2010; Higashi, 2010; Koyama et al., 2010; Lai, 2014; Mota-Babiloni et
al., 2015a, 2015b; Mota-Babiloni et al., 2015c; Navarro-Esbrí et al., 2013; Sethi et al., 2016). These refrigerant
could be the good alternative for adsorption pairs for solar adsorption refrigeration system. And therefore increase
the availability and options for the adsorption refrigerants, reduced scale of problem associated with material
compatibility as is there ammonia system and copper, positive pressure system therefore avoiding the leakage
problem associated with the vacuum systems.
Besides the adsorption properties, it is also important to understand the kinetics of these adsorption pairs before
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the conclusions of best adsorption pairs as the kinetics data are essential and useful in designing adsorption
refrigeration systems.
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<D]DNL(QHUJ\6\VWHP&RUSRUDWLRQ+DPDPDWVX -DSDQ 



<D]DNL(QHUJ\6\VWHP&RUSRUDWLRQ%HLMLQJ5HS2IILFH%HLMLQJ &KLQD 


$EVWUDFW

:LWKWKHLQFUHDVHGHPSKDVLVRQEXLOGLQJHQHUJ\VDYLQJLQ&KLQDVRODUKHDWLQJDQGFRROLQJ 6+& KDVEHFRPH
RQHRIWKHEHVWSURPLVHGWHFKQRORJLHVWRDFKLHYHXOWUDORZHQHUJ\FRQVXPSWLRQ7RDFKLHYHLPSURYHGHFRQRP\
SHUIRUPDQFH HQKDQFLQJ HQHUJ\ V\VWHP HIILFLHQF\ 6+& V\VWHP UHTXLUHV VFLHQWLILF FDOFXODWLRQ DQG DQDO\VLV
DFFRUGLQJWKHDUFKLWHFWXUDOIHDWXUHV,QWKLVSDSHUEXLOGLQJDQGV\VWHPPRGHOVKDYHEHHQHVWDEOLVKHGIRUKRXUO\
VLPXODWLRQRIHQHUJ\FRQVXPSWLRQ7KHGHYLDWLRQRIWHVWHGDQGVLPXODWHGVRODUIUDFWLRQDQGV\VWHP&23LVDERXW
 ,W LQGLFDWHV WKH V\VWHP PRGHO HVWDEOLVKHG LQ WKLV SDSHU LVDFFXUDWH HQRXJK IRUGHVLJQ DQG RSWLPL]DWLRQ RI
6+& V\VWHPV :LWK YHULILHG PRGHOV 6+& V\VWHP KDV EHHQ RSWLPL]HG FRQVLGHULQJ WKH VRODU FRQWULEXWLRQ DQG
HFRQRP\LQGH[5HVXOWVVKRZWKDWDIWHUWKHV\VWHPVFKHPHDQGFRQILJXUDWLRQRSWLPL]DWLRQ6+&V\VWHPDSSOLHG
LQ RIILFH EXLOGLQJ LQ 7XUSDQ FDQ EH DFKLHYHG LQ WKH VRODU FRQWULEXWLRQ RI PRUH WKDQ  0HDQZKLOH WKH
SD\EDFNSHULRGFRXOGEHUHGXFHGWROHVVWKDQ\HDUV
Keywords: solar heating and cooling, solar contribution, system design and optimization, payback period


,QWURGXFWLRQ
:LWKWKHLQFUHDVHGHPSKDVLVRQEXLOGLQJHQHUJ\VDYLQJLQ&KLQDWKHOLPLWRIEXLOGLQJHQHUJ\FRQVXPSWLRQLV
VWULFWHUWKDQHYHU1HDUO\]HURHQHUJ\EXLOGLQJSDVVLYHEXLOGLQJKDVEHFRPHDQHZWUHQG ;XHWDO $VWKH
HQHUJ\FRQVXPSWLRQIRUVSDFHKHDWLQJDQGFRROLQJDFFRXQWVIRUDODUJHSDUWRIWKHEXLOGLQJHQHUJ\FRQVXPSWLRQ
VRODUKHDWLQJDQGFRROLQJ 6+& KDVEHFRPHRQHRIWKHEHVWSURPLVHGWHFKQRORJLHVWRDFKLHYHXOWUDORZHQHUJ\
FRQVXPSWLRQ
$IWHU \HDUV RI GHYHORSPHQW 6+& WHFKQRORJ\ KDV PDGH JUHDW SURJUHVV LQ WKH WHFKQLFDO PDWXULW\ DQG SUDFWLFDO
DSSOLFDWLRQ +RZHYHU 6+& V\VWHP KDV QRW EHHQ SURPRWHG ZLGHO\ EHFDXVH LWV KLJK LQLWLDO FRVW DQG ORZ
HIILFLHQF\ 6DUDELD HW DO   SURSRVHG D GHVLJQ PHWKRG IRU VRODU FRROLQJ V\VWHPV ZLWK VLQJOH HIIHFW
DEVRUSWLRQFRROLQJPDFKLQHGLUHFWO\FRXSOHGWRDVRODUFROOHFWRUILHOGWKHQDQDO\]HGWKHIHDVLELOLW\RIWKHV\VWHP
LQ6SDQLVK&LWLHV6\HGHWDO  GHVLJQHGDVRODUFRROLQJV\VWHPIRUUHVLGHQWLDOEXLOGLQJVLQ0DGULG$QG
WKH WHVW UHVXOWV VKRZHG WKDW WKH DYHUDJH FRHIILFLHQW RI SHUIRUPDQFH LV DURXQG  0DWHXV HW DO  
LQYHVWLJDWHG VRODU DEVRUSWLRQ FRROLQJ DQG KHDWLQJ V\VWHP LQ GLIIHUHQW EXLOGLQJ W\SHV DQG FOLPDWHV :LWK
7516<6VRIWZDUHFRQWULEXWLRQVRI6+&V\VWHPLQEXLOGLQJHQHUJ\VDYLQJKDGEHHQDQDO\]HG/L=HWDO 
  SURSRVHG D VRODU DEVRUSWLRQ FRROLQJ V\VWHP ZLWK D OD\HUHG KHDW VWRUDJH WDQN DQG WKH V\VWHP ZDV
RSWLPL]HGDQGDSSOLHGLQ+RQJ.RQJ
7RDFKLHYHLPSURYHGHFRQRP\HQKDQFLQJHQHUJ\V\VWHPHIILFLHQF\6+&V\VWHPUHTXLUHVVFLHQWLILFFDOFXODWLRQ
DQG DQDO\VLV DFFRUGLQJ WKH DUFKLWHFWXUDO IHDWXUHV ,Q WKLV SDSHU EXLOGLQJ DQG V\VWHP PRGHOV KDYH EHHQ
HVWDEOLVKHGIRUKRXUO\VLPXODWLRQRIHQHUJ\FRQVXPSWLRQ:LWKYHULILHGPRGHOV6+&V\VWHPKDVEHHQRSWLPL]HG
FRQVLGHULQJWKHVRODUFRQWULEXWLRQDQGHFRQRP\LQGH[
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0HWKRG
2.1. Contribution rates
6LPLODU WR VRODU IUDFWLRQ FRQWULEXWLRQ UDWHV RI VRODU KHDWLQJ DQG FRROLQJ V\VWHPV LQ EXLOGLQJ HQHUJ\VDYLQJ
PHDQVWKHSURSRUWLRQRIEXLOGLQJKHDWLQJDQGFRROLQJGHPDQGVPHHWE\VRODUHQHUJ\7KHFDOFXODWLRQPHWKRGLV
DVIROORZV

fs

E

Q



















HT 

:KHUHfsLVWKHFRQWULEXWLRQUDWHVLQEXLOGLQJHQHUJ\VDYLQJELVEXLOGLQJKHDWLQJDQGFRROLQJGHPDQGVPHHWE\
VRODUHQHUJ\QLVWRWDOKHDWLQJDQGFRROLQJGHPDQGV

2.2. Optimization method
&RQWULEXWLRQUDWHRI6+&V\VWHPVLVDIIHFWHGE\PDQ\IDFWRUV7RDFKLHYHDQRSWLPDOFRQWULEXWLRQUDWHEXLOGLQJ
DQGV\VWHPPRGHOVKDYHEHHQHVWDEOLVKHGILUVW7KHQKRXUO\HQHUJ\FRQVXPSWLRQDQGV\VWHPSHUIRUPDQFHKDYH
EHHQ VLPXODWHG 'XULQJ WKH VLPXODWLRQ (IIHFWV RI FOLPDWH EXLOGLQJ W\SH DQG 6+& V\VWHP W\SH KDYH EHHQ
FRQVLGHUHGDVVKRZQLQ)LJ:LWKVLPXODWLRQUHVXOWVWKHV\VWHPFRQWULEXWLRQUDWHVLQEXLOGLQJHQHUJ\VDYLQJ
FRXOGEHGHWHUPLQHFRQVLGHULQJIROORZLQJNH\LQGLFDWRUV
z

Indoor temperature heating and cooling capacity WKH LQGRRU WHPSHUDWXUH V\VWHP KHDWLQJ DQG
FRROLQJFDSDFLW\KDYHWRPHHWWKHGHVLJQUHTXLUHPHQWV

z

Energy savingUHGXFWLRQUDWHRISULPDU\HQHUJ\FRQVXPSWLRQDVWKHPDLQLQGH[

z

EconomySD\EDFNSHULRGDVWKHPDLQLQGH[
%XLOGLQJ
W\SH
&OLPDWH

6+&V\VWHP

&RQWULEXWLRQ
UDWHV


)LJ$IIHFWIDFWRUVRQFRQWULEXWLRQUDWH

0RGHOLQJ
3.1. Building model
$QRIILFHEXLOGLQJPRGHODQGDQLQSDWLHQWEXLOGLQJPRGHOKDYHEHHQHVWDEOLVKHGWRDQDO\]HWKHKHDWDQGFRROLQJ
GHPDQGVLQGLIIHUHQWEXLOGLQJW\SHV&RQVWUXFWLRQGLPHQVLRQVRIERWKPRGHOVDUHGHWHUPLQHGDFFRUGLQJWRWKH
GHVLJQGUDZLQJVRIDFWXDOEXLOGLQJV%XLOGLQJHQYHORSHFRQGLWLRQVPHHWUHTXLUHPHQWVRIWKHDesign standard for
energy efficiency of public buildings *%   LQ &KLQD 2SHUDWLRQ WLPH RI WKH RIILFH EXLOGLQJ DQG
LQSDWLHQW EXLOGLQJ LV GLIIHUHQW WKH RIILFH EXLOGLQJ LV XVHG IURP  WR  GXULQJ ZRUNGD\V ZKLOH WKH
LQSDWLHQWEXLOGLQJLVXVHGKRXUVDOO\HDUURXQG
$VWKHDFWXDOEXLOGLQJVLVVWLOOXQGHUFRQVWUXFWLRQDQRWKHURIILFHEXLOGLQJLVVHOHFWHGDQGPRGHOHGWRYHULI\WKH
EXLOGLQJDQGV\VWHPPRGHOV%ULHILQIRUPDWLRQRIWKUHHEXLOGLQJVDUHVKRZQLQ7DE
7R DQDO\]H WKH HIIHFW RI FOLPDWHV RQ FRQWULEXWLRQ UDWHV KHDWLQJ DQG FRROLQJ ORDGV RI ERWK RIILFH EXLOGLQJ DQG
LQSDWLHQWEXLOGLQJKDYHEHHQFDOFXODWHGDFFRUGLQJWKHFOLPDWHVRIGLIIHUHQWORFDWLRQVUHVXOWVVKRZQLQ7DE
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7DE%XLOGLQJ,QIRUPDWLRQ

%XLOGLQJ

+HLJKW

)ORRUV

*URVVIORRUDUHD
P 

RIILFHEXLOGLQJ

P

IORRUVDERYHJURXQG
IORRUXQGHUJURXQG



LQSDWLHQWEXLOGLQJ

P

IORRUVDERYHJURXQG



RIILFHEXLOGLQJ
IRUYDOLGDWLRQ

P

IORRUVDERYHJURXQG




7DE+HDWLQJDQGFRROLQJORDGVRIWKHRIILFHEXLOGLQJDQGLQSDWLHQWEXLOGLQJLQGLIIHUHQWORFDWLRQV

&RROLQJ
/RFDWLRQ

%XLOGLQJ

/RDG
N: 

%HLMLQJ
1RUWKHDVW&KLQD 

7XUSDQ
1RUWKZHVW&KLQD

+HDWLQJ

$QQXDO
GHPDQG

/RDG
N: 

0- 

$QQXDO
GHPDQG
0- 

RIILFHEXLOGLQJ









LQSDWLHQW
EXLOGLQJ









RIILFHEXLOGLQJ









LQSDWLHQW
EXLOGLQJ











3.2. System description
%DVHG RQ LQYHVWLJDWLRQ DQG DQDO\VLV RI SUDFWLFDO SURMHFWV WKUHH W\SHV RI 6+& V\VWHPV DUH VXPPDUL]HG DQG
FRPSDUHGZLWKWKHFRQYHQWLRQDOV\VWHP7KH6+&V\VWHPVDQGFRQYHQWLRQDOV\VWHPDUHOLVWHGLQ7DE
7DE7KH6+&V\VWHPVDQGFRQYHQWLRQDOV\VWHP

6\VWHP

+HDWLQJDQG&RROLQJ6RXFH

6\VWHP,˖6RODUDEVRUSWLRQFRROLQJ
:DWHUFRROHGFKLOOHU*DVERLOHU

6+&V\VWHPV

6\VWHP,,˖6RODUDEVRUSWLRQFRROLQJ
:6+3*DVERLOHU

6\VWHP,,,2SWLPL]HG6+&V\VWHP
&RQYHQWLRQDO
V\VWHP

:DWHUFRROHGFKLOOHU*DVERLOHU

:)&+RWZDWHUILUHGDEVRUSWLRQFKLOOHU



&RROLQJ

6RODUFROOHFWRUVˇ:)&:DWHU
FRROHGFKLOOHU

+HDWLQJ

6RODUFROOHFWRUVˇ*DVERLOHU

&RROLQJ

6RODUFROOHFWRUVˇ:)&ˇ:6+3

+HDWLQJ

6RODUFROOHFWRUVˇ:6+3ˇ*DV
ERLOHU

&RROLQJ

6RODUFROOHFWRUVˇ:)&ˇ:6+3

+HDWLQJ

6RODUFROOHFWRUVˇ:6+3ˇ*DV
ERLOHU

&RROLQJ

:DWHUFRROHGFKLOOHU

+HDWLQJ

*DVERLOHU

:6+3:DWHUVRXUFHKHDWSXPS

6\VWHP,6RODUDEVRUSWLRQFRROLQJ:DWHUFRROHGFKLOOHU*DVERLOHU
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7KHPDLQFRPSRQHQWVRIWKLVV\VWHPLQFOXGHWKH6RODUFROOHFWRUVDQ+RWZDWHUILUHGDEVRUSWLRQFKLOOHU :)& D
+HDW VWRUDJH WDQN &RROLQJ WRZHUV D *DV ERLOHU DQG D :DWHU FRROHG FKLOOHU IRU VXPPHU FRROLQJ 7KH V\VWHP
VFKHPDWLFLVVKRZHGLQ)LJ
&RROLQJPRGH
 :KHQ WKH KHDW VWRUDJH WDQN WHPSHUDWXUH LV KLJKHU WKDQ WKH VHW SRLQW :)& LV XVHG LQ SULRULW\ WR PHHW WKH
FRROLQJGHPDQG:KHQ:)&FRROLQJFDSDFLW\FDQQRWPHHWWKHFRROLQJGHPDQG:DWHUFRROHGFKLOOHUVWDUWV
,IWKHKHDWVWRUDJHWDQNWHPSHUDWXUHLVEHORZWKHVHWSRLQW:DWHUFRROHGFKLOOHULVXVHGWRPHHWWKHFRROLQJ
GHPDQG
+HDWLQJPRGH
 ,I WKH KHDW VWRUDJH WDQN WHPSHUDWXUH LV KLJKHU WKDQ WKH KHDWLQJ UHTXLUHPHQW LQ ZLQWHU KHDWLQJ GHPDQG LV
VDWLVILHGGLUHFWO\E\VRODU
 ,I WKH KHDW VWRUDJH WDQN WHPSHUDWXUH LV ORZHU WKDQ WKH UHTXLUHPHQW *DV ERLOHU VWDUWV WR VDWLVI\ WKH KHDWLQJ
GHPDQG





D FRROLQJPRGH E KHDWLQJPRGH
)LJ6FKHPDWLFRI6\VWHP,

6\VWHP,,6RODUDEVRUSWLRQFRROLQJ:6+3*DVERLOHU
7KHPDLQFRPSRQHQWVRIWKLVV\VWHPLQFOXGHWKH6RODUFROOHFWRUVDQ+RWZDWHUILUHGDEVRUSWLRQFKLOOHU :)& D
+HDWVWRUDJHWDQN&RROLQJWRZHUVD*DVERLOHUDQGD:DWHUVRXUFHKHDWSXPS :6+3 IRUERWKKHDWLQJDQG
FRROLQJ7KHV\VWHPVFKHPDWLFLVVKRZHGLQ)LJ





D FRROLQJPRGH E KHDWLQJPRGH
)LJ6FKHPDWLFRI6\VWHP,,

&RROLQJPRGH
 :KHQ WKH KHDW VWRUDJH WDQN WHPSHUDWXUH LV KLJKHU WKDQ WKH VHW SRLQW :)& LV XVHG LQ SULRULW\ WR PHHW WKH
FRROLQJGHPDQG:KHQ:)&FRROLQJFDSDFLW\FDQQRWPHHWWKHFRROLQJGHPDQG:6+3VWDUWV
,IWKHKHDWVWRUDJHWDQNWHPSHUDWXUHLVEHORZWKHVHWSRLQW:6+3LVXVHGWRPHHWWKHFRROLQJGHPDQG
+HDWLQJPRGH
 ,I WKH KHDW VWRUDJH WDQN WHPSHUDWXUH LV KLJKHU WKDQ WKH KHDWLQJ UHTXLUHPHQW LQ ZLQWHU KHDWLQJ GHPDQG LV
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VDWLVILHGGLUHFWO\E\VRODU
 ,I WKH KHDW VWRUDJH WDQN WHPSHUDWXUH LV ORZHU WKDQ WKH UHTXLUHPHQW EXW KLJKHU WKDQ :6+3¶V UHTXLUHPHQW
:6+3VWDUWVWRVDWLVI\WKHKHDWLQJGHPDQG
6\VWHPFRXOGDOVRSURYLGHKHDWLQJE\*DVERLOHGGLUHFWO\
0DLQGLIIHUHQFHEHWZHHQ6\VWHP,DQG6\VWHP,,LVWKDWWKH:6+3FRXOGSURYLGHKHDWLQJE\ORZHUWHPSHUDWXUH
ZDWHU6RODUFRQWULEXWLRQUDWHFRXOGEHLQFUHDVHGLQZLQWHU
6\VWHP,,,2SWLPL]HG6+&V\VWHP
7KHPDLQFRPSRQHQWVRIWKLVV\VWHPLVVDPHDV6\VWHP,,0DLQGLIIHUHQFHEHWZHHQ6\VWHP,,,DQG6\VWHP,,LV
WKDWWKHKHDWLQJFDSDFLW\RI:6+3FDQIXOO\VDWLVI\WKHKHDWLQJORDGEXWWKHFRROLQJFDSDFLW\LVQRWUHTXLUHGWR
PHHWWKHFRROLQJORDG6RWKHV\VWHPFRXOGXVHD:6+3ZLWKORZHUYROXPHWRLPSURYHWKHHFRQRP\LQGH[HV
:KHQ FRROLQJ LQ VXPPHU LI WKH KHDW VWRUDJH WDQN WHPSHUDWXUH LV EHORZ WKH VHW SRLQW :6+3 FRZRUNV ZLWK
:)&WRPHHWWKHFRROLQJGHPDQG

3.3. System model
:LWK 7516<6 VRIWZDUH DOO V\VWHPV KDYH EHHQ PRGHOHG DQG VLPXODWHG EDVHG RQ W\SLFDO PHWHRURORJLFDO \HDU
70< ZHDWKHUGDWDDQGEXLOGLQJGDWDRIERWK%HLMLQJDQG7XUSDQ7KH7516<6PRGHORI6\VWHP,LVVKRZQLQ
)LJ7KH7516<6PRGHORI6\VWHP,, 6\VWHP,,,LVVKRZQLQ)LJ


)LJ7KH7516<6PRGHORI6\VWHP,
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)LJ7KH7516<6PRGHORI6\VWHP,, 6\VWHP,,,

0RGHO9DOLGDWLRQ
,QWKLVVWXG\DQRIILFHEXLOGLQJZLWK6+&V\VWHPLQ%HLMLQJLVVHOHFWHGDQGPRGHOOHG6LPXODWHGDQGPHDVXUHG
UHVXOWVDUHFRPSDUHGWRYHULI\WKHV\VWHPPRGHO
7KLV WZR IORRUV RIILFH EXLOGLQJ LV ORFDWHG LQ %HLMLQJ &KLQD 7KH 6+& V\VWHP DSSOLHG IRU VSDFH FRROLQJ DQG
KHDWLQJLVVDPHDV6\VWHP,%XLOGLQJDQGV\VWHPLQIRUPDWLRQLVSXEOLVKHGLQSUHYLRXVVWXG\ +HHWDO 
7KHV\VWHPKDGEHHQWHVWHGGXULQJWKHVXPPHURIE\&KLQD$FDGHP\RI%XLOGLQJ5HVHDUFK7KHUHZHUH
GD\VVHOHFWHGWRWHVWWKHV\VWHPSHUIRUPDQFHXQGHUW\SLFDOZHDWKHUV7KHVRODULUUDGLDWLRQOHYHOVRIWKHGD\V
ZHUHUHVSHFWLYHO\YHU\JRRGJRRGPHGLXPDQGSRRU
7RYHULI\WKHV\VWHPPRGHOPHDVXUHGGDWDRIHQYLURQPHQWDOSDUDPHWHUVZDVLQWHJUDWHGLQWRWKHZHDWKHUGDWDRI
7516<6PRGHORI6\VWHP,7KHQ6HYHUDORSHUDWLQJGDWDVXFKDVWDQNWHPSHUDWXUHIORZUDWHKDGEHHQXVHGWR
VHW WKH LQLWLDO VLPXODWH FRQGLWLRQV 7HVWHG &23 DQG VRODU IUDFWLRQ ZHUH FRPSDUHG ZLWK VLPXODWHG UHVXOWV DV
VKRZQLQ)LJ
&RPSDULVRQRI WHVWHG DQG VLPXODWHG UHVXOWV VKRZ WKDW WKH GHYLDWLRQRIWHVWHG DQG VLPXODWHG VRODUIUDFWLRQ DQG
V\VWHP&23LVDERXW,WVKRZVWKDWWKHV\VWHPPRGHOLVDFFXUDWHHQRXJKWRFDFXODWHV\VWHPSHUIRUPDQFH
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7HVWHGVRODUIUDFWLRQ




6LPXODWHGVRODUIUDFWLRQ


7HVWHGV\VWHP&23

6LPXODWHGV\VWHP&23



-XO

$XJ

$XJ

$XJ


)LJ&RPSDULVRQRIWHVWHGDQGVLPXODWHGUHVXOWV

2SWLPL]DWLRQ
5.1. Simulation results
,QWKLVVWXG\6RODUFRQWULEXWLRQUDWHVRI6\VWHP,DQG6\VWHP,,DSSOLHGLQGLIIHUHQWEXLOGLQJW\SHVDQGFOLPDWHV
KDYHEHHQVLPXODWHGVHSDUDWHO\5HVXOWVLVVKRZQLQ)LJWR)LJ

UHGXFWLRQUDWHRISULPDU\HQHUJ\
FRQVXPSWLRQ 

UHGXFWLRQUDWHRISULPDU\HQHUJ\
FRQVXPSWLRQ 




6\VWHP




6\VWHP







&RQYHQWLRQDOV\VWHP







SD\EDFNSHULRG \HDU










6\VWHP




6\VWHP








&RQYHQWLRQDOV\VWHP














SD\EDFNSHULRG \HDU


D 7XUSDQ 1RUWKZHVW&KLQD  E %HLMLQJ 1RUWKHDVW&KLQD 



UHGXFWLRQUDWHRISULPDU\HQHUJ\
FRQVXPSWLRQ 

UHGXFWLRQUDWHRISULPDU\HQHUJ\
FRQVXPSWLRQ 

)LJ6LPXODWHGUHVXOWVRI6\VWHP,DQG6\VWHP,,LQRIILFHEXLOGLQJ

6\VWHP







6\VWHP






&RQYHQWLRQDOV\VWHP









SD\EDFNSHULRG \HDU












6\VWHP


6\VWHP


 &RQYHQWLRQDOV\VWHP










SD\EDFNSHULRG \HDU




D 7XUSDQ 1RUWKZHVW&KLQD  E %HLMLQJ 1RUWKHDVW&KLQD 
)LJ6LPXODWHGUHVXOWVRI6\VWHP,DQG6\VWHP,,LQLQSDWLHQWEXLOGLQJ

5HVXOWV VKRZV WKDW WKH UHGXFWLRQ UDWH RI SULPDU\ HQHUJ\ FRQVXPSWLRQ RI 6\VWHP ,, LV ODUJHU WKDQ  LQ DOO
EXLOGLQJV,QWKHLQSDWLHQWEXLOGLQJWKHSULPDU\HQHUJ\FRQVXPSWLRQFRXOGEHUHGXFHGE\,WLQGLFDWHVWKH
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6+& V\VWHP KDV VLJQLILFDQW HIIHFW LQ HQHUJ\VDYLQJ %XW QHDUO\ DOO SD\EDFN SHULRGV DUH PRUH WKDQ  \HDUV
H[FHSW WKH 6\VWHP ,, DSSOLHG LQ LQSDWLHQW EXLOGLQJ LQ %HLMLQJ 7KHVH XQDFFHSWDEOH SD\EDFN SHULRGV VKRZ WKH
RSWLPL]DWLRQRI6+&V\VWHPQHHGVWRIRFXVRQHQKDQFLQJWKHHFRQRPLFSHUIRUPDQFHV

5.2. System optimization
%DVHGRQ6\VWHP,,6\VWHP,,,LVSURSRVHGWRLPSURYHWKHHFRQRPLFSHUIRUPDQFHVRI6+&V\VWHPV&RPSDUHG
ZLWK6\VWHP,,WKHRSWLPL]DWLRQLQFOXGHV
z

7KH KHDWLQJ FDSDFLW\ RI :6+3 FDQ IXOO\ VDWLVI\ WKH KHDWLQJ ORDG EXW WKH FRROLQJ FDSDFLW\ LV QRW
UHTXLUHGWRPHHWWKHFRROLQJORDG7KHV\VWHPFRXOGXVHD:6+3ZLWKORZHUYROXPHWRUHGXFHLQLWLDO
FRVW

z

:KHQFRROLQJLQVXPPHULIWKHKHDWVWRUDJHWDQNWHPSHUDWXUHLVEHORZWKHVHWSRLQW:6+3FRZRUNV
ZLWK:)&WRPHHWWKHFRROLQJGHPDQG

z

,QFUHDVLQJV\VWHPVFDOHVRODUFRQWULEXWLRQUDWHRIVRODUGLVWULFWKHDWLQJDQGFRROLQJV\VWHPLQUHJLRQDO
KHDWLQJDQGFRROLQJKDVEHHQVLPXODWHG

7DEVKRZVWKHVLPXODWHGUHVXOWVRI6\VWHP,,,DSSOLHGLQDGLVWULFWKHDWLQJDQGFRROLQJSURMHFWLQ7XUSDQ7KH
VLPXODWHGUHVXOWVLQGLFDWHVWKDWWKHHFRQRPLFSHUIRUPDQFHRI6\VWHP,,,KDVEHHQLPSURYHGZKLOHWKHHQHUJ\
VDYLQJ HIIHFW LV VWLOO VLJQLILFDQW 5HGXFWLRQ RI SULPDU\ HQHUJ\ FRQVXPSWLRQ LV PRUH WKDQ   $IWHU V\VWHP
RSWLPL]DWLRQWKHFRQWULEXWLRQUDWHRI6\VWHP,,,LQHQHUJ\VDYLQJLVDERXW

7DE6LPXODWHGUHVXOWVRI6\VWHP,,,DSSOLHGLQDGLVWULFWKHDWLQJDQGFRROLQJSURMHFWLQ7XUSDQ

6\VWHP,,,

&RQYHQWLRQDOV\VWHP

&RROLQJFDSDFLW\ N: 





+HDWJDLQE\FROOHFWRUV 0-

(



&RROLQJORDG 0- 

(

(

6RODUFRQWULEXWLRQ





+HDWJDLQE\FROOHFWRUV 0-

(



+HDWLQJORDG 0- 

(

(

6RODUFRQWULEXWLRQ









*DVFRQVXPSWLRQ P 





5HGXFWLRQUDWHRISULPDU\HQHUJ\FRQVXPSWLRQ





,QFUHDVHGLQYHVWPHQW WKRXVDQG<XDQ 





5HGXFWLRQRIRSHUDWLRQFRVW WKRXVDQG<XDQ





3D\EDFNSHULRG <HDU 





6XPPHU

:LQWHU

(OHFWULFLW\ N:K 


&RQFOXVLRQ
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Abstract
The current paper presents a case study of a PV-driven air-conditioning system with battery and latent heat storage
applied for an off-grid resort in Bintan (Indonesia). The lead-acid battery bank has a nominal energy storage capacity
of 47 kWh and the ice storage can store up to 92 kWh latent heat. The entire energy system of the resort was equipped
with a comprehensive real-time data acquisition system to measure different parameters such as solar irradiation,
temperatures, flow rates and power consumptions. More than 100 parameters are transferred minutely and monitored
remotely across country borders. A TRNSYS model has also been developed to simulate the case study system
dynamically. To assure accurate simulation results, the chiller and the Thermal Energy Storage (TES) models were
calibrated using measured data from the monitoring system. Initial simulation results show the usage of the energy
storages. The battery is utilised as a buffer to run the chillers with least disruptions and the TES is used to shift the
cold generated during daytime to cool bedrooms at nighttime. The later one can also serve as a short-term energy
storage over a few rainy days. For future works, we propose a comparative study of chilled water, ice and battery
storage to design an optimal energy storage system for the resort based on the insights provided by this case study.
Keywords: Solar air-conditioning, PV-driven cooling, energy storage solutions, off-grid

1. Introduction
At present, a significant reduction in PV module costs pares the broader integration of PV systems. Hence, PV-driven
cooling systems have gained attention. Compared to solar thermally driven cooling systems, at present PV-driven
cooling systems’ footprint is lower (Otanicar et al., 2012; Noro et al., 2014; Eicker et al., 2014) and they are
economically more favorable (Otanicar et al., 2012; Noro et al., 2014; Eicker et al., 2014). The primary driver for
the superior results of PV-driven cooling is the substantial decrease in PV costs and the higher Coefficient of
Performance (COP) (Otanicar et al., 2012; Noro et al., 2014). Furthermore, the individual components are wellknown, and the solution is flexible, which has the potential to improve situations in off-grid areas where gridconnections are not viable so far (Wang and Ge, 2016). However, there are challenges, since the PV power output
does not match cooling demand, as the first depends on the solar irradiation whereas the second is also influenced
by the ambient temperature and the occupancy. Thus, energy storage is required to buffer the imbalance between
power demand and supply.
In the tropics, load-shifting is required to buffer energy and shift it from daytime to nighttime; occasionally also over
a few rainy or cloudy days. Typically, battery storage technologies are considered for this energy storage duration of
solar energy in an off-grid system (Merei et al., 2013; Eltawil, 2007). Looking at the Southeast Asian region in
particular, a significant part of the energy consumption in buildings accounts for air-conditioning. This is a thermal
load that allows for Thermal Energy Storage (TES). There are different TES solutions for cooling applications.
Sensible energy storage is the most commonly realised in the form of chilled water (Arteconi et al., 2017). On district
cooling scale or in large-scale office buildings also latent heat storage in the form of ice is common practice (Sehar
et at., 2012; Chan et al. 20016). Other Phase Change Materials (PCM) have been commercialised and are investigated
for application in TES systems (Souayfane et al., 2016; Ewert, 2000; Foster, 2017).
In grid-connected systems, the effective utilization of an energy storage such as a chilled water tank depends on the
economic viability, i.e., increase the self-consumption of solar energy instead of selling it to the grid for a lower price
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(Arteconi et al., 2017). However, in an off-grid environment, energy storage is a necessity. An off-grid PV-driven
cooling system can be configured as shown in Figure 1. Energy generated by a PV system is often stored directly via
a battery. However, it is also possible to store the cold produced by the chiller via TES.
A prototype of such a system using latent heat and battery storage is installed at the LooLa resort in the rural and
remote south-east of Bintan Island (Pulau Bintan) in the Riau Archipelago of Indonesia. The resort focusses on
environmental and sustainable aspects as well as empowering their local staff and it is not connected to the public
grid. The Solar Energy Research Institute of Singapore (SERIS) was selected as an R&D partner to monitor the
existent prototype to optimise its performance and use it as a starting point for further investigation and research.
The objective of the present case study is to gain insights regarding operational and energy performance. It prepares
a comparative study of different energy storage for the PV-driven cooling system at the resort. Therefore, the existing
system is described, equipped with a monitoring system and dynamically modelled. Preliminary results are shown
and research opportunities are discussed to round the study off.

Fig. 1: Schematic of the system concept of an off-grid solar PV-driven air-conditioning system showing the variety of energy storage
opportunities.

2. Case study description
The LooLa eco-resort has two villas offering higher-class hotel rooms with air-conditioning at night. To demonstrate
sustainable technologies, a prototype of a PV-driven air-conditioning system was implemented in each of the villas.
Additionally, a diesel generator is operated during nighttime to augment the power requirement in the resort. There
is no public electricity grid access available in this part of Bintan. The main components of the PV powered airconditioning system are electrical in nature including the PV system, the diesel generator and the chillers. It is only
after the chillers that there is the switch to a thermal energy system as shown in Fig. 2.

Fig. 2: Schematic of the energy system of the resort. On the left side PV system and diesel generator supply electricity to the
distribution network. On the right side, both electrical and thermal loads are shown.

The PV system consists of different components – PV modules, PV inverters, batteries and battery inverters. During
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daytime, it powers the air-conditioning systems for storing solar energy in the form of ice and supplies power for the
shop, kitchen and office. The space cooling is scheduled to operate only during nighttime by discharging the thermal
energy from the ice storage tank. To maintain the set point (room) temperature, FCUs supply cold air utilizing the
latent energy from the ice storage tank without the need of operating the energy-intensive chillers. From 5.00PM to
8.00AM, the diesel generator supplies electricity for the entire resort. The switching of power sources is not
automated, but manually conducted. An overview of the systems’ and components’ specifications is provided in
Table 1.
Tab. 1: System and components specifications of the energy system at the LooLa resort

System

Component

Quantity

Specifications

PV module

72

Chinaland Solar Energy CHN240-60P; module
power ʹͶͲܹ ; multicrystalline silicon cells; 6
strings each having 12 modules; system power
ͳǤ͵ܹ݇

Battery

48

RITAR OPzV2-490; tubular plate VRLA gel
battery; capacity ͶͻͲ݄ܣ

PV inverter

3

SMA Sunny Boy 5000TL; rated AC power
ͶͲͲܹ

Battery inverter

2

SMA Sunny Island 6.0H; rated AC power
ͶͲͲܹ; battery depth of discharge 50%

Diesel generator

Diesel Generator

1

Power ͵Ͳܸ݇ܣ

Two airconditioning
systems

Condensing unit

4 (2 per
system)

Tecumseh FHT4525YHR; cooling capacity 2.4
kW and Power consumption 1.5 kW at 32 °C
ambient temperature and -15 °C evaporation
temperature; refrigerant R134a

Evaporator (Heat
exchanger)

4 (2 per
system)

Gimleo GBH05-CMF; tube in shell heat
exchanger; cooling capacity 9.5 kW

Ice storage tank

2 (1 per
system)

Customized design (cuboid shape); volume
1045 l; fiberglass; copper pipe; 15 cm
Polyurethane foam insulation

Water tank

2 (1 per
system)

Guangdong LuckingStar New Energy LWT300T&H-02; volume 300 l; stainless steel

Fan coil unit
small

6 (3 per
system)

Eurostars 300WM2; cooling capacity 2.9 kW
(max); power consumption 52 W

Fan coil unit big

2 (1 per
system)

Eurostars 400WM2; cooling capacity 3.7 kW
(max); power consumption 62 W

PV system

2.1. Air-conditioning system design and operation
In order to understand the air-conditioning system design and operation, we look at a single air-conditioning system.
The top part of Fig. 3 shows a simplified schematic focusing on the heat exchangers and fluid circuits. This schematic
includes only one chiller, whereas the real system has two chillers. Therefore, the bottom part of Fig.3 provides a
complementary Piping & Instrumentation (P&I) diagram for deeper understanding of the actual design. The top and
the bottom part of Fig. 3 are linked in terms of color coding of key components.
At daytime, the chillers (conventional vapor-compression systems consisting of compressor, condenser, evaporator,
expansion valve and refrigerant) operate at an evaporation temperature of below 0 °C. The chiller refrigerant
exchanges heat to the ethylene glycol based water solution (glycol) in the evaporator. The glycol flows through the
left side of the circuit in order to exchange heat with the water in the ice storage tank. The process is carried out
through a tube and shell heat exchanger. Since the temperature of the glycol is below 0 °C, ice is generated in the
storage tank. The ice storage is charged and the thermal energy is stored as latent heat.
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During nighttime, the glycol exchanges heat with the ice in order to cool the water in the water tank to ~17 °C
temperature. The chilled water from the water tank is pumped through the fan coil units that blow the cool air out,
providing thermal comfort in the sleeping areas. The air-conditioning operation causes melting of the ice, i.e.,
discharging of the thermal energy storage.
On a sunny day, the condenser units and the auxiliary equipment run on the PV system for 8 hours, from 8AM to
4PM. In case of heavy rains and prolonged presence of clouds, the PV system is disconnected manually at the
discretion of the operators, which means that there is no electricity available in the resort at that time. The loads are
then manually reconnected to the PV system when the weather changes to more favorable conditions. This procedure
is conducted to keep some buffer storage in the batteries. If there is not enough cooling energy stored in the thermal
energy storage on a cloudy or rainy day, the chillers are powered by the batteries of the PV system until they are
completely discharged. At night, the auxiliary power for devices such as pumps, valves and FCUs are sourced from
the diesel generator.

Fig. 3: Simplified schematic diagram describes the operation process of an air-conditioning system with thermal energy storage (top);
Piping and Instrumentation diagram of a single air-conditioning system to show the sensor positions: temperature indicator (TI), flow
indicator (FI), level indicator (LI), power indicator (II) (bottom)

3. Monitoring system
The prototypes of the PV-driven cooling systems enable the LooLa resort to provide air-conditioning to the clients
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staying in the villas in an ecological way. However, the assessment of the performance was not possible due to
insufficient data acquisition. Therefore, deployment of a monitoring system was the consequence. The developed
monitoring architecture acquires sensor data throughout the entire resort. Three remote stations were deployed, one
for each air-conditioning system and one that acquires PV system and diesel generator data. The top part of Fig. 4
shows the monitoring system architecture. On the field level, the relevant heat flows, components’
performances/statuses and power consumptions need to be identified. Therefore, the ultrasonic flowmeters,
ultrasonic level sensors for the ice storage tanks, temperature sensors and a silicon irradiance sensor are required for
the PV and the cooling system. The sensors are hardwired to National Instruments (NI) CompactRIO controllers
(cRIO), which are part of the control level. The remote stations consist of a cRIO, an Ethernet switch and a router.
The bottom part of Fig. 4 provides a photo of one remote station and its components. They are lightning protected
and backed-up through an uninterruptible power supply. The three cRIOs are capable of processing the acquired
parameters remotely and fully automated. The LabVIEW software is capable to acquire the data from all the sensors
as well as power meters and inverters. The later ones are directly accessed by MODBUS TCP. The cRIOs log the
acquired data and transfer it from the remote stations in Bintan to the Central Monitoring Station (CMS) in Singapore
by use of cellular network routers. The cellular network was observed to be rather weak at the resort and its vicinity.
In order to find the most suitable locations for the routers, location-based tests were conducted a priori. Three spots,
all close to one of the cRIOs, were found to have sufficient coverage for the data transmission. The routers are
configured for a local SIM card and Virtual Private Network (VPN) to access the internet. At the process control
level, the CMS receives one-minute live-data and initiates nightly download routines. The data is sorted into files
and databases by the CMS to make it available for analysis.

Fig. 4: System architecture of the monitoring system for the energy system at the LooLa resort (top); exemplary remote monitoring
station (bottom)
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This case study uses data measured by temperature sensors, flow meter and power meter to calibrate parts of a
simulation model in Chapter 5. Detailed specifications of the utilised sensors is given in Table 2. To ensure the
accuracy of the sensor/meter readings, additional calibration of certain sensors is required. The manufacturer of the
temperature sensors provides accuracy class A. However, an additional multi-point calibration with a reference
sensor (Isotech Hyperion Site & 935-14-61, overall accuracy: 0.04 °C) was conducted in a cooling bath from -20 °C
to 40 °C for each sensor under laboratory conditions. The ultrasonic flow meters are also calibrated for the respective
pipe dimensions and fluids, following similar laboratory conditions on-site. The calibration was conducted for the
range of 0 to 15 l/min with an in-line reference flow meter (Rosemount 8732E, overall accuracy: ±0.02349 l/min).
For both temperature sensors and flow meters, regression analysis was implemented in order to determine the
correlation factors. The power meter meets IEC 61557-12 requirements and needs no further calibration.
The sensors were installed according to the P&I diagram in the bottom part of Fig. 3. Condensation and evaporation
temperatures of the vapor-compression cycles are measured as well as stream temperatures before and after the ice
storage tank, water tank and FCUs. Additionally, the water tank is equipped with a sensor measuring the temperature
inside. The flow rates of the glycol and water are measured to be able to calculate the transferred thermal energy.
The power meter measures the power consumption of the two chillers and the overall air-conditioning system.
Tab. 2: Specifications of the utilized sensors of the monitoring system

Parameter

Sensor

Range

Accuracy

Temperature

RTD, PT100, 4-wire,
Thermotron

-30 to 100 °C

Class A

Flow rate

Ultrasonic flow meter

Plow velocity
0.01 to 25 m/s

Repeatability 0.15 % of
reading ±0.01 m/s

Transmitter: Flexim F704

With standard calibration
±1.6% of reading ±0.01 m/s

Transducer: Flexim FSQ
Power

Current and voltage
Schneider Electric PM5320

Depends on
current
transformers

Class 0.5S

4. Simulation model
A simulation model for the PV-driven cooling system at LooLa was set up using TRRNSYS 17.1, a dynamic
simulation software. The model is divided into three main parts, cooling system 1, cooling system 2 and PV system,
as displayed in Fig. 5. Additionally, weather data is utilised by all three parts. In the bottom part of Fig. 5, the outputs
are processed, plotted and compiled in a text file for further analysis.
Cooling system 1 represents the actual system described in Chapter 2.1. Two chillers charge the ice storage tank
(provided by Lerch and Heinz (2012)) during scheduled hours at daytime. Similar to the real system, the airconditioning is scheduled during certain hours at night. Additionally, an occupancy calendar using the booking data
of the resort in 2016 was implemented. The given data provides information about whether a villa is booked, but not
how many rooms in which villa are booked, hence the occupancy is a binary input. In the discharging circuit, the
chilled water tank was replaced by a controlled tempering valve keeping the glycol solution temperature at 12 °C
and the four FCUs are simulated using a single FCU model. The input parameters for the FCU were determined
using the psychrometric chart in Fig. 6. The return air is mixed with 15% outdoor air. One air change per hour is
achieved by an air flow rate of 790 kg/h for four bed areas, each 12.5 m² and 2 m celling height. This results into a
cooling load of 2.76 kW according to the mixed air and supply air conditions from the psychometric chart.
Cooling system 2 is only represented by the electrical load of the two chillers, because the system is similar to cooling
system 1. The PV system powers the four chillers of the cooling systems. The power consumption of the auxiliary
equipment, such as pumps, valves, control and FCUs, as well as the other loads at the resort that are connected to the
PV system are neglected. The parameters for PV modules, batteries and control strategy are chosen according to the
on-site system.
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Fig. 5: TRNSYS simulation model of the PV-driven cooling system at the LooLa resort; Lines: power line – orange bold, weather data
– green, output data – grey dotted, control lines – black dashed, pipes – blue bold.

Air flow ra te :
Cooling loa d:
S e ns ible he a t:
La te nt he a t:

0.7

790 kg/h
2.76 kW
0.81 kW
1.95 kW

Ou td o o r a ir
Δh = 12.56 kJ /kg

Mixe d a ir
S u p ply a ir

Re tu rn a ir

Fig. 6: Cooling load estimation via psychrometric chart; created with http://www.flycarpet.net/en/PsyOnline

5. Calibration results
The critical components, chiller and TES, were tested utilising data acquired by the monitoring system. Therefore, a
simplified version of the simulation model was used, see Fig. 7. The chiller model is from the TESS library, Type655
and cuboid storage tank model Type843 was developed by Lerch and Heinz (2012). The TES model can operate as
chilled water and ice tank.
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Ambie nt tempe ra ture
Outle t tempe ra ture
Ic e
ta n k

Ch ille r
Flow ra te
P um p

Fig. 7: Simplified TRNSYS simulation model for calibration of chiller and storage tank with measured data inputs

First, the operation as chilled water tank during charging is tested. Therefore, eight hours of measured data with the
sample rate 1/min for chiller outlet temperature, ambient temperature and flow rate are used as inputs for the model.
The model outputs to be compared with actual measured data are chiller power and tank outlet temperature. The
result is plotted in graph 1a and 2a in Fig. 8. The non-fitting chiller power graph is caused by the performance data
files of Type 655 that assume the chiller to be capable of operating in part load, which is not the case in the actual
system. After adjustment of the performance data files, the Root Mean Square Error (RMSE) is merely 30 W as
shown in graph 1b (Fig. 8). The tank outlet temperature decreases faster in the simulation than in the real setup, when
the tank inlet temperature is prescript by measured data. This means that the actual heat transfer is lower than the
simulated heat transfer. As the heat depends on flow rate, temperature difference and specific heat, where the
temperature difference and the flow rate are measured, the specific heat serves as a parameter to match the model
performance with the actual performance; the value is adjusted from 3.54 kJ/kgK to 1.7 kJ/kgK. The result is plotted
in graph 2b of Fig. 8 and the RMSE has decreased to 0.18 °C.

Chille r powe r
Ta nk inle t/outle t
tempe ra ture
Chille r powe r
Ta nk inle t/outle t
tempe ra ture

Ice mode

Chille d wa te r mode

Not ca libra te d
RMS E = 1.01

RMS E = 2.17

Ca libra te d
1a

RMS E = 0.03

1b

2a

RMS E = 0.18

2b

RMS E = 0.73

3a

RMS E = 0.30

3b

RMS E = 1.66

4a

RMS E = 1.36

4b

Fig. 8: Calibration of the chiller and storage tank models in chilled water mode (top) and ice mode (bottom) with measured data

The calibrated model represents the actual system accurately as shown by the RMSE values. However, the TES from
Lerch and Heinz (2012) can also simulate the phase change from water to ice and, hence, operate as latent heat
storage. Therefore, the input data from a day where the TES operates as ice tank during charging is chosen to test the
simulation model for this condition. The simulation was run without calibration (graphs 3a and 4a in Fig. 8) and with
the calibration measures described above (3b and 4b in Fig. 8). The chiller power RMSE is ten times higher compared
to the chilled water operation, however a precise fit can be observed between 0.5 h and 6.5 h. in graph 3b (Fig. 8).
The increased error is caused by two operation interruptions after 6.5 h and the starting current that is not modeled.
The increase of the RMSE for the outlet temperature can be explained by the chiller operation interruptions as well.
An additional factor is the oscillating temperature sensor reading that might have been caused by parasitic frequencies
along the sensor wires. Overall, the TRNSYS simulation models the real system sufficiently accurate to produce
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initial annual simulation results.

6. Initial simulation results
The TRNSYS simulation was performed for an entire year (8760 h) with a time step of 0.5 h. The initial results
discussed in this chapter focus on the utilisation of the energy battery storage (Fig. 9) and the TES (Fig. 10).
The battery is charged to store surplus solar energy and discharged to supply energy for the chillers in case of
insufficient solar energy availability. The usable storage capacity is 23.5 kWh considering 50% DoD. The four
chillers consume 5.67 kW, which means the battery will ensure continuation of chiller operation for 4.15 h when it
is fully charged. On a rainy or overcast day, chiller operation disruptions can occur due to the battery being fully
discharged. This situation can be seen in the bottom chart of Fig. 9 when the graph approaches 0 kWh stored energy.
Furthermore, the chart shows a high cycling frequency, which means that the battery serves as buffer storage. The
bar chart in the top of Fig. 9 supports the finding, as the daily charged and discharged energy even exceeds the usable
storage capacity of the battery (23.5 kWh) on many days. On those days, more than one cycle is performed.

Fig. 9: Battery storage utilization; daily charged and discharged energy (top); stored energy again hours (bottom)

While the utilization of the battery storage occurs during chiller operation hours at daytime, the TES is only charged
during that time. The discharging happens at nighttime. Unlike the battery, charging and discharging of the TES
cannot occur simultaneously. Thus, the bottom graph of Fig. 10 (stored energy in the TES against time) shows a
different pattern than the bottom graph of Fig. 9 (stored energy in the battery against time). The TES is charged
nearly every day, but the discharging depends on the occupancy calendar; no occupancy means no discharging (see
top chart in Fig. 10). The amount of charged energy (top chart in Fig. 10) decreases with increasing amount of energy
stored, because the ice generated in the tank has lower heat conductivity than water, hence, insulating properties.
Furthermore, the daily amount of charged energy also depends on the chiller operation hours during that day. In Fig.
10, 0 kWh stored energy is defined as 0% ice in the tank. Below that, it operates as chilled water tank. During high
occupancy in December, the tank operates frequently as chilled water tank and might not meet the space cooling
requirements.
The TES is cycled less frequently compared to the battery storage. It can store up to 93 kWh of latent heat,
approximately four times the storage capacity of the battery. Thus, the TES serves as short-term energy storage that
can shift the energy generated during daytime to serve the cooling needs during nighttime. Moreover, it can supply
sufficient cooling over a few rainy or cloudy days.
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Fig. 10: TES utilization; daily charged and discharged energy (top); stored energy again hours (bottom)

7. Conclusion and outlook
The case study system is monitored in real-time and the data is used to calibrated components of a simulation model.
Initial results emphasise the role of the battery and TES in the operation of this PV-driven cooling system. However,
the simulation reflects not exactly the on-site situation, because of the following simplifications:
x The load of the PV system consists only of the chiller power consumption. In reality other parts of the
resort (e.g. kitchen, shop and office) are also powered by the PV system during daytime, hence frequency of the
power outages is likely to be higher.
x The power consumption of the auxiliary equipment of the cooling system, e.g. pumps, valves and control,
were neglected. They are powered by the PV system during daytime and by the diesel generator during
nighttime.
x The TRNSYS chiller model Type 655 requires a set temperature input, but the real chillers do not have a set
temperature; only the evaporation temperature can be adjusted through the expansion valve.
x The cooling load was estimated via space volume and psychrometric chart and not derived from measured
data. Furthermore, a binary value was used for the occupancy due to limited booking data.
x

On the thermal load side, the water tank and 4 FCUs were replaced by a single FCU and a tempering valve.

x The charging process of the TES was only calibrated by a data set of 8 h and the discharging process was
not calibrated.
x

Pipe losses were not considered in this simulation.

Further work on enhance the simulation model will be done. Subsequently, three main topics will be addressed to
complete the case study:
x A parametric study to size a battery storage, a chilled water tank and an ice storage tank for the prototype
system.
x

An economic analysis of the PV-driven cooling system at the LooLa resort.

x A comprehensive comparative study of the PV-driven cooling system with the three different energy
storage solutions compared to a baseline system powered by a diesel generator in terms of energy and economic
performance.
Eventually, the modelling and analysis shall be generalised towards a workflow that can be applied to various cooling
applications.

1794

C. Luerssen / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

8. Acknowledgements
The study is part of a research project funded by the LooLa Adventure Resort. The authors gratefully acknowledge
the cooperation with the local LooLa staff in Bintan and the CEO, Dr. Marc van Loo. Moreover, we want to thank
Shantanu Vachhani, a SERIS intern, for investigating various TES models and selecting the ice tank model for this
paper. We are glad to be able to fall back on his work, when selecting the ice tank model for this paper. Last but not
least, we are more than grateful for the selflessness of Dr. Andreas Heinz who provided the utilised ice tank model
(Type 843) for this study.

9. References
Arteconi, A., Ciarrocchi, E., Pan, Q., Carducci, F., Comodi, G., Polonara, F., Wang, R., 2017. Thermal energy storage
coupled with PV panels for demand side management of industrial building cooling loads. Applied Energy 185,
1984–1993.
Chan, A.L.S., Chow, T.-T., Fong, S.K.F., Lin, J.Z., 2006. Performance evaluation of district cooling plant with ice
storage, Energy 31, 2750–2762.
Eicker, U., Colmenar-Santos, A., Teran, L., Cotrado, M., 2014. Economic evaluation of solar thermal and
photovoltaic cooling systems through simulation in different climate conditions: An analysis in three different cities
in Europe. Energy and Buildings 70, 207-223.
Eltawil, M.A., Samuel, D.V.K., 2007. Vapour Compression Cooling System Powered By Solar PV Array for Potato
Storage. Agricultural Engineering International: the CIGR Ejournal. Manuscript EE 06003. Vol. IX.
Foster, R., Jensen, B., Dugdill, B., Hadley, W., Knight, B., Faraj, A., Mwove, J.K., 2017. Direct Drive Photovoltaic
Milk Chilling Experience in Kenya. IEEE Photovoltaic Specialists Conference 44.
Ewert, M.K., Bergeron, D.J., Foster, R.E., LaFleur, 2002. Photovoltiac direct-drive, battery-free solar refrigerator
field test results. Solar 2002 - American Solar Energy Society.
Lerch, W., Heinz, A., 2012. Solare Wärmepumpen – Kombianlagen inkl. Abwasser Wärmerückgewinnung:
Energetische Bewertung durch dynamische Anlagensimulationen in TRNSYS, Solar 2012, Gleisdorf (Austria).
Merei, G., Berger, C., Sauer, D.U., 2013. Optimization of an off-grid hybrid PV–Wind–Diesel system with different
battery technologies using genetic algorithm. Solar Energy 97, 460–473.
Noro, M., Lazzarin, R.M., 2014. Solar cooling between thermal and photovoltaic: An energy and comparative study
in the Mediterranean conditions. Energy 73, 453-464.
Otanicar, T., Taylor, R.A., Phelan, P.E., 2012. Prospects for solar cooling – An economic and environmental
assessment. Solar Energy 86, 1287-1299.
Sehar, F., Rahman, S., Pipattanasomporn, M., 2012. Impacts of ice storage on electrical energy consumptions in
office buildings, Energy and Buildings 51, 255–262.
Souayfane F., Fardoun, F., Biwole, P., 2016. Phase change materials (PCM) for cooling applications in buildings: A
review. Energy and Buildings 129, 396–431.
Wang, R.Z., Ge, T.S., 2016. Advances in Solar Heating and Cooling, Elsevier, United Kingdom.

1795

ISES Solar World Congress 2017

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

Sensitivity analysis on the technical and economic performance of
thermal and PV driven solar heating and cooling systems
Daniel Neyer1,2 and Rebekka Köll3

3

1

daniel neyer brainworks, 6700 Bludenz (Austria)

2

University of Innsbruck, 6020 Innsbruck (Austria)

AEE INTEC, Feldgasse 19, 8200 Gleisdorf (Austria)

Abstract
Solar heating and cooling is proposed to be an environmental sound alternative to conventional systems. Both,
solar electrical and thermal driven systems can be a suitable solution and are currently under a controversial
discussion. Therefore, the comparison of technical and economic performance of Solar Heating and Cooling
(SHC) systems becomes a major issue. The assessment in a common comparable format is complicated by the
numerous, alternative energy sources and design possibilities. A generalized technical and economic assessment
methodology was developed and tested in the course of IEA SHC Task 53.
Ten case studies and best practice plants were analyzed and compared. All systems can achieve non-renewable
primary energy savings greater than 40%, and some can show up a cost ratio lower than 1. Trend wise the PV
and ST system are compared for southern and northern locations. Although the differences are rather small solar
thermal seems to have advantages against PV driven systems. But in certain cases the situation is reversed and
PV is advantageous.
A comprehensive sensitivity analysis on boundary conditions is showing the technical and economic
performance in the same range for solar thermal and PV. Finally the analysis points out that both technologies solar thermal and PV driven systems - can become an economic solution.
Keywords: Solar heating and cooling, assessment, benchmarking, solar thermal, photovoltaic

1. Introduction
The growing comfort demand and the increasing number of highly glassed buildings will provoke a further
increase of the energy demand for cooling in future. Therefore the usage of an environmentally friendly cooling
technology is inevitable. Solar cooling is an interesting alternative to conventional cooling systems when
considering a significant reduction of non-renewable energy consumption. An increase on realized solar cooling
systems could be observed in the past.
Solar cooling systems have a high diversity of different system designs including different cooling technologies
as well as different combinations with renewable or non- renewable backups and storage tanks. In addition the
systems are often designed to cover space heating or domestic hot water demand as well.
The IEA SHC Task 53 “New generation solar cooling and heating systems” is dealing with the cost
effectiveness and performance of the latest solar cooling and heating systems to make them competitive on the
market. (Mugnier, 2016).
One focus is on the analysis and benchmark of solar heating and cooling systems (SHC) against a reference
system but also against other renewable technologies. Therefore an overview of realized as well as simulated
systems in field tests or laboratory tests has been collected. The most important design issues are described and
summarized. Some representative systems are selected for the detailed technical and economic analysis with a
tool developed in the Task.
The T53E4-Tool is an enhanced Version of earlier developments in IEA SHC Task 48 and enables the
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comparison of different system designs. It considers several renewable and non-renewable energy sources as
primary heat source or backups, as well as different types of heating and cooling technologies in combination
with hot or cold storages. A more detailed analysis is separating the results by their applications (e.g. space
heating, domestic hot water or cooling). This ensures that the analysis distinguishes further optimization
potentials but the analysis also highlights good performing subsystems. An overview of considered energy flows
and division of the subsystems is shown in Fig. 1.

Fig. 1. Energy-flow-chart of all system components that can be taken into account for the assessment by consideration of the
different subsystems in T53E4-Tool (Neyer et al. 2016)

The main focus of the analysis is on the comparison of solar-thermal and PV driven SHC systems. In the last
years more and more conventional compression chiller/heat pumps are combined with a PV system, which is
less complex and difficult to control than a solar-driven system. The assessment of the plants should lead to the
conclusion which system is more cost effective and can lead to higher reduction of non-renewable energy
sources. A number of simulated and demonstrated systems were selected and analyzed with the T53E4-Tool. In
total 18 SHC systems are considered; their apportionment between technologies and data source is shown in
Fig. 2.

Fig.2: Overview of chosen SHC systems for the assessment summarized by the used technology (left) and the source of annual data
for the assessment (right).

Eight of the selected systems are solar thermal driven systems, whereas 5 have thermal backups and 3 an
electrical (HP). Eight systems are PV-driven and the remaining 2 include both, PV and solar thermal collectors.
Most of the data analyzed is a result of simulation which offers the advantage to compare the same load-profile
with different technologies. Five plants are in operation and the monitored data were analyzed.
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Tab. 1: Nomenclature and Subscripts
ACM
AHP
AWHP
C
Can.i

Absorption chiller
Absorption heat pump
Air water heat pump
Cooling
Annualized costs of i categories

Can.tot

Total annualized costs

CR

Cost ratio (-)





MON
NRE
out
PER

Monitored
Non-renewable energy
Output
Primary Energy Ratio (-)
Non-renewable primary energy
PERNRE.ref
ratio of reference system
Primary energy ratio of solar
PERNRE.sys
system

Qout,cold
Qout,heat
QPV,in
QSolar,in
QWD.sys
ref

reference system

SEER

Seasonal Energy Efficiency
Ratio (-)

ε

Total levelized costs of reference
system
Total levelized costs of solar
heating and cooling system
Domestic electricity
Domestic hot water
Primary Energy Factor
(kWh/kWhPE)

EC

Energy Carrier (=fuel)

Qel,ref

Electrical demand of reference
system

SPFc,ref

el

Electrical

Qel.sys

Electricity demand

sys

equ

equivalent
Non-renewable primary energy
savings
Heat Pump

Qgrid

Electricity from grid

VCC

QHD.sys

Heat demand

Qloss,ref

Heat losses of reference system

Ctot,ref
Ctot.SHC
DE
DHW

fsav.NRE
HP

Useful cold
Useful heat output
Electricity from PV system
Heat from solar collector
Domestic hot water demand

Q

Energy

SF

Solar Fraction

QBackup

Energy from backup source

SH

Space heating

QCD.sys
QDC.sys

Cold water demand
District cooling demand

SHC
SIM

Solar Heating and Cooling
Simulated

QDH.sys

District heating demand

SPF

Seasonal Performance Factor (-)

HB,ref

Seasonal performance factor of
cooling for reference system
Overall system (C & DHW &
SH)
Vapour compression chiller
Efficiency of reference boiler

2. Methodology
2.1 Assessment – T53E4-Tool
The T53E4-Tool enables a technical and an economical comparison of renewable and non- renewable systems
for heating and cooling. The analysis is based on monthly energy balances of heat and electricity. For an entire
assessment the values have to include annual measured or simulated energy quantities. The defined KPI’s are
compared to a reference system defined in Neyer et al (2016). The reference system uses a natural gas boiler for
heating and an air cooled vapor compression chiller (VCC) for cooling. The efficiency of the reference system is
depending on the size (technology), energy delivered (full load) and other parameters. The reference system is
used to compare the technical and economic performance of the entire SHC system and to calculate the primary
energy savings and cost competitiveness.

Technical Assessment
The key performance indicators (KPI) that are calculated are the non-renewable Primary Energy Ratio
(PERNRE), the non-renewable primary energy savings (fsav,NRE) and the electrical equivalent Seasonal
Performance Factor (SPFequ). They are considered as appropriate indicators for the comparison of the high
diversity of SHC systems analyzed with the T53E4-Tool. The KPI’s are calculated by the tool for the overall
system, as well as the subsystems.
•

Non-Renewable Primary Energy Ratio

The non-renewable primary energy ratio (PERNRE) is calculated over a longer period of time (annual or
monthly). It is defined as the ratio of useful energy, supplied to satisfy the needs of the application (DHW, SH,
Cooling), to non-renewable primary energy input from any energy source (electric or thermal) used within the
defined system boundaries.















(eq. 1)

The higher the PERNRE (in a magnitude of 1 to 2.5) the less non-renewable energy is used by the SHC system to
cover the heat and cold demand.
The reference System PERNRE, ref is also calculated for the equal heat and cooling demand. The reference system
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calculation follows Napolitano (2011) and has a natural gas boiler for covering the heat demand and an aircooled VCC system for cooling. It includes a small hot water storage for domestic hot water (DHW) purposes
and a cold storage volume for a smooth operation of the air cooled VCC. The T53E4-Tool also provides the
possibility to define a specific reference case for individual assessment, but here the defined standard reference
system is used.

  !"#$%
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(eq. 2)

Non-renewable primary energy savings (fsav.NRE)

The fsav.NRE compares the PERNRE.sys of the entire SHC system to the PERNRE.ref.
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(eq.3)

The result for fsav.NRE is always below 1 and shows the non-renewable primary energy savings of the SHC
system compared to the reference system. A high value indicates also a high solar fraction and low energy input
from fossil derived fuels. A negative value points out that the SHC system has a higher non-renewable primary
energy consumption than the reference system and no savings could be achieved with the SHC system.

•

Electrical equivalent Seasonal Performance Factor (SPFequ)

However, values for PERNRE are not directly comparable with any widely available industry figures of merit
such as the EER or SEER of a vapor compression chiller. Therefore the electrical equivalent Seasonal
Performance Factor was introduced and enables a comparison with the SEER of VCC systems or the SPF of
electric driven heat pump systems. All energy flows are converted into electrical equivalent units by dividing the
PERNRE with the primary energy factor of electricity (LMN )

OP$QR
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S-0

&'()
&-045*T 45US-0
45

(eq.4)

Economic assessment
The bases for the economic assessment are the total annual costs of the system. This is the sum of the annual
costs for investment, replacement, residual value, maintenance, energy and water costs and is calculated by the
T53E4-Tool by inserting information of the type and size of system components. If the real costs are known the
tool enables the possibility to enter the specific values. The annualized costs for the entire system are calculated
by using the annuity method. The calculation for investment costs are considering economy of scale prices,
which means that the capacity of the components is taken into account when calculating the specific costs. The
maintenance, energy and water costs are based on the consumption and are defined under the consideration of
VDI 2067. All the costs (investment, replacement, residual value, maintenance, energy and water costs) are
expressed in annualized costs Can and summed up to the total annualized costs Can.tot of the SHC system. The
Levelized Costs of Energy is the ratio of annualized costs and the overall annual useful energy provided to the
application.

VWX

Y.5+)')
&?Z+1H1&Z?+1H1&8Z+1H1&[Z+1H1&Z8+1H1&-0+ZG

(eq.6)

Since the uncertainties in cost calculation are varying, the comparison of absolute costs of different SHC
systems is resigned and the economic assessment concentrates on the cost ratio by comparing the total levelized
energy costs of the SHC system Can.tot-SHC to the total levelized energy costs of the reference system Can.tot-REF.

W

\Y]!<8?
\Y]!FG>

Y.5+)')^<8?
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(eq.7)
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2.2 Examples
The 10 examples (with extra 8 variations) included in this work are described briefly and summarized in table 2.
•

Example 1, SERM (Mugnier, 2015)

The SHC system of the SERM project is realized for a building with different purposes: offices, dwelling and
shops in the urban zone “Jacques Coeur” in Montpellier, France. The system provides cooling mainly for the
office and shops and domestic hot water for the dwellings. The centralized system consists of 240 m² flat plate
collectors, 1.5 m³ buffer storage, a single stage adsorption chiller with a capacity of 35 kW and a hybrid cooling
tower (adiabatic aero-cooling device) with a capacity of 85 kW. As backup for DHW purpose a natural gas
boiler with a capacity of 70 kW is installed.

•

Example 2, iNSPiRe (Fedrizzi et al., 2015)

The iNSPiRe project has created a simulation data-base of performance and costs of different HVAC systems at
an extensive variation of boundary conditions in the field of refurbishment. Some crucial examples are selected
for the analysis. A single-family house, as well as a multi-family house, with different solar thermal collector
field areas or amount of PV modules or a combination of solar thermal collectors and PV at the locations
Madrid and Stuttgart are analyzed. In all cases space heating (SH), cooling and domestic hot water production is
provided with a centralized air to water heat pump which is connected to a 430 l tank for DHW and SH.

•

Example 3, ZAE (Sipilä et al, 2017)

Within the finish-german joint research project “Solar Heating and Cooling for Central and Northern Europe” a
small scale solar thermal cooling (10 kW) and heating (24 kW) plant was installed at the Savo-Solar headquarter
in Mikkeli, Finland in 2016. It is designed to supply the office building of Savo-Solar. The system consists of
the main components solar-thermal collectors, vacuum insulated storage tank, dry air cooler and reversible
absorption chiller/heat-pump. The main heat source for driving the chiller is a solar thermal collector field with
36 m² aperture area. A wood chip fired district heating access serves as backup heat. In summertime, cooling is
done by an advanced single-effect absorption process. At insufficient solar radiation, the driving heat is
provided by the heat storage or the district heating network. In wintertime the system works as thermal driven
heat pump, using the biofuel fired district heat to upgrade ambient heat to a useful temperature level.

•

Example 4, UMH DHW (Aguilar et al., 2016)

In this example an air to water heat pump is used for the preparation of domestic hot water with a nominal
heating capacity of 1.5 kW. The electricity consumption of the heat pump is covered by two PV modules with
470 Wp or electricity from the grid. The system also includes a buffer tank of 190 l and is located at the
university in Elche, Spain. The DHW demand is 6.26 kWh/d distributed in 6 extractions.

•

Example 5, UMH HVAC (Aguilar et al, 2017)

A PV-driven HVAC system is realized in an office with a heated/cooled area of 35 m² in Alicante, Spain. The
inverter air-conditioner is used to cover the cooling and space heating demand of the office. The cooling
capacity is 3.52 kW, whereas the heating capacity is 3.81 kW. It is connected to three PV panels with 705 Wp as
well as to the grid to provide the necessary electricity consumed by the HVAC system. The indoor temperature
was set to 23ºC in cooling mode and the relative humidity was not controlled.

•

Example 6, Högskolan Dalarna (Psimopoulos et al. 2016)

The simulated house is a typical Swedish single floor, single family house with a heated area of 143 m² placed
in Norrköping. A variable speed, exhaust air heat pump (HP) with a capacity of 5 kW delivers heat both for SH
and DHW. A hot water storage tank of 180 litres is used for DHW. If the heat from the HP is not sufficient an
electrical auxiliary heater with a power of 6.5 kW is turned on. The system also includes a 5.7 kWp PV System
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and lithium-ion battery storage with a capacity of 7.2 kWh.

•

Example 7, AEE INTEC (Fink, 2011)

The SHC system is applied for heating, domestic hot water and cooling of a small juice producer. The heat is
produced by 100 m² of double-glazed flat plate collectors and as a backup-heater a wood chip boiler with a
capacity of 100 kW is used. The heat is stored in a 20 m³ buffer storage and connected to a single-stage
absorption chiller with a capacity of 19 kW and a dry cooling tower with a capacity of 50 kW. The chilled water
is used for the juice refrigeration only. If no cooling is needed the heat is used for the juice production process,
for DHW preparation or to cover the space heating demand of the residential house next to the juice production.

•

Example 8, TheBat (Thür et al., 2016)

In the project “TheBat” a single family house located in Innsbruck is simulated with different control concepts
with the goal to maximize the PV-self consumption by using a heat pump and the available heat capacities in the
building as “thermal battery”. The chosen example is covering the space heating and domestic hot water demand
with a brine heat pump with a thermal capacity of 10 kW. The HP can charge a water storage (TES) or directly
heat the building via thermal activated building structure (TABS). The heat pump is controlled by matching the
compressor speed to the available power of the PV and store the produced heat preferably in the TABS or the
TES. First, the electricity from the PV is used for running the HP, the remaining electricity is fed into the grid
(no household electricity consumption is considered in the simulation studies).

•

Example 9, SolarHybrid (Neyer et al 2016a)

In the project SolarHybrid a solar thermal and PV driven HVAC system for a hotel located in Innsbruck and
Sevilla is simulated. The cooling of the hotel is provided by a vapour compression chiller (VCC) in combination
with an ammonia/water-absorption chiller (ACM). A solar thermal (ST) driven system is compared with a PV
supported system. The ST feeds a hot water storage tank, which is used to ensure the heat supply and operation
of the ACM. A natural gas backup boiler is used for DHW and SH only. The ACM is used to cover the base
load (19 kW) and the conventional VCC (70 kW) covers the remaining demand using grid electricity. Both
refrigerators operate with dry back-cooling. The PV supports the heat pump, which operates reversible and feeds
the hot water storage tank for domestic hot water and a cold water storage. A PV area, which is designed
exclusively for the operation of the reversible HP complements the system.

•

Example 10, Yazaki (Inagaki et al. 2017)

The passive house office is located in JINAN in P.R.China, a humid continental climate. The thermal energy for
the solar collector fields of 110 m² is stored in a 5 m³ hot water tank. In summer case the heat is used to run the
absorption chiller (WFC10) with 35 kW nominal capacity and the heat is rejected via a wet cooling tower. The
chilled water is stored in a 1.5 m³ tank and complemented by a reversible air-water electrical heat pump. The
energy is delivered into the rooms over a radiant ceiling and the ventilation unit. The ventilation unit includes a
heat recovery system, a pre heating/cooling coil, a 20 kW air-air heat pump as backup and the re-heating coil.

A summary of the most important information of the plants is shown in Tab. 2. The solar fraction should give a
hint weather the plants are designed for full load (100%) or base load (<30%) only. The solar fraction for
thermal (SFth) or PV-driven systems (SFel) is calculated according to Eq. 8 and Eq. 9 respectively.

OP_`
OP$f

&1'0.245
a&1'0.245 &b.:c(d e
&=g45
a&=g45 &h24; e

(eq. 8)
(eq. 9)
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Tab. 2: examples analyzed with T53E4 Tool

Capacity (kW)

Type

Capacity (kW)

240

74

natural gas

70

ACM

35

PV

4.8

5

2a

ST

27.6

39

2b

PV

4.8

25

ST

27.6

46

MON

Type: DHW / SH / C

ST

1

Monitored (MON)
Simulated (SIM)

133 / 9

Plant #

Type

Chiller

Solar fraction (%)

Boiler

Size: ST (m²), PV (kWp)

Solar

Technology: ST / PV

Demand
Energy demand (MWh)

Status

DHW
C

2
11 / 28 / 21

34
DHW
2c

SIM

11 / 25 / 8

SH
C

2d

Reversible
AWHP

el: 54
8

9.2 & 2.4

8

th:56

2/5/1

el: 40

3

MON

SH / C

17.2 / 1.8

ST

36

32

reversible
AHP

24

reversible
AHP

15

4

MON

DHW

3 / 3.5

PV

0.47

35

AWHP

1.5

-

-

5

MON

SH/C

2.2

PV

0.705

42

split

3.81

split

3.52

6

SIM

SH/DHW

14.3 / 3

PV

5.7

27

air HP

5

-

-

7

MON

SH&DHW/
process heat/C

62 / 30 /
4.5

ST

100

25

wood chip
boiler

100

ACM

19

8

SIM

DHW / SH

2/7

PV

2.5

49

HP

10

-

-

ST

720

35

ACM

19

VCC

70

PV

84.5

27

VCC

80

9

562 / 545 /
82

9a
SIM

DHW / SH / C

9b

541 / 534 /
299

9c
10

1802

Reversible
AWHP

th:58

2/5/3
PV &
ST

2e

34

SIM

SH / C

9 / 32

ST

720

66

PV

84.5

52

ST

111

45

Natural
gas

Reversible
air HP

500

61

ACM

19

VCC

100

VCC

110

Reversible
air HP

51
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3. Results
A wide variety of SHC systems is included in the assessment. Systems with different heating and cooling
technologies, with different capacities, with simulated and monitored data base as well as a mixture of cooling,
space heating and domestic hot water application were selected. An overview of the selected systems on basis of
the total capacity and the type of heat source technology is shown in Fig. 3:

Fig.3: distribution of annual energy demand between cooling (C), heating (SH) and domestic hot water (dhw); numbers in the bars
are in MWh; arranged according to the Technology used and total installed heating and cooling capacity (kW)

Seventeen systems include DHW demand, fifteen systems include cooling and sixteen systems include SH. In
total eleven systems cover all three demands: SH, DHW and cooling. There is also a wide spread in the size of
the systems. The total installed heating and cooling capacity of the systems is between 2 kW and 630 kW, but
more than half of the systems are in the range between 10 kW and 130 kW. The graph also illustrates the total
yearly energy demand in MWh. Whereas the smallest system covers a heat demand of 2 MWh/y the highest
total energy demand which is covered by a system is 1190 MWh.
The base of the economics is presented in Figure 4 by showing the specific investment cost of the entire system
and the related reference system. The ratio of investment (InvestSHC/InvestREF) is calculated and shown in
connection with the achieved non-renewable primary energy savings (fsav.NRE).

Fig.4: specific Investment costs for each SHC plant and corresponding reference system according to T53E4 Standard (left axis);
Investment ratio (SHC/REF) and non-renewable primary energy savings (right axis); arranged according to the Technology used
and total installed capacity (kW);

All costs are compiled with the Task 53 Standard values. Trend wise the smaller systems and those with higher
savings show higher absolute investment costs and higher investment ratio. But both values are further
influenced by the design (size of components, storages…) and the choice of components (HP vs. boiler, etc.).
Comparing ST and PV systems produces an equal picture. Roughly half of the plants present investment costs
higher 1’500 €/kW, the other half costs below 1’000 €/kW.
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The investment is usually the main cost factor, but the total cost also include cost for replacement, electricity,
energy carrier, water, maintenance and for grid connected PV systems the feed-in remuneration. The total
annualized cost distribution of all systems is shown in Figure 5. The more energy a system is providing the
higher the ratio of energy costs; the smaller the system the huger is the ratio of investments. The ratio of
investment costs varies from roughly 30% up to almost 60%; if replacement costs are considered the ratio
related to investment adds another 5-10%. Maintenance cost ratios are slightly higher for the solar thermal
driven system compared to PV supported system. A high PV self-consumption can be observed in almost all
system thus the feed-in remuneration does play a minor role.

Fig.5: annualized cost distribution for each SHC plant; the fraction for investment, electricity, energy carrier and maintenance are
stated in the bars; arranged according to the Technology used and total energy demand (MWh)

Figure 6 presents the summary of non-renewable savings in relation to the entire costs, expressed as CostRatio
(CR). Each plant is represented as individual dot. The CR is displayed in reversed order thus the more cost
effective and the higher the savings the more the results appear in the upper right side. Further 4 trend lines are
drawn summarizing the results technology and location wise.

Fig.6: CostRatio (CR) in reverse order vs. non-renewable primary energy savings (fsav.NRE); cluster in four groups
(i) PV supported system in southern climate (PV-S), (ii) PV system in northern climates (PV-N),
(iii) solar thermal supported system in south (ST-S), (iv) solar thermal system in north (ST-N)

The clustering for the trend lines of the results is arranged in the following order (i) PV-S: #2, #2d, 9c; (ii) PVN: # 2b, #2e, #6, #8, #9a; (iii) ST-S: #1, #2a, #9b, #10; (iv) ST-N: #2c, #3, #7, #9. Only plant #4 and #5 cannot
be clustered as they are a not comparable in size and technology used. The quantity of examples is not high
enough to dare on the trend lines; nevertheless they can be used for general statements and to show the results of
the sensitivity analysis.
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Considering the cost ratio, it can be seen that the majority of systems can compete with a conventional system or
are even more cost efficient. The most effective plants are PV driven #4, #5 and ST driven #9b, #10 and #1.
They represent a good relationship of cost and savings. All these plants have a year around solar usage and
either a low investment ratio (small plants) or a low share of investment costs of total annualized costs. ST
systems in north and south represent more even gradient than the PV driven systems. The southern locations
represent more efficient (higher savings) and more economic (higher solar yield) systems. In southern location
the trend lines cross each other, in the northern location the trend line of ST reclines higher. This indicates that
solar thermal at the same saving is cheaper than PV or at the same CostRatio the solar thermal can reach higher
saving. This might be true as a general finding but individual example (especially #2) show reversed
conclusions. Thus the trend line and their interpretation should be used with care!
The question arises whether the chosen boundary conditions are affecting the results or if the design and
location is more important. Thus a sensitivity analysis was performed and the effect is shown by means of the
shift of the trend lines. The parameters that are varied are the total investment costs (40%~130%), the electricity
price (50%~350%), the natural gas price (50%~200%), the conversion factor for electricity (80%~140%) and
the electrical efficiency of the systems (90%~200%). As not all results can be presented in this paper two
(investment costs in Fig. 7 and electrical efficiency in Fig.8) are selected and discussed here, all other will be
published in the course of IEA SHC Task 53.
The result of the sensitivity analysis on investment costs is shown in figure 7 in two diagrams separated
according to the location. The results for ±15% of the initial costs are presented in figure 7 in red (+15%) and in
blue (-15%). It is obvious that if the costs are dominated by investments the CostRatio will response more
intense than if the investment costs ratio is smaller. The analysis will only affect the CostRatio, the nonrenewable primary energy savings keep unaffected.
In the northern locations (Fig 7. left) the +15% in solar thermal and -15% in PV systems are overlapping
strongly and the results get equal. The same behavior occurs in the southern locations. If the investment costs
are changed in the same direction (e.g. -15%) in norther location the difference gets smaller (PV is more
investment driven), in the southern locations the difference gets larger (ST is more investment dominant). The
effect of minus 15% can take shape in a magnitude of -5 to 20 %points in the CostRatio

Fig.7: sensitivity analysis on investment costs; +15% investment in red; -15% investment in blue; for northern located system (left)
and south located system (right)

The sensitivity analysis on the electrical efficiency of the systems is shown in figure 8. The electrical efficiency
is changed by changing the total grid electricity drawn by the entire system. The effect is shown for +25% (red)
and for +40% (blue). It is obvious that if the system is electricity driven and the larger the electricity costs ratio
is, the more sensitive a system will be. The sensitivity analysis will affect the cost ratio (lower electricity cost)
as well as the non-renewable primary energy savings.
For both locations the gap between PV driven and solar driven system gets smaller. Even with (probably
unrealistic) 40% efficiency increase the solar thermal systems keep upfront the PV systems. In general the lower
efficient systems (lower fsav.NRE) benefit more than the already high efficient systems. Thus curves shift to the
right and the gradients get steeper. If the efficiency could be increased by 25% the savings increase by a factor
of 10 to 15%points, the CostRatio keeps almost unaffected (up -5%points).
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Fig.8: sensitivity analysis on electrical efficiency changes (+25 % red lines; +40% blue lines) for northern located system (left) and
south located system (right)

The other sensitivity analyses are showing a similar picture. Decreasing costs lead to lower CostRatio’s
increasing the efficiency increases the non-renewable primary energy savings and reduces the CostRatio. The
natural gas costs effects all system as the reference system is a natural gas boiler. Within a reasonable change of
boundary conditions (±20~30%) the magnitude of change in key figures can be expected in the range presented
within the two analyses.
Overall it falls into place that with a clever design and a decrease of investment costs the solar technologies are
already less expensive than a conventional system for heating and cooling applications or can reach cost equity
with minor effort.

4. Summary & outlook
A comprehensive tool was developed in the course of IEA SHC Task 53 and is available for the analysis and
assessment of new generation of solar heating and cooling systems. The key figures that are calculated allow a
benchmarking and simplify the comparison of different system configurations. The T53E4-Tool can be used to
benchmark against a standardized reference systems or against other renewable heating and cooling
technologies. Still, the comparability is challenging if applications and configurations are mixed. Nevertheless, a
trend wise comparison of magnitudes can definitely be achieved. The T53E4-Tool is expected to be published in
2018.
The methodology presented is based on monthly energy balances and focusing on non-renewable primary
energy. Thus the results are depending on the non-renewable primary energy conversion factors which depend
on the season (summer / winter), daytime (peaks), on political decision (balancing methods) and the
repercussion of the entire system on factors itself. Future developments of costs but also primary energy
conversion factors are difficult to forecast. Thus a sensitivity analysis on the influencing boundary conditions
should be performed anyway.
A majority of the systems can be classified as small or medium scale systems. The economics are investment
dominated and the electrical or thermal efficiency is of minor order. Nevertheless a high efficiency is essential
for acceptable non-renewable primary energy savings, being aware that the efficiency or technology of the
reference system will change in future.
The southern locations represent more effective (higher non-renewable primary energy savings) and more
economic systems mainly due to higher solar yields. Southern examples can already reach CostRatio’s below
one. Accordingly the systems are cost competitive compared to the standard reference system calculated within
the T53E4-Tool.
Summarizing the comparison of ST and PV driven system expresses a clear conclusion that ST is more effective
at lower costs. Nevertheless the difference is probably within the uncertainties and when changing the boundary
conditions accordingly the results are overlapping. In the end the advantage of the one or other technology is
depending on local conditions, the design of the plant and its control strategies. Both Technologies can be
optimized intensively to become cost competitive and an attractive alternative compared to conventional heating
and cooling systems.
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Abstract
This study presents the coupling of a solar-electric driven air conditioning system (VRF, 3-pipe) with
thermal storages based on Phase Change Material (PCM). The main objectives are the reduction of PVrelated peak feed-in, to give a possibility for applying Demand Side Management and increasing selfconsumption of such grid-connected PV-HVAC systems. To accomplish these goals the PCM-storage will be
implemented directly in the refrigeration cycle of the system. Using PCM whose melting temperatures are
adapted to the cooling process, cold/heat could be used directly without additional brine loops, accompanied
by a negative effect on the EER. Furthermore the storage can be used to improve the system efficiency in
case of discharge, which lowers the electrical demand when it is appropriate to reduce grid stress. Key issues
are the development of the heat exchanger for the storage, the storage integration in the refrigeration cycle
and the control strategies how to use the PCM-storage.
Keywords: Air Conditioning, Variable Refrigerant Flow (VRF), PCM, Heat Exchanger, Two-Phase-Flow,
PV self-consumption, Demand Side Management

1. Introduction
Air Conditioning and heating based on electrically driven heat pumps is worldwide increasing in residential
as well as in business buildings. Due to easy installation and easy access of the energy source/heat sink,
air/air based systems are getting more and more relevant. The capability to store energy is limited in these
systems. Systems with electric battery are expensive and sensible thermal storages do not fit well to the
refrigeration cycle due to exergetic losses. The ability to store energy is mandatory to achieve better
integration of PV-production for such combined systems. Especially in future when the numbers of
installations will increase and capability to store energy is not given, a significant, negative impact on the
electrical grid is expected, because the peak of cooling demand does not correspond to the peak of PVproduction during the day.
The project approach is to integrate a thermal PCM-based storage into the refrigeration cycle of an air/air
based 3-pipe VRF system. The efficiency of a heat pump corresponds directly to the temperature lift the
compressor has to overcome. The approximately constant temperature of PCM at phase change can cause
significant advantages in the system efficiency compared to sensible storage materials (Loistl et al., 2016).
Therefore it is mandatory to choose materials whose melting temperature is appropriate for the desired effect
of the heat storage, acting as heat sink, heat source or subcooler for the refrigeration cycle or as direct
heat/cold storage.
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2. Modelling Phase
Several melting temperature ranges can be taken into account for implementing the PCM into the system. To
get an idea which ranges will be most promising for the integration of PV-production and for the design of
the entire system, load and PV-yield simulations have been made in TrnSys. The model consists of transient
load simulations of a specific office building in which a pilot installation, based on a 3-pipe VRF system will
be built up. Furthermore it contains transient PV-yield simulations, varying the installed peak-power. To
simulate the theoretically possible thermal supply of the PV-driven heat pump the model is also fed with
ambient temperature- and part load- dependent data of the EER/COP.
To gain reliable load data of the specific building, the known building characteristics and its geometry had
been set up in the TRNBuild Editor. The building which is considered is located in Garching, in the south of
Germany. It can be classified as a light construction building. The heating and cooling system supplies
offices, laboratories and a small server room. The major part of the equipped building is shown in Figure 1.

Figure 1 Main part of the institute building which will be equipped with Indoor Units (IU).

The main thermal features and data of the building are shown in table 1.
Tab. 1: General data and main thermal features of the modeled institute building in Garching.

Main thermal features of the building
U Value
Wooden structured external wall

0.24 W/m²K

External Roof

0.18 W/m²K

On-ground concrete floor slab

0.25 W/m²K

Insulated glazing

1.1 W/m²K

General data of building
Location

Garching, N 48°15´, E 11° 40´

Floor surface Offices

160 m²

Floor surface Laboratories

150 m²

Air change rate

40 m³/h∙person

Cooling/Heating set point temperatures

24 °C – 21 °C

For the PV-yield simulation the Standard TrnSys Type 194b for Photovoltaic-Arrays including inverter
losses is used. For the investigation the reachable PV-yield was maximized using PV-panels facing south
with an inclination of 30°. Under typical operating conditions, there is only limited congruence of PVgenerator yield and electric building load. Thus, the storage is applied in order to accomplish a better match,
avoiding losses of the possible PV-yield.
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The pilot installation will be equipped with a Fujitsu V-II R VRF-System. To implement this system to the
model the part-load and ambient temperature dependent data was fed in. This data is published by Fujitsu
down to a part-load-ratio of 50%. (Fujitsu, 2014)

Figure 2 Electrical Load depending on ambient temperature and part-load ratio for cooling (left) and heating mode (right).
Database for Fujitsu V-II R Type 72GALH with a rated cooling capacity of 22.4 kW and a rated heating capacity of 25 kW.
The nominal electrical load is specified with 5.5 kW.

Figure 2 shows the electrical load of the Outdoor Unit 72GALH of the Fujitsu-System. Every curve
represents a different part-load of the system in a range from 50% to 100%. Down to a part load ratio of 50%
the EER as well as the COP depends mainly on the ambient temperature and only slightly on the part load of
the system. A curve fitting method was used to get continuous data for the electrical load within the known
ranges. Using the entire model it is possible to determine sizing and design parameters. Also an assessment
of storage temperature levels can be made with the target of maximum reduction of grid stress caused by PV
feed in.

Figure 3 Autarky and self-consumption of system for different PV-installation (left). Specific remaining grid feed-in (right).

Figure 3 on the left hand side shows the possible autarky and self-consumption rate of the PV-HVAC system
according to the electric power ratio of installed PV power related to the electric power rating of the heat
pump. The right hand side shows the remaining grid feed-in during cooling and heating according to the
above mentioned power ratio. Weniger et al. (2015) already shows that oversizing of the PV-generator in
PV-storage systems leads to a saturation of autarky, while self-consumption is decreasing. Consequently,
PV-peak feed in to the grid is increased. This effect can only be reduced by non-economic, oversized
storages. The residual feed in to the electrical grid on the right figure is divided into the main cooling (blue)
and main heating (red) period. It can be seen clearly, that the major part of remaining grid feed-in appears in
cooling mode.
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The model is capable for analyzing the system design aiming at optimal matching of PV, heating and cooling
load and PCM-storage capacity. Figure 4 on the left hand side shows the amount of thermal energy which
can be charged (blue) and discharged (red) daily in July for different electrical power ratios of PV and VRF
(HP) system.

Figure 4 Daily charge/discharge potential of the storage. In July for variable PV-power (left). Daily charge/discharge potential
for the entire cooling period with a relation of PV-power/rated power (HP) = 1.1 (right).

While for small scale PV the storage cannot be charged during the day, large scaled PV installations cannot
use the stored energy the same day. The diagram on the right hand side shows the results for a slightly
oversized PV-plant with a fix power ratio of 1.1. Regarding the average thermal energy which can be
charged and discharged in one day during the whole cooling period, a storage capacity between 20 kWh and
30 kWh is found to be suitable for the considered system. It is important to say that this shows the maximum
capacity which can be used. Furthermore there can be limits for the useable capacity due to the refrigerant
cycle and the implementation/characteristic of the storage. Therefore another model for the cooling circuit
and for the PCM-storage had been set up in EES (Engineering Equation Solver). These models are described
in the upcoming Chapter.

3. Storage Implementation and Development
3.1. Possible Storage Implementations
As already mentioned there are different options for integration of a PCM-storage into the heat pump cycle.
With regard to the desired function different melting temperature ranges can be taken into account. Figure 5
gives a general overview of the different possible storage functions and their operation. The left side shows
the functions with the temperature range of each application, while on the right side a description of the
cyclic operation of the system is given with charging and discharging phases.
ܶ
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Figure 5 Different implementations of the Storage. Function of the storage with corresponding application temperature (left).
Phases of operation on the right for chiller (CH) and heat pump (HP) applications (right). (Loistl et al., 2017)
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For example configuration (1) represents a heat storage. In phase one the storage is charged with energy by
heat pump (HP) operation, using the ambient as heat source. Subsequently in phase 2 the energy can be used
for a heating purpose. Due to results of the TrnSys modelling phase, the possibilities to implement the
storage as central cold storage (5), or as subcooler, which can also be categorized as heat sink were
considered in more detail. For that purpose an EES model for the cooling circuit had been set up.
The model comprises enthalpy balances for the different steps of the refrigerant cycle characterized by the
state points listed in table 2. For the refrigerant the dataset of R410A is used, which is the common
refrigerant in state of the art VRF-systems.
Tab. 2: State points of the modelled refrigerant circuit.

Number

Definition

[1]

Beginning of Vaporising

[2]

End of Vaporising

[3]

Superheat of refrigerant

[4]

Hotgas after Compressor

[5]

Hotgas, beginning of Condensation

[6]

Liquid refrigerant, end of condensation

[7]

Liquid, subcooled refrigerant

The considered VRF-system operates with nearly fixed levels of evaporating and condensing temperatures.
The following log(p)/h diagrams respect that with the shown isotherms for TCondens and TEvap.
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Figure 6 log(p)/h diagram. Example for the calculation of the refrigerant cycle.

Figure 6 shows the cycle state points in a log(p)/h diagram as given in Table 2 for the common system
without any modifications of the refrigerant cycle. In this example the system works at its nominal cooling
capacity of 22.4 kW with an evaporating temperature of 9 °C and a condensation temperature of 50 °C. The
superheating is set to 4 K and the isentropic efficiency of the compressor is assumed to 0.7.
For a better understanding of the system, the storage configuration as subcooler is shown more detailed.
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PCM-Storage working as subcooler
One possible implementation of the storage is to use it as additional subcooler in the refrigerant cycle. The
idea using a thermal storage for subcooling the refrigerant is not completely new. The Electric Power
Research Institute in California already worked on a combination of a VRF-system using an ice-storage for
subcooling (Amarnath, 2009). The ice-storage there was charged in nighttime and discharged during the day
to prevent peak loads. The main difference to this approach in the present investigation is the possibility to
charge the storage in parallel to the regular cooling operation. Therefore it will be possible to charge the
storage when PV-peaks occur.
First a simplified P&ID scheme of each storage implementation in case of charge (left hand side) and in case
of discharge (right hand side) is shown. The scheme is reduced to a 2-pipe system working in cooling mode.
The P&ID is followed up by the corresponding log(p)/h diagram both in case of charge (left) and discharge
(right).

Figure 7 P&ID VRF system with a storage working as subcooler. 1 Outdoor Unit (OU), 2 Indoor Units (IU), Economizer and
the PCM-Storage. Charging PCM-Storage on the left. Discharging PCM Storage on the right hand side.

Figure 7 shows on the left hand side the charging of the storage at the common evaporating level of the
system, using PV surplus energy. Therefore, the phase change temperature has to be above this level. While
charging, the storage is connected to the system like an additional Indoor Unit. Using the common
evaporating level, there are no EER losses expected while charging. The storage works as additional load.
Due to a higher part load ratio, positive effects on the EER while charging are expected. The right hand side
of the P&ID shows the discharge case. When thermal load exceeds solar supply, the liquid refrigerant is led
through the storage and is subcooled near the melting temperature of the chosen material. The already
subcooled refrigerant is now led through the conventional economizer to ensure safely a sufficient
subcooling before the refrigerant is led to the Indoor Units.
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Figure 8 PCM storage used as additional subcooler in case of discharge (right). Charging on the common evaporating level of
the system (left).
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Figure 8 illustrates the refrigerant cycle of the process while charging (left) and discharging (right). The
green line represents the melting temperature of the PCM, which has to be above the common evaporating
temperature. With the storage used as subcooler there are two benefits to achieve:
x

A higher usable enthalpy difference for cooling compared to conventional subcooling.

x

Reaching sufficient subcooling by the storage can relieve the conventional economizer. Those
systems usually subcool the refrigerant by evaporating a part of the condensed refrigerant to low
pressure level. This part of the refrigerant is lost for the energy conversion but has to be transported
by the compressor.

Both benefits lead to an increase of the EER during the discharge phase of the storage compared to
conventional systems. This gives the possibility for a lower electrical demand when it is appropriate.
Figure 9 shows the EER improvement of the system at discharging the storage over varying melting
temperature for the PCM-storage. It is assumed that the system works on its nominal conditions at an
evaporating level of 9 °C. Lower melting temperatures improve the subcooling and also the EER up to 24%
during the discharging cycle. On the other hand, a sufficient temperature difference between melting
temperature and evaporating temperature needs to be ensured in case of charging. Taking both into account,
the ideal melting temperature range for this implementation is between 16 °C and 21 °C. It has to be stated
that the increased evaporator efficiency and the related improvement of the EER is a result of an additional
input of driving energy during loading of the storage. Integrally, only minor changes of the average EER of
the system should occur, related to the change of the load profile along the day.
5,2

EER while storage discharge

EER improvement up to 24 %

5
4,8
4,6

Nominal Operation Point

4,4
4,2
4
15

20

25

30

35

40

Melting Temp. PCM /°C
Figure 9 EER improvement in case of discharge for different melting temperatures of the PCM. Comparison to the nominal
operation point of the system (storage working as subcooler).

3.2. Sizing/Development of Subcool Storage
Selection of storage material
Since it has been determined that the storage for the pilot installation should be working as a subcooler, a
PCM material with a melting range around 16 °C and 21 °C had to be found. Besides a fitting melting point
other important factors were a high latent heat and an economically viable price. To improve heat transfer
rates it was decided to work with a metal heat exchanger. Hence a non-corrosive storage material was needed
which excluded most salt-hydrates.
Regarding the temperature range, paraffin waxes are a good alternative. Their advantages include noncorrosivity, freezing without much supercooling, the ability to melt congruently, no segregation and they are
non-hazardous. Parafol 16-97 from Sasol with an onset temperature around 16.5 °C, a latent heat of at least
220 J/g was found to be suitable(Sasol Performance Chemicals, 2017). The relatively low melting
temperature range around 18 °C ensures a high temperature difference to the condensation point and
therefore leads to a higher EER gain.
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Since Parafol 16-97 like most paraffin waxes has a low thermal conductivity, graphite powder will be added
to the storage medium to improve the thermal conductivity and allow higher power rates. The used graphite
is SIGRATHERM® GFG 600. Tests with the mixture showed that with a mass ratio of 1:5 the thermal
conductivity is sufficient and the mixture is still pumpable and therefore easy to fill into the storage
container.

Construction of the storage unit
The test building is the institute of the ZAE Bayern located in Garching, Bavaria. Figure 10 shows the
modeling result for the available cooling output of the PV driven VRF system and the cooling demand for a
typical cooling day in August (left) and a day in transition time at the beginning of May (right, day with solar
radiation). The data was generated by available weather data and the TrnSys model explained in chapter 2.
Electricity is generated by photovoltaic panels. This electrical power is used to run the cooling cycle of the
VRF system. The calculated possible total thermal power output is shown in red. The cooling demand of the
building is shown in blue. The difference between available cooling power and cooling demand is shown in
green (excess thermal energy) and black (cooling demand exceeding the thermal power output). Due to the
lightweight construction of the investigated building, the cooling demand and the solar peak correlate very
well as shown in Figure 10. Hence the potential for a load shift is comparably small. The analysis of the data
from April to October, which are the months with a sizeable cooling demand in Germany, suggested a
storage capacity of about 20 kWh to be sufficient. Would a building with a heavier construction with
building materials such as concrete or stone be used, it would take a longer time to heat up the interior. The
cooling demand would shift to a later time and therefore the peaks of demand and production would not
correlate so well. This would lead to a bigger storage demand.

Figure 10 Exemplary thermal course of a typical cooling day for August (left). Thermal course of a day in transition time with
solar radiation in May (right). The storage charge (green) and discharge (black) areas are representing potentials.

However, the possible maximum charging and discharging power is not arbitrary, but is limited by the
construction of the storage and the heat exchanger. Furthermore it is influenced by the charging history.
Hence, an iterative process was necessary to determine an appropriate storage size and heat exchanger
construction.
First the volume of the storage container was calculated with the estimated 20 kWh storage capacity. A
suitable heat exchanger was modelled using the Engineering Equation Solver (EES) software. Afterwards,
the charging and the discharging process were simulated.

Charge
The cooling fluid R410A is injected into the heat exchanger of the storage unit and evaporates, cooling the
PCM material. As a result, the selected PCM Parafol 16-97 crystallizes along the heat exchanger. The model
took into account the evaporation of cooling fluid on the inside of the heat exchanger as well as the heat
transfer through and the phase change in the PCM material. It includes different pressure loss phenomena
(static, acceleration, frictional, pipe bends) and the flow boiling effects after Shah (VDIGesellschaft Verfahrenstechnik und Chemieingenieurwesen, 2002, Nellis and Klein , 2009). Depending on
the distance between phase front within the Parafol 16-97 and the heat exchanger the transferable power
varies.
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Therefore, the maximum transferable power depends on the way the storage was charged and discharged
before. To simplify the model it was assumed that each day was independent of the one before. That means
the storage was discharged every morning. The system is not highly reactive, meaning switches between
charging and discharging in a short time scale are not favorable. Therefore one can assume that there is only
one charging and one discharging cycle per day. Under these assumptions, the possible power transfer is a
function of the state of charge (SoC) of the storage, because the distance between the heat exchanger surface
and the phase front in the PCM is growing with a larger SoC. The higher the SoC, the larger is the fraction of
PCM in the solid state.

Figure 11 Maximum charging power depending on the SoC

Figure 11 shows the maximum transferable charging power depending on the SoC. Until about 80% of SoC
it can be fitted by an exponential function. At higher SoC values (red squares) the maximum charging power
decreases rapidly. This is because in the simulation the phase fronts reach symmetric borders at that point.
Consequently, the calculated heat exchange surface decreases rapidly, which reduces the transferable power.
However, in this simplified model heat transfer parallel to the heat exchanger was not considered. Therefore
it is expected, that the decline in the maximum transferable power is not that sharp in a real storage device.
This was already confirmed in preliminary tests. For further calculations, the exponential fit was extrapolated
to a SoC of 100%.
To calculate the maximum charging energy, the minima of the available thermal power and the maximum
possible charging power resulting from the actual SoC were determined.

Discharge
During discharging liquid R410A is injected at high pressure and temperature into the heat exchanger of the
storage unit. Within the storage, the cooling fluid is cooled from about 48 °C to nearly the phase change
temperature of the PCM (18 °C), melting Parafol 16-97. The maximal possible discharge power can be
calculated via equation 1.
்

ܲ௦ ൌ  ݉ሶோସଵ ή  ் ܿǡ ሺܶሻ ή ݀ܶ


(eq. 1)

Hereby ܲ௦ is the maximum discharge power. ݉ሶோସଵ is the mass flow rate of the cooling liquid,
ܿǡ ሺܶሻ the temperature dependent heat capacity, and Th and Tc are the temperatures at the in- and outlet of
the PCM storage unit. The mass flow rate is given by the actual cooling demand. The cooling power is
provided by the evaporation of R410A. Hence, the mass flow rate is given by:
݉ሶோସଵ ൎ 
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For a fixed inlet temperature Th of 48 °C the discharge power is found to be limited to about 28% of the
cooling power. The excess energy is necessarily provided by the cooling cycle (liquefaction).

Figure 12 Discharge power depending on the SoC for a
cooling power of 10 kW

Figure 13 Maximum discharge power depending on the
cooling power for a SoC of 75 %

The discharge power is in most cases rather limited by this fact then by the discharge characteristics of the
storage unit. Figure 12 shows the SoC dependent discharge power for a cooling power of 10 kW. Down to
around 20% SoC the discharge power is virtually constant (100% means the PCM is solid, while 0% means
it is liquid). After that there is a fast decay. It results from the heat transfer which in this region limits the
discharge power. However, this is a worst case estimation. For example heat conduction parallel to the heat
exchanger was not taken into account in these calculations. Hence, it can be expected that the decay is not as
steep in reality. In most operating conditions the discharge power will be limited by the cooling power.
In Figure 13 the maximum discharge power is shown as a function of the cooling power for a SoC of 75%.
The data yields a nearly linear relation. Only at very high power rates the slope flattens. It confirms that the
discharge power is generally limited by about 28% of the cooling power.
Hence, the calculation of the maximum theoretical available discharge energy per day was simplified and
calculated by multiplying the cooling demand with a factor of 0.28 when cooling demand exceeds the
generated cooling output of the VRF system.

Results of the iteration
The found limits of charging and discharging power have been implemented in the system model. For each
day of the cooling period a possible maximum thermal energy which can be shifted was calculated again.
These restrictions on the transferable power led to a lower reasonable storage size. The iterative process was
continued and a latent heat storage capacity of 16 kWh was determined.
The final heat exchanger unit contains six heat exchangers with each 23 m length which will enable the
storage to a peak power of more than 10 kW while charging.

1817

R. Schex / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

The storage dimensions will be 1400 x 600 x 600 mm. 390 l of the PCM-Graphite compound will be used.
This corresponds with a latent heat capacity of 16 kWh. A schematic drawing of the storage and the heat
exchanger unit is shown in Figure 14.

Figure 14 Schematic drawing of the storage container and the heat exchanger

3.3. Implementation of Storage Characteristic to Refrigerant Cycle Model
After the design phase for the storage and the iteration to work out a suitable storage capacity, the
characteristic curves for the storage were implemented to the refrigerant cycle model. Figure 15 shows the
course of a typical cooling day in August. The data is related to the thermal course shown in Figure 10 on the
left representing the theoretical charge and discharge potential independent from the kind of storage
implementation.
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Figure 15 EES model of the refrigerant cycle fed with thermal load data and storage characteristics. Thermal course for a
typical cooling day in August (Data out of Figure 10 on the left showing the potential). Thermal load, storage charging and
discharging power in the upper part. SOC and EER in the lower part.

The upper part of Figure 15 shows the cooling load (blue, circled) of the system including storage charging.
The green line (triangular) represents the storage charging power taking into account the characteristics
described by Figure 11. The black line (squares) shows the possible discharge of the storage with respect to
the limitation through the current thermal load. The bottom part of Figure 15 shows the variation of the
systems EER (orange curve) and the storage SOC (violet, triangular) during the day. As already mentioned
due to a higher part load ratio while charging, a slight EER-gain through charging can be expected. The real
benefit is shown when discharge begins at 15:00 pm and the EER increases from 5 to nearly 6.
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This EER gain while discharging the PCM-storage will significantly reduce electrical load when it is
appropriate. In this example, the storage will be completely charged before the PV peak occurs. Thus, the
course of the SoC trend line directly indicates that measures have to be taken for controlling the operation of
the storage. A predictive control strategy is required in order to charge the storage completely while covering
the PV-peak.

4. Summary and Outlook
The study describes the modelling and sizing phase for a PV driven VRF system coupled with a thermal
PCM-storage. The integration of the storage as subcooler is described in detail. Considering the thermal load,
PV-supply and the systems boundary conditions an adequate PCM was chosen and a storage with sufficient
thermal characteristic was designed.
Next steps are the installation and start-up of the VRF pilot installation in Garching. In parallel the designed
PCM-storage will be built up for laboratory tests. In a second step a tested and optimized pilot-storage will
be implemented to the VRF installation. For the integration of the PV peak without losses of solar fraction,
predictive control strategies will be worked out and tested during operation of the system.
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Abstract
Solar chimneys have been used for natural ventilation and cooling in the Middle East already hundreds of
years ago. In modern buildings, the concept could contribute to energy savings and reduction of greenhouse
gas emissions. An optimized system would enable a sustainable and permanent operation of this natural
ventilation concept. This study analyzes the effect of wind and the possibilities to increase the ventilation
effectiveness of solar chimneys by optimizing the design of the chimney outlet. Computational fluid dynamic
(CFD) simulations have been used to investigate the general influence of the wind effects on a building
which is naturally ventilated with solar chimneys. The results show that the air change rate increases or
decreases depending on the predominating wind direction. To be able to accomplish a system which supports
the natural ventilation irrespective of the wind direction, different wind cowls were tested at a test rig located
at the University of Applied Sciences Munich. As a result of this study, the flow velocity can be shown as a
square root function of the wind speed. An average flow velocity between 0.6 – 1.1 m/s can be reached by
using turbine ventilation systems.
Keywords: Solar chimney, wind cowl, energy savings, natural ventilation, CFD simulation, ANSYS FLUENT

1. Introduction
Approximately 15 % of the total electrical energy demand of today’s office and factory buildings is used by
mechanical ventilation (EnOB 2016). The use of natural ventilation and natural cooling systems could be a
possible solution to reduce the energy consumption in the building sector. This paper explores the concept
and the potential of an enhanced solar chimney which uses just the sun and the wind as its driving forces.
Therefore, no conventional sources of energy are used.
During sunshine, solar radiation enters the chimney through a transparent cover and heats up an absorber
surface. The difference between the chimney temperature and the ambient air temperature generates a
buoyancy effect. As a result, the air is drawn out of the building. To generate this buoyancy effect also
during the night-time, for night cooling or periods with cloudy sky, the effectiveness of such a system needs
to be increased. Permanent and sufficient ventilation could be provided by using wind effects with an
optimized design of the chimney outlet and wind cowls in addition to the buoyancy effect.
Khan, Su and Riffat (Khan et al. 2008) give a good overview about historical wind towers and modern
techniques for wind driven ventilation systems. Kisteledgi and Haber (Kistelegdi, Háber 2012) discuss the
direction of wind towers and the design of their outlets for the natural ventilation of a plus-energy
manufactory in the South of Hungary. Ismail and Rahman (Ismail, Rahman 2012) show possibilities for
future configurations of wind turbines, fans and solar panels and combinations of static and dynamic
systems.
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To study the effect of wind and its benefit for a natural ventilation concept with a solar chimney, the
investigation of this study contains two major parts. The first part describes the general impact of wind on a
reference building which is naturally ventilated with solar chimneys. This analysis was done using CFD
simulations to see the influence of wind direction and the positioning of the solar chimneys. Afterwards an
experimental investigation was conducted to investigate different wind cowl systems which could be
integrated in a solar chimney concept using measurement data from a test rig.

2. Impact of wind on natural ventilation of a reference building
2.1. Methodology and simulation set-up
The impact of wind on a building regarding the ventilation effectiveness is analyzed using a standard
building model as a reference for the location of Munich, Germany. The reference model is a three story
office building and it was taken from the VDI Norm 6009 (VDI 2001). The same model has been used in
previews studies to investigate the viability of using solar chimneys for natural ventilation in Germany
(Schwan et al. 2017a). A solar chimney was attached to the south façade of each floor, respectively. The inlet
window sizes and building geometry for the three floors was identical to the reference model.
The building model was simulated with the software ANSYS workbench 16.2, which consists of different
applications. The geometry of the building model was set up using the DesignModeler. In addition to the
building, a surrounding area was simulated as well. Both, reference building and its surrounding area can be
seen in Fig. 1.

Fig. 1: Model of the reference building (left) and surrounding (right) developed in ANSYS FLUENT

The reference building is 30.6 m long and 16.6 m wide. The solar chimneys are 4 m, 8 m and 12 m high;
depending to which floor they are attached to. Every solar chimney is 3 m wide and has an inside air gap of
0.3 m. In previous investigations an air gap of 0.3 m was found to be the ideal size for a maximum air flow
without the appearance of backflows (Schwan et al. 2017b). The building, including the solar chimneys, has
a height of H = 16 m. In every direction the building is 5H away from the boundaries of the surrounding,
respectively. The simulation of the surrounding is necessary to be able to simulate the wind effect properly.
It is limited to 5H to retain a manageable simulation time. The distance is chosen to be the same in all
directions, because different wind directions are investigated. The parameters for the building and the solar
chimneys (SC) can be seen in Table 1 and Table 2.
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Table 1: Building parameters

Parameter

Symbol

Value

Unit

Height of building

HB

16.00

m

Length of building

LB

30.60

m

Width of building

WB

16.60

m

Window size (north)

AW

9.50

m²

Area of each floor

AF

507.96

m²

Total floor area

AF,ges

1523.88

m²

Table 2: Solar chimney parameters

Parameter

Symbol

Value

Unit

Cross section area

ASC

0.841

m²

Height of SC ground floor

HSC1

12

m

Height of SC first floor

HSC2

8

m

Height of SC second floor

HSC3

4

m

The major influence factor for the both, simulation time and the accuracy of the simulated results, is the
applied mesh. For this investigation the software package ANSYS ICEM CFD was used for the mesh
generation. High numbers of cells are used in the solar chimney and the building floors to provide reliable
results in these areas. Lower numbers of cells are used in the surrounding area to reduce the calculation time.
A hexahedral mesh was used due to lower numbers of cell element and a higher quality of the mesh
compared to a tetrahedral mesh. The used mesh consists of more than 2,000,000 hexahedron cell elements.
ANSYS FLUENT was used for the calculation of the fluid dynamics. The post processing and evaluation of
the results have been done with ANSYS CFD Post. The investigations were performed with steady
simulations for specific reference days to be able to reduce the simulation time. The turbulence of the air
flow is calculated with the k-ε model, considering gravity and buoyancy effects. An enhanced wall treatment
was used to compensate inaccuracies of the turbulence model for areas next to the walls. The air density was
calculated using the Boussinesq model.

2.1. Investigated aspects
The ventilation effectiveness was studied according to the position of the solar chimney, the wind direction
and the wind speed for different seasons. Steady simulations were conducted for three reference days (two in
summer and one in winter) to be able to validate the impact of the wind on the natural ventilation system.
The weather data for the city of Munich was taken from the German Test Reference Year (TRY) of 2010 for
the chosen reference days (Deutscher Wetterdienst 2014). The used data can be seen in Table 3.
Table 3: Weather of used reference days
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Month, day,
time

July, 23rd,
12 pm

August, 12th,
5 pm

December, 5th,
12 pm

Unit

Wind direction

260 (SW)

190 (S)

100 (SE)

°

Wind velocity (H = 10 m)

3

1

5

m/s

Wind velocity (H = 16 m)

3.70

1.23

6.16

m/s

Air temperature (H = 2 m)

24,8
297,95

32,8
305,95

-2,4
270,75

°C
K

Air pressure

96,09

95,45

95,54

kPa

Direct solar irradiation

550

59

24

W/m²

Diffuse solar irradiation

291

201

128

W/m²
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2.2. Comparison between reference days
The weather data of the three reference days are completely different, as it can be seen in Table 3. The
largest influences on the buoyancy effect of the solar chimney are the height of the chimney and the
temperature difference between the inner part of the solar chimney and the ambient air temperature.
On the December reference day, the temperature difference is high, because of the low ambient air
temperature. As a result the air changes per hour (ACH) are high as well. All simulated results of the ACH
for the three reference days can be seen in Fig. 2. The ACH will be even higher with an increased height of
the solar chimney. Therefore, the ACH of the ground floor is higher than the ACH of the first and second
floor. The wind has a positive effect on the results of the ACH for the December reference day. The ambient
air temperature on the reference day in August is significantly higher than the temperature in the building. In
addition, the solar irradiation is not strong enough to rise the temperature in the solar chimney. As a result,
backflows occur in the solar chimney. Just the wind can balance that effect, although sufficient ventilation
cannot be provided. On the July reference day, the ACH is higher and the effect of the height of the solar
chimneys can be seen as well. The wind from south west has no significant positive effect of the ACH on
that day. These results show the effect of the ambient air temperature as well as the effect of the wind.
3.0
ground floor

first floor

second floor

air change rate in 1/h

2.5
2.0
1.5
1.0
0.5
0.0
July
-0.5

August

December

July

Without wind effects

August

December

With wind effects

Fig. 2: Air changes per hour without and with wind effects for three reference days

2.3 Investigation of wind direction
Different wind directions have been investigated for the same reference day in July, to ensure a better
comparability of the results to neglect the other effects. The considered wind directions can be seen in Fig. 3.

Wind from
Southwest (260°)

10°

Top view of the building
Wind from
North (0°)

Wind from
South (180°)

Wind from
Southeast (100°)

10°

Fig. 3: Considered wind directions
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The simulations have been conducted for the four wind directions. The results show that the effect of wind
depends considerably on the wind direction. The results of the ACH can be seen in Fig. 4.
2.5
ground floor

first floor

second floor

air change rate in 1/h

2.0

1.5

1.0

0.5

0.0
no wind

0° (N)

100° (SE)

180° (S)

260° (SE)

Fig. 4: Air changes per hour for different wind directions for a reference day in July

If the wind direction was North (0°) or South (180°), then a distinct wind profile occurs. The wind increased
the provided volume flow in the solar chimney and therefore the ventilation effectiveness (compared to
simulations without wind) for all three floors. A velocity profile for the air around the reference building and
inside the chimney can be seen in Fig. 5. The air change rate is approximately 30 % higher compared to
simulations without wind.

Fig. 5: Velocity profile for air around the reference building (wind direction: South)

If the wind direction is inclined and non-parallel to the small side of the solar chimney, for example for wind
from South-West (260°) or South-East (100°), there is a significant change in the resulting air volume flows.
At least in one of the three solar chimneys, a reduced volume flow occurred for these wind directions
compared to simulations without wind. The air change rate was reduced by up to 10 % in these cases. These
results highlight the importance to optimize the design of the solar chimney outlet in order to avoid negative
influence of wind effects and rather use wind effects to enhance the ventilation effectiveness.
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3. Optimization of the solar chimney outlet through integration of wind
driven systems
3.1. Methodology and test-rig
Using wind-driven ventilation systems at the top of a solar chimney should offer permanent and sufficient
ventilation and avoid negative influences on the performance of the thermally driven solar chimney.
Therefore, different types of cowls and roof ventilation systems were analyzed for their contribution to
natural ventilation. Only systems without additional gears (e.g. photovoltaic-wind driven systems) were
considered. The systems work independent of the wind direction, which should avoid the problems discussed
in the previous chapter. The experimental investigation was mainly focused on findings about the ventilation
rate in general and as a function of the wind speed. Also, the influence by the thermal buoyancy effect and
the solar radiation was part of the study.
With a height of 4.5 m, the chimney overlapped the adjacent building and enabled an incident flow from all
directions. The length of the chimney was 1 m and the width 0.5 m. The diameter of the air inlet and outlet
was 0.3 m. The test rig was located at the University of Applied Science in Munich and faced in
southwestern direction. The test rig can be seen in Fig. 6.
1
2
3

4

Fig. 6: Test rig at University of Applied Science Munich

A wind direction transmitter (1) and a vane anemometer (2) recorded the wind regimes. Inside the chimney,
the flow velocity, pressure and temperature of the air were measured. Therefore, two thermoanemometers
were installed at the air outlet (3) and inlet (4). Table 4 shows the installed measurement instrumentation and
corresponding measuring range.

Table 4: Installed measurment instrumentation at the test rig

Measured variable

Measuring instrument

Measuring range

Wind speed

Vane anemometer

0 – 50 m/s

Wind direction

Wind direction transmitter

0 – 360 °

Air velocity, pressure and temperature

Thermoanemometer

0.08 – 2 m/s
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On a test rig, three different types of dynamic turbine ventilation systems by Rotovent Systems (RS) and an
inject nozzle by Euro Windkat were tested (see Fig. 7). The turbine ventilation systems differ from the
shapes of their blades.

RS cyclone

RS

RS premium

Injection nozzle

Fig. 7: Three different types of turbine ventilation systems (left) and an inject nozzle (right)

3.2. Correlation between wind speed, buoyancy effect and chimney airflow velocity
During the experimental investigation, global solar radiation, wind speed, the flow velocity inside the
chimney, the temperatures inside the chimney and the ambient air temperature have been measured. For each
wind cowl systems the data was recorded for at least two weeks to ensure to have different weather situations
with varying intensities of wind and solar radiation.
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Fig. 8 shows the global solar radiation, the wind speed and the resulting flow velocity in the solar chimney
for an exemplary hour of the wind cowl system with straight blades (RS cyclone).

Fig. 8: Solar radiation, wind speed and flow velocity inside the solar chimney (18 th March 2017, 9:00 – 10:00 am)

The buoyancy effect and the wind effect are the two major impact factors for the resulting flow velocity
inside the solar chimney. The buoyancy effect is mainly influenced by the temperature difference between
the ambient air temperature and the temperature inside the chimney and therefore indirectly influenced by
the solar radiation as well. To quantify the share of both of these factors – wind and buoyancy – further
investigations have been conducted, in which the thermal influence was neglected.
Fig. 9 shows the flow velocity inside the solar chimney as a function of the wind speed for the dynamic
turbine ventilation system with straight blades. An average flow velocity more than 1 m/s can be reached.
The development of the flow rate equates a root function. In comparison to the thermal buoyancy due to an
increased absorber temperature, dynamic wind cowls show the same speed level. Therefore, the integration
of wind-driven cowl systems in the concept of a solar chimney shows great promise.
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Fig. 9: Flow rate without thermal buoyancy for a turbine vent with straight blades (RS cyclone)

To consider the influence of the two driving forces wind and sun, the flow velocity can also be shown
including the thermal buoyancy. Therefore, the air temperature difference between inlet and outlet was
divided into six temperature ranges. Fig. 10 shows the flow velocity as a function of the wind speed and
thermal buoyancy for a turbine ventilation system with straight blades. In comparison to Fig. 9 the flow
velocity increased up to 1.8 m/s.
The measurements also illustrate, that the two driving forces interferer each other. For low wind speed, the
impact of the thermal buoyancy is high. Otherwise the temperature differences between inlet and outlet
decreased for increasing wind speed. This trend was noticed for all four ventilation systems.
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Fig. 10: Flow rate with thermal buoyancy for a turbine vent with straight blades (RS cyclone)
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3.3. Comparison between different wind cowl systems
The flow velocity inside the chimney increases with higher wind speeds according to a square root function.

𝑓(𝑥) = 𝑎 √𝑥 + 𝑏

(eq. 1)

For time steps with a temperature difference between the inner part of the solar chimney and the ambient air,
a buoyancy effect occurs. This results in positive flow velocity even in situations without wind with wind
speed = 0 m/s. In eq. 1 this offset to the origin of coordinates is represented by the constant b. For time steps
without buoyancy effect, the graph starts in the origin of coordinates. The gradient of the graph a is different
for all four investigated systems. The different gradients and the trend lines of the measurement points of all
four systems can be seen in Table 5 and Fig. 11.

Table 5: Gradient of graph and average flow velocity for a wind speed of 10 m/s for all wind cowl systems

Gradient of graph

𝑎

Average flow velocity for a
wind speed of 10 m/s

RS

0.21

0.66 m/s

RS cyclone

0.34

1.08 m/s

RS premium

0.31

0.98 m/s

Injection nozzle

0.33

1.04 m/s

Wind cowl system

Based on the measurement results, it can be seen that the best values can be achieved with the RS cyclone
system. The measured points of the injection nozzle have the highest deviation compared to the dynamic RS
systems.
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injection nozzle

flow velocity in m/s
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8

Fig. 11: Trend lines of the flow velocity without buoyancy effect for all four systems

1828

9

10

L. Schwan / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

4. Conclusion and Outlook
In this study the influence of wind effects on natural ventilation systems with solar chimneys has been
investigated applying CFD simulations and measurements. The results showed the importance of considering
wind effects for solar chimney projects and the huge impact of wind on the resulting air change rates.
Especially the wind direction is important and can either lower or enhance the effectiveness of the solar
chimney. A suitable solution to achieve a system which utilizes the wind effects irrespective of the wind
direction, are wind cowl systems. Turbine vents showed the best performance and generated average flow
velocities above 1 m/s. A higher effectiveness of solar chimneys can be reached through the integration of
wind cowl systems. This offers a longer time of operation of the natural ventilation system, saves more
energy and reduces greenhouse gas emissions.
In the future, the presented findings will be used in further research work to develop a planning tool for solar
chimney projects. This planning tool should provide information about the expected ventilation rates and
increase of the effectiveness of solar chimneys by using wind effects for the specific place of installation.
Further research needs to be done to integrate the findings to a simplified calculation method to predict the
effectiveness and efficiency of different solar chimney concepts.
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Abstract
The objective of the Austrian research project COOLSKIN is the development, assessment and functionality
approval of a façade-integrated energy system for cooling. Façade integrated photovoltaic modules directly
convert the solar irradiation onto the vertical surface into electricity, which operates the compressor unit of a heat
pump cycle for controlling the indoor temperature of the adjacent room. The COOLSKIN system concept
addresses a) decentralization of the energy supply and b) energy autarky by the usage of solar electricity, i.e. no
external energy sources are required. Methods to fulfil the project requirements are i) elaborated system
simulations, ii) experimental tests with a functional model of the system and iii) field tests under real operating
conditions. With this paper, the authors present the a) specification of the COOLSKIN system design and b) first
results and findings of both conducted system simulation and laboratory test measurements of electric
components.
Keywords: Multi-functional façade, solar autonomous cooling, façade integrated Photovoltaics

1. Introduction
In 2015 the Austrian research project COOLSKIN was launched, in which a multidisciplinary team aims to
develop, assess and test different façade concepts with the technical integration of both photovoltaics (PV) and
air-conditioning or cooling system into the façade construction. There is a good coincidence between the daily
and/or seasonal profiles of the cooling demand in buildings and the solar irradiation hitting the surface area of the
façade. Furthermore, there has been a significant cost reduction of photovoltaic modules in the last decade
(Fraunhofer ISE). The COOLSKIN energy design concept focusses on technical solutions for achieving high level
of energy autarky in the operational phase, i.e. there is no connection to the public grid. The COOLSKIN concept
addresses as well a high level of pre-fabrication of the technical façade solution.
The COOLSKIN team formulated additional framework conditions for the development:
x

x

x

Office buildings offers a greater potential for decentralized cooling system solutions compared to
residential buildings. Therefore, primarily office buildings are investigated. The technical configurations
of the façade do respect the boundary conditions and specifications of an office façade.
Europe is the primary target market – Increasing demand for cooling and air-conditioning in the building
sector and the climate change will lead to additional markets. All European cities are considered for being
a potential application field.
COOLSKIN concept addresses primarily technical solution for covering the cooling demand in
buildings. Nevertheless, there is an emphasis on technical solutions for all-year operation, and other
energy demands like heating and electricity for other appliances are going to be investigated as well.

For achieving the COOLSKIN target the research project is sub-divided into three development steps: i) evaluation
of promising system configurations, ii) construction and dimensioning of a functional model and iii)
implementation and energy monitoring with the help of a field test façade. This paper reports on first results and
findings of the two first development steps i) and ii).
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2. System design by simulation
Definition of boundary condition
As a first working step, boundary conditions were defined with regard to climatic, geometrical and utilizationrelated aspects. The definitions serve as the basis for the calculation of cooling and heating loads to be covered,
the system considerations and simulations. An office was defined as a reference room, which was analyzed under
different conditions with regard to climate and orientation. Three climatic data sets were selected as climatic
boundary conditions, in order to represent a cold, medium and warm European climate. A comparison of all
European capitals has shown that the cities of Helsinki (cold), Ljubljana (moderate) and Madrid (warm) are well
suited to show the range of climatic conditions to be expected in Europe. For these cities a 10-year average climate
was therefore created with the software Meteonorm (Meteotest, 2009).

Definition of the reference room
An office with an occupancy of three persons was defined and implemented as a thermal building model in the
simulation environment (TRNSYS, 2011). The room has a net floor space of 25 m² and was simulated as four
separate thermal zones facing into the main compass directions. An additional space or a thermal zone was
positioned in the center as shown in Figure 1 (left). The used wall constructions and U-values are summarized in
Figure 1 (right). It is assumed that the rooms are positioned in an intermediate store, thus there is no heat exchange
through the floor and ceiling. The same applies to the partition walls, as it is assumed that a similarly conditioned
room is adjacent. A façade configuration has been defined concerning the layout and the dimensions of the glazing
surfaces, as depicted in Figure 2.
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Figure 1: Reference office room geometries (left), wall construction details (right)

Determination of energy demand and generation profiles
In the simulation the thermal conditioning (heating and cooling) of the reference office room is ideally regulated.
This means that the room is supplied with precisely the thermal power, which is necessary in order to maintain a
room temperature above 21 °C (heating) and below 26 °C (cooling). An additional thermal zone was positioned
in the center of the four virtual rooms, which is in heat exchange with the four rooms and assumed to be "free
swinging", i.e. which is not thermally conditioned (Figure 1). External shading was assumed for the transparent
surfaces, which is activated with a shading factor of 0.75, when the room temperature rises above 24 °C and
deactivated, when it drops below 22 °C. A fresh air supply of 108 m³/h is assumed during the presence time
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(working time varying between 8:00 and 18:00), with a controlled ventilation and exhaust air heat recovery
(recovery rate 60 %). In the cooling case the heat recovery is deactivated, when the outside temperature is lower
than the room temperature.

PV
Frame
Glazing
Sum

Area
m²
11.22
1.31
6.19
18.72

Fraction
%
59.9
7.0
33.1
100

Figure 2: Façade configuration

Photovoltaics
For the simulation of the photovoltaics, the model Type 94a included in the TRNSYS library, which is based on
a 4-parameter approach (TRNSYS, 2012), is used. The parameterization was carried out according to the
manufacturer data of a polycrystalline PV module available on the market. It is assumed that the PV is integrated
vertically into the façade with the maximum possible area for the particular façade configuration, as specified in
Figure 2.
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Simulations with a time step of one hour were carried out for the described configurations concerning the
orientation of the room and different climates. As an example, the results on a monthly base are shown in Figure
3 for the location Ljubljana. According to these results the cooling demand coincides well with the PV yield and
it can be assumed that sufficient PV electricity is available to cover the cooling demand for all four orientations,
assuming a Coefficient of Performance (COP) of a hypothetical cooling unit of 2 to 3. With the assumed
dimensioning of the PV it should also be possible to cover the heating demand of the room.

Figure 3: Simulation results: Monthly sums of heating demand, cooling demand and PV-yield for Ljubljana, yearly sums in brackets

However, for a real system it is essential, how well the demand and the PV electricity generation coincide on a
smaller time scale and how much energy has to be stored, in order to be able to compensate times with an excess
supply or an undersupply of electricity. For an exemplary week in July, hourly values of the cooling demand and
the PV-yield are shown in Figure 4. Depending on the orientation, the peaks for both values occur at different
times and with different size.
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Figure 4: Simulation results: Hourly values of the cooling demand and the PV-yield for an exemplary week in July in Ljubljana

Analysis of the time shift between supply and demand and the need for energy storage
Based on the simulation results described above, an analysis of the temporal shift between supply and demand as
well as a rough estimation of the necessary capacity of an energy storage was carried out. A very simple model of
a compression chiller is used for the supply of the cooling demand, the cooling capacity and the electrical power
consumption being assumed as a function of the room temperature and the outside temperature. In order to
compare the occurrence of the power consumption and supply of cooling capacity of the chiller with the cooling
load of the building and the PV-power the approach described in the following is used.

Power

It is assumed that the chiller is capacity-controlled and that it is only running, when a cooling load occurs. Due to
the temporal offset of the PV yield and the power consumption of the compressor, electrical energy has to be
stored. This is shown qualitatively in Figure 5. As cooling capacity is provided at times of an occurring cooling
load, the previously generated PV electricity has to be stored in an electrical storage in order to use it at later
times. This is indicated by the gray surfaces in the diagram. The green surface represents the share of energy,
which can be covered simultaneously and without storage.
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Time (24 h)

Figure 5: Qualitative daily sequences for the comparison of the electricity consumption of the chiller (Pel,Chiller) and the
electricity generation of the PV (Pel,PV)

For each day of the year the electrical over- and under-supply as well as the difference between the over- and
under-supply is calculated (equations in Figure 5). Figure 6 shows the results for the Ljubljana climate and the
south-orientation in the form of ordered duration curves for two different sizes of the PV (5.6 m² on the left and
8.4 m² on the right). In this example, a chiller with a cooling capacity of 0.85 kW is used. For each case the right
diagram shows, on how many cooling days a certain amount of over- and under-supply is exceeded.
According to these results, an under-supply of maximum 2 kWh has to be covered out of an electrical storage. Of
course for this a corresponding over-supply is needed beforehand, in order to charge the storage. From the diagram
on the left it can be seen that this is not the case on every day for both dimensioning’s (negative Diffel), of course
with better results for the larger PV area. But it has to be mentioned, that these results are of course quite
theoretical, as every single day is treated individually, i.e. it is assumed that the storage is empty at the beginning
of each day. However, for the desired purpose (rough dimensioning of the storage capacity), the method is
considered to be appropriate and a storage of 2 kWh should be appropriate for the considered application. For the
other orientations, the results are slightly different, but the required storage capacity of 2 kWh stays the same.
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Figure 6: Duration curve of electrical over- and under-supply and daily difference between over- and undersupply for Ljubljana,
south orientation for two different PV sizes (cooling capacity chiller 0.85 kW)

3. Experimental components and system tests
This chapter reports on the laboratory tests of the operational behavior of each single electric component and the
compatibility test of the overall system. Main components of the setup are shown in Figure 7. Photovoltaic
modules (1) generate electricity used as energy source for the cooling process. The maximum power point (MPP)
tracker (2) ensures that the photovoltaic system operates in its most efficient operating point and it controls the
battery charging process. A Lithium iron phosphate (LiFePO4) battery (3) functions as an energy storage, when
the current PV electricity generation for the compressor motor of the cooling system is not sufficient. The battery
voltage of 25.6 V is transformed to 230 V, 50 Hz AC-Voltage by the inverter (4) in order to run the ACCompressor motor. Due to the energetic conversation losses of MPP-Tracker (ηMPP), Battery (ηBat) and Inverter
(ηInv), not more than 85 % of energy harvested by the photovoltaic modules can be used to operate the compressor
motor of the cooling machine. In part load operation or extreme environmental conditions, the efficiency might
be even worse. These energy losses are transformed into 100% heat, which requires an internal active cooling of
these electric components. MPP-Tracker and Inverter stop working in case of temperatures higher than 60 °C.

Figure 7: Block diagram of the electric circuitry with conversation efficiency.

After the successful completion of the laboratory tests, all components were assembled to enable a simple
installation at the mounting site. Figure 8 shows the two test boxes at the campus of Graz University of Technology
with the installed PV modules. The box on the right with the installed “black line” photovoltaic modules is used
as test box where the cooling system will be installed for a long run test under real climate conditions. The box
on the left side where the “digital print” photovoltaic modules are installed is the reference box.
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aluminum
frames
PV type “digital print“

PV type “black line”

Figure 8: Test boxes with installed aluminum frame and the photovoltaic modules, the right box is the test facility with the
installed cooling system while the left box is used as reference box (Source: TU Graz)

4.1 Test photovoltaic modules
Two different glass-glass photovoltaic module types, both with mono crystalline cells, were tested: i) “black line”,
with blackened bus bars and ii) “digital print”, with screen printed front glass. Four modules of each type were
produced. The size of the “digital print” modules are the same as the “black line” modules. Pictures of the used
modules are shown in Figure 9. Mounted at the test boxes either the “black line”- or the “digital print”- modules
will be used to run the cooling machine. The COOLSKIN project aims to demonstrate that the designed façade
integrated energy system operates even when architecturally appealing photovoltaic modules with relatively low
efficiency are applied.

DP1

BL1
DP2

DP3

DP4

BL2

BL3

BL4

Figure 9: Photovoltaic module type “digital print” DP (left) and type “black line” BL (right) (Source: AIT)

Measurement results show that the module type “digital print” has approximately 2.6 percentage points lower
efficiency than the “black line” modules. The cumulated power of the four “digital print” modules is 952 W,
which is roughly 18 % lower than the cumulated power of the four “black line” modules with 1167 W.
Additionally all glass-glass photovoltaic modules were checked in advance before its test box installation
regarding cell cracks. Figure 10 displays an electroluminescence picture of one of the eight tested glass-glass
photovoltaic modules.

Figure 10: Electroluminescence picture of glass-glass photovoltaic modules without any cell cracks.
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4.2 Test batteries
Two Lithium iron phosphate (LiFePO4) batteries are used as buffer storage between the photovoltaic system and
the cooling machine. LiFePO4 batteries are a type of lithium-ion battery, with the advantage of a higher energy
density, higher power density, longer lifetime and, because of its thermal and chemical stability, improved battery
safety. Cell voltage of a LiFePO4 stays close to 3.2 V during discharge until the cell is exhausted. Due to that, the
cell can deliver nearly full power until it is discharged. In one battery, four cells are connected in series for a
nominal battery voltage of 12.8 V. At cell voltages beyond 3.6 V or under 2.5 V, severe damage will occur in
most instances. Therefor a so-called battery management is needed, which balances the cell voltages, stops
charging in case of over voltage and stops discharging in case of under voltage.
The two LiFePO4 batteries are connected in series to a nominal Voltage of 25.6 V and a capacity of 2304 Wh
when discharged with less than 90 A.
As the used charging system has no temperature compensation, the temperature behavior of a battery cell was
tested in a climate chamber. A fully charged LiFePO4 cell was cooled down to -25 °C and heated up to 55 °C
while the cell voltage was measured.
Measurement results are shown in Figure 11. The cell voltage is nearly stable from -25 °C to 45 °C. In this
temperature range, no temperature compensation is needed for the charging process. At temperatures beyond
45 °C, cell voltage decreases and a battery management with temperature compensation would be recommended.
The COOLSKIN system design contains an active cooling system in the façade mock-up to keep temperatures
below 45 °C.

Figure 11: Voltage curve of a LiFePO4 cell in a temperature range from -25 °C to 55 °C.

4.3 System test
Charge process is started in case that the battery voltage is lower than the charge cut-off voltage of 28.4 V and the
available photovoltaic power is higher than the load plus conversion losses. The MPP-Tracker (i.e. charge
controller) controls the charging progress according to the charge level, which is indicated by the voltage level of
the battery. The controller is configured for a three-phase charging process:
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1.

Bulk: The controller delivers as much charge current as possible to rapidly recharge the batteries.

2.

Absorption: When the battery voltage reaches the absorption voltage setting, the controller switches to
constant voltage mode. When only shallow discharges occur, the absorption time is kept short in order
to prevent overcharging of the battery. After a deep discharge the absorption time is automatically
increased to make sure that the battery is completely recharged. Additionally, the absorption period is
also ended when the charge current decreases to less than 2A.

3.

Float: During this stage, float voltage is applied to the battery to maintain it in a fully charged state. When
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the battery voltage drops below float voltage during at least 1 minute a new charge cycle will be triggered.
An example for the three-phase charging process is shown in Figure 12.
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Figure 12: Example of three-phase charging process.

Discharging process starts when the load is higher than the photovoltaic yield. In this application, the main load
would be the compressor of the cooling machine with 500 W. Nevertheless also, the monitoring system, the
inverter and the MPP-Tracker have standby energy consumptions. In total this standby losses are in a range of 10
W to 20 W. However, a discharge protection is needed to disconnect any load before deep discharging the battery.
In this application, the inverter stops before the battery voltage decreases below 23 V. In addition to that a battery
protect relay cut off the battery from all loads, including standby consumers, if its voltage decrease below 22 V.
Figure 13 shows a measured battery discharge processes. The average battery voltage of 25.8 V and the average
battery current of about -25 A result in an average battery power output of 640 W. The compressor motor
consumes 500 W electric power, 140 W can be assigned to conversion losses and standby energy consumptions.
This results in an overall efficiency of 78 %. According to the datasheet the total capacity of the battery pack is
2,304 Wh. Concerning a power output of 640 W, this would result in an operation time of 3.6 hours, which
correlates to our measurement results.

Figure 13: Battery discharge process with a 500 W compressor as load.

Once the inverter stopped because of deep battery voltage, it will not restart until the battery it is recharged to
25 V. In case that battery voltage is low and the energy consumption of the load is higher than the photovoltaic
yield, the inverter will start and stop periodically. An example of this undesirable behaviour is shown in Figure 14.
The energy need of the load is higher than the photovoltaic yield, which leads to a discharge of the battery and
hand in hand with that to a negative battery current. Due to the discharge process, the battery voltage decreases
until the inverter stops. As the major part of the load is disconnected when the inverter stops and photovoltaic
yield is still available, the battery is charged. The inverter restarts if the battery voltage is higher than 25 V.
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Figure 14: Start-stop behaviour of the inverter at low battery charging state and higher energy consumption than production.

A disadvantage of the used compressor type is shown in Figure 15. The relatively high starting power that may
be four to eight times the nominal power could rapidly decrease the battery voltage which would strengthen the
above mentioned start-stop behaviour. To avoid this effect a speed controlled compressor will be used in the field
tests.

Figure 15: Start-stop behavior of the compressor.

4. Findings
Following key findings were made on the results from the simulations and laboratory tests
(a) Simulation
Based on results of the energy demand simulation some facts could be revealed which are important for the
operation of a decentralized cooling system like the one of COOLKSIN. First, it was shown that under the
configuration of the free-swinging coupling of the rooms the monthly cooling demand (see Figure 3) of north and
south oriented rooms is only slightly different while the energy production from the PV-system is differing
significantly. The corresponding analysis of the east orientation towards the west orientation shows that for them
the monthly demand and production are more equal. From this, it can be concluded that a completely decentralized
supply is mainly possible for south, east and west, where south might produce more than needed. If a north façade
should be used for cooling excess energy from the other facades has to be provided via battery storage.
Analyzing the highly resolved data from Figure 4 one finds that for daily cycles the main result stays the same as
for Figure 3. The south and north façade consume about the same amount of cooling demand, but the production
at north is poor. For the east and west façade one finds that during the week under analysis the cooling demand of
east and west façade differs significantly first for its daily evolution and then also for its evolution during the
week. This behavior is strongly dependent on the daily and weekly distribution of sun hours. Even for a series of
clear sky days the east and west would differ, as during the day the environmental temperature also raises.
An analysis with a simple worksheet approach showed that an electrical storage with a capacity of about 2 kWh
should be sufficient to compensate the offset in time between the PV-yield and electricity consumption of the
chiller.
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(b) Experimental test in laboratory
From the experiments as shown in Figures 11-15 the main advantages and disadvantages of the system set-up can
be extracted. First, the direct coupling of the battery and the load in series does not allow to bypass the battery.
This might be useful in a real setting, when the battery is empty and should be loaded, there is enough solar energy
to run the load, but it will take some time to recover the battery voltage above the security threshold (here this
was between: switch off: 23 V, switch back on: 25 V. If load priority is a set target; the bypass is essential, in a
setting similar to Figure 14.
Further is was important to test all critical settings of the systems: the lower voltage of the battery and switch of,
meaning that there is not enough solar electricity but the load was powered (see again Figure 13, as it is). Very
important for the real running of the system out-doors was also the operation point where the load is powered, the
battery is full, but the solar production is slightly decreasing, leading to a discharging of the battery. This behavior
can show if the PV-system size it at all big enough (including the losses due to the inclination for the modules in
the façade).
In a worst case scenario there will be day with cooling demand but not sun irradiation to run the system. From
this scenario the needed storage size could be extracted for running the cooling system only via the battery: then
the storage system capacity SC is given by the time interval t where the demand is provided, the electric load
demand ELD and the DoD of the battery system by: SC = t*ELD / DoD (Compare, 2016). For running for n days
this can be expanded by n*t.
The last important test is the test showing the “flickering” of the whole system in Figure 14. It shows that for a
certain irradiation budget the system layout from battery capacity and PV-array size is too weak. From such a
behavior it would follow that the PV-size or the battery size and the PV-size should be increased. In a setting
where the system components can be programmed one should try to avoid this behavior, e.g. by increasing the
level, where the battery is reconnected to the load (e.g. from 25 V to 26 V or even above).
(c) Experimental test set up in the façade
Technical description
The setup was built in a way that the most flexible alterations can be done between battery, PV-system and cooling
equipment. The system contains of 4 subsystems of PV-arrays. The black-line is high efficient while the colored
edition is reduced in its efficiency. It was taken care in the irradiation simulation of the laboratory experiments to
include this behavior also. Then the lower panels and the upper panels differ in electric output power also, see
table 1. The corresponding sub-arrays of upper digi-print, lower digi-print, upper black-line, lower black-line then
give then a maximum electric power of 220 W, 551 W, 481 W and 685W, respectively. This power output has
then to be considered also with approx. 0.65 for the daily energy yield compared to an optimal oriented PV-facility
due to the façade integration. By standard setting all digital-print or all black-line modules are connected in series
to MPP tracker and the battery system. The setting can be switched. Also, only the small systems or only the lower
systems can be connected separately in order to simulated bad system layouts with too small PV-capacity.
Field tests planned
For the field tests several runs are planned. The most important experiments are those of continuous running with
parallel data evaluation in order to identify times of system behavior reflecting cases from Figure 11 to Figure 15.
These are:
x
x
x
x

Continuous loading while load is connected
Continuous de-charging while load is connected
Voltage all day between 23 V and 28 V
Flickering

After doing that, single cases can be investigated to higher extent, like altering the system configuration by the
PV-panels connected to the battery. Also, the comparison of the influence of the power loss from digi-print will
be done systematically

1839

T. Selke / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

5. Outlook
Next activities in the COOLSKIN project are dedicated to a) the assembling of the outdoor test facility including
cooling system and b) the examination of the long-term observation of the energy performance by a scientific
monitoring till august 2018. Figure 16 shows a three-dimensional CAD model of the aluminum frame with the
integrated cooling system. According to this CAD model, this system will be attached to the test box for longterm tests. The cooling system consists of five main assembly units. The first unit is the electric cycle that receives
electricity from the photovoltaic modules, charges the batteries and serves as electrical source for the other units
inside the cooling system. The next unit is the heat pump cycle, where energy for cooling as well as for heating is
generated. The heat pump cycle is connected with an air channel by an integrated heat exchanger, which serves
as condenser in cooling mode and as evaporator in heating mode. The heat pump cycle can either charge into a
water cycle via a plate heat exchanger or into the room air. The water cycle is connected to the cooling and heating
system of the test box (activated ceiling and/or floor). On the other hand the room air of the test box can be directly
conditioned through a conventional air conditioning system (fan coil), which is also integrated in the aluminum
frame.
Electronic
cycle

Water cycle
(indirect cooling)
Heat pump cycle
Air cycle
(direct cooling, air-condition)

Plate heat exchanger

Air channel with radial
fan and heat exchanger

Figure 16: 3D CAD model of the aluminum frame with the integrated cooling system (Source TU Graz)

The whole system is going to be assembled and put into operation in the laboratory of the Institute of Thermal
Engineering. After the system is working, it will be attached to the test box (see in Figure 8) for long-term tests
under real climate conditions (covering all seasons). In this test, it will be figured out if the system is able to cover
the cooling and heating demand for a comfortable indoor climate. Furthermore, the thermal behavior of the interior
room can be compared with the indoor climate of the reference box (see in Figure 8). The reference box has only
a floor heating system and allows no cooling. For the long run tests, the boxes´ interior rooms will be simulated
as an office. Among others in the test boxes are considering interior heat loads and hygienic air exchange from 8
am to 4 pm at working days.

6. Acknowledgement
This project ‘COOLSKIN’ is funded by the national ‘Klima- und Energiefonds’ within the programme
‚e!MISSION’ 1st Call 2014.

1840

T. Selke / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

7. References
(Fraunhofer ISE); Current and Future Cost of Photovoltaics; Long-term Scenarios for Market Development Prices
and LCOE of Utility-Scale PV Systems, Study on behalf of Agora Energiewende; February 2015, page 6
(Meteotest, 2009): Meteonorm 6.1.0.9, Global Meteorological Database for Engineers, Planners and Education,
Software and Data on CD-ROM. Meteotest, Bern, Switzerland.
(TRNSYS, 2011): TRNSYS 17, A Transient System Simulation Program, V 17.00.0019, Solar Energy Lab,
University of Wisconsin – Madison, USA
(TRNSYS, 2012): TRNSYS 17, A Transient System Simulation Program, Mathematical Reference, Volume 4.
Solar Energy Laboratory, University of Wisconsin-Madison
(Compare, 2016): Y. Abawi, M. Rennhofer, K. Berger, H. Wascher and M. Aichinger; COMPARISON OF
THEORETICAL AND REAL ENERGY YIELD OF DIRECT DC-POWER USAGE OF A PHOTOVOLTAIC
FAÇADE SYSTEM; In Renewable Energy; 89; p 616-626 (2016)

1841

ISES Solar World Congress 2017

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

Highest Efficiency Ice Storage for Solar Cooling Systems – Experiences with a
Vacuum Ice Slurry Cold Thermal Energy Storage
Christoph Steffan1, Carsten Heinrich1, Mathias Safarik1 and Marcus Honke1
1

Institute for Air Handling and Refrigeration, Dresden (Germany)

Abstract
With an increasing share of renewable energies efficient storage technologies are in high demand. Due to the high
specific enthalpy of fusion pumpable water-based ice slurry represents a thermal storage medium which is
ecological as well as economical advantageous. A further need for research can be seen in the increase of
efficiency for ice slurry generation processes. The high efficient process of ice slurry generation by direct
evaporation under rough vacuum conditions including its potential for solar cooling systems is presented in this
paper. After installing a first pilot of an integrated ice slurry generation and storage system based on the R718
turbo vapour compression technology a new facility concept for higher capacities has been developed and
commissioned. Findings from recent research projects flowed into the conceptional work and have been
implemented. The facility has a nominal ice generation capacity of 180kW, a storage capacity of 1MWh and a
discharging capacity of max. 300kW.
Keywords: Thermal Energy Storage, Vacuum Ice Slurry, Solar Cooling, water as refrigerant (R718), Natural
Refrigerants, Secondary Refrigerants, Load Management, District Cooling

Introduction
In fields of refrigeration and air conditioning technologies the current research focus lies on the transition towards
natural refrigerants combined with an increase of efficiency for the whole compression cycle, e.g. development
of new compressors with higher efficiencies especially for part load conditions (Heinrich, 2012). In the near future
an increasing expansion of the renewable energy sector will gradually challenge us worldwide to use generated
power when it is made available. A main question will be how to store energy that is not immediately needed at
time of generation. The reduction of peak loads and the compensation of fluctuating availabilities of renewable
energy sources requires a comprehensive planning approach. With the integration of a thermal storage system
energy demand and availability can be adapted. For refrigeration and air conditioning systems several approaches
to store cold thermal energy are applicable. Fig. 1 gives an overview of available storage technologies according
to the type of storage media (Urbaneck, 2012).

Fig. 1: Technologies for water-based cold thermal storage systems
From an economical as well as ecological perspective systems with water as storage medium represent a safe,
environmentally friendly and efficient approach to store thermal energy (Kauffeld et. al, 2005). The synergy effect
of a pumpable secondary refrigerant with the characteristics of a phase change material are the key argument for
the usage of water-based ice slurries (see Fig. 2). Besides the high enthalpy of fusion (transport capacity) higher
heat transfer coefficients can be achieved. Hence, the dimensions of cooling distribution networks and related
pump capacities can be reduced significantly (Kauffeld et. al, 2010).
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Fig. 2: Synergy effects of ice slurry as thermal storage medium
To date ice slurry based cooling systems are mainly applied in cooling processes for food products, e.g. breweries,
fishing and refrigerating counters. In Japan first air conditioning applications were installed by using ice slurry
only as storage medium (Snoek, 1993).
For the production of ice slurry various processes have been developed and are available on the market (Kauffeld
et. al, 2010). From an energetic perspective vacuum ice slurry technology is a promising approach in terms of
efficiency of cold generation for all traditional applications of industrial refrigeration processes and air
conditioning of buildings (Albring, 2009). The system can be integrated for cold thermal energy storage in larger
PV driven cooling systems to increase efficiency, availability and comfort or to minimize back-up needs. The
current research work focuses on the optimization of the vacuum ice generation process as well as investigating
new fields for ice slurry applications, e.g.:

Fig. 3: General fields of application for ice slurry as secondary refrigerant and storage medium
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Vacuum Ice Slurry Technology
2.1. Process description
The process of ice generation by direct evaporation in a rough vacuum runs at low pressure conditions below the
triple point of water (pTr=611 Pa, ϑTr=0.01 °C). Within a vessel which is initially pre-evacuated down to saturation
conditions water is cooled sensibly by heat loss through evaporation (Figure 1). Below triple point conditions
water cannot cooled down anymore. Thus, the energy for evaporation must be provided by a further phase change
– the generation of ice particles within the sump of the evaporator. The quotient between enthalpy of fusion
(hlg ≈ 2500 kJ·kg-1) and the freezing enthalpy (hls ≈ 333.4 kJ·kg-1) provides the mass relation between evaporated
vapor and the amount of produced ice particles. Hence, evaporating one kilogram of water would lead to a
generated ice mass of 7.5 kg. Under vacuum conditions the corresponding volume flow is high due to the low
density of water vapor (ρg ≈ 0.005 kg·m-³). The driving thermodynamic potential in the evaporator is given by the
pressure difference between saturation pressure (p lg) and the pressure (pg) in the gas phase above. High energy
efficiency can be achieved because of a minimal thermal resistance through direct evaporation. Direct contact
between storage medium and refrigerant requires low subcooling temperatures in comparison to other ice slurry
generation processes. By increasing the evaporating surface AO and the heat transfer coefficient α the evaporating
performance can be further increased. In order to achieve stable ice generating conditions in the sump of the
evaporator the pressure difference must be kept stable, e.g. by using a vacuum pump. Higher water vapor volume
flows can be conveyed by applying a centrifugal compressor technology.

Figure 1: Ice slurry generation by direct evaporation in a rough vacuum

2.2. Efficiency comparison

0 °C
Ice
-4 °C

Ice around tube/heat exchanger
Ice storage tube/heat exchanger wall

-3 °C / -8 °C brine circuit
evaporator <-> ice storage
-8 °C
-10 °C

Evaporator tube/heat exchanger wall
-10 °C evaporating refrigerant

Fig. 4: Exemplary temperatures during charging of a block ice storage using a cold brine circuit

One major disadvantage of conventional ice generators (e.g. in block ice storages) is the low effective evaporation
temperature of the cooling cycle which is often operated in the range of -10 °C to -13°C. The low evaporation
temperature is caused by the temperature differences necessary for heat transfer between the evaporator of the
chiller and the heat exchanger inside the ice storage/ice generator, see Fig. 4. Hence, the low evaporation
temperature results in a lower efficiency of the ice generation process. Generating ice slurry by direct evaporation
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of water the heat exchanger between the refrigerant and the phase change material water/ice can be eliminated.
Here, the water itself is used as refrigerant. The effective evaporation temperature is as high as -0°C which leads
to highest efficiencies for ice generation using the direct evaporation process.
Tab. 1: Calculation scenarios and results

Tab. 1 shows a comparison of thermodynamic efficiencies of two different approaches for ice slurry generation.
Here only the required electrical capacity for the compressor is taken into account. Necessary capacities for mixing
or scraping devices and auxiliary systems, e.g. initially or sequentially operating vacuum pumps should not be
part of a general comparison and have to be evaluated case by case. Using the method of direct evaporation
additional energy demand for ice production compared to chilled water generation can be reduced significantly.
If ice generation (charging of storage) can be done during nighttime the efficiency can be further increased by
taking advantage of lower ambient temperatures, see #4 and #6 in Tab. 1. The comparison between case 1 in (ontime chilled water generation) and case 4 (vacuum ice slurry generation during nighttime) shows that additional
energy demand for ice generation can be overcompensated by saving that results from the decrease of the
condensation temperature.

Fig. 5: Efficiency comparison

1845

C. Steffan / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

2.3. Facility Scheme
At Göttingen University a second pilot facility of a vacuum ice slurry thermal storage system has been installed.
The system is integrated in the chilled water network of a chemistry building in order to reduce peak loads. An
overall scheme of the facility is shown in Fig. 6. The chilled water network is run at 6°C/12°C. The conveyed and
compressed water vapor is condensed by a direct condenser which is supplied by an intermediate cold water
circuit. The produced condensation heat is transfered to the subordinate chilled water network. This is done by
HX2.

Fig. 6: General scheme of the pilot facility at University of Göttingen

A small fraction of the volume flow (condensed vapor, destillate) is used as return flow to the sump of the
evaporator. For cooling parts of the compressor (contour plates, rotary shafts and seals) chilled water from the
condenser cooling circuit is used. An agitator in the sump of the evaporator was installed in order to increase
evaporation surface and thermal heat transfer coefficients for maximizing the evaporation performance. For
discharging the storage a 300kW plate heat exchanger (HX 1) tranfers heat from the chilled water network to the
ice slurry. The storage vessel has a diameter of 3 m and takes 28m³ of water. The fully charged storage reaches a
capacity of 1.000 kWh which correlates with a mass fraction of 50 % ice produced. As well as for other ice slurry
generating processes a freezing point depressant additive has to be used in order to reach smaller crystal sizes and
minimizing the risk of frozen evaporation surfaces. At ILK’s vacuum ice slurry generators sodium-chloridesolution (1%) is applied which lowers the initial saturation temperature by 0.61 K. The demonstration facility is
fully-integrated within the subordinate control system. With an installed data logging and the access via remote
control error messages and failure reports can be analyzed. An additional LabVIEW-programme is used for
monitoring and data analysis.

2.4. Solar Cooling with Vacuum Ice Slurry
Using solar energy fluctuating availabilities lead to high requirements in order to level supply voltages in power
grids. Besides electrical storage technologies peak availabilities can be used to converse and store effective energy
for a delayed use, e.g. for cooling purposes. Even conversion losses can be shifted. Consequently energy
consumption for the provision of cold thermal energy during trough periods can be minimized significantly.
Nevertheless cooling load and energy availability curves has to be analyzed. In Fig. 7 two generic charts for load
shifting describe the main approaches for the use of cold thermal energy storages. The upper chart shows an
efficiency orientated approach with focus on ideal condensing conditions at times with low ambient temperatures.
For instance in continental climate areas (e.g. deserts) high day / night temperature differences resulting in high
efficiency values. For the application of solar cooling an availability orientated approach has to be applied. Mainly,
this approach can be reasoned by a higher reliability of supply (autonomous energy provision) or overcapacities
of solar energy. As a result, financial aspects play more and more an important role. When it comes to troughs in
energy availability market prices for energy provision tend to increase. In times of higher availabilities or even
overcapacities low market prices or negative market prices can be achieved.

1846

C. Steffan / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 7: Schematic charts for load shifting of cold thermal energy

Outlook
The paper presents a comprehensive approach for using water as refrigerant. Taking into account further
requirements to integrate renewable energy sources into innovative refrigeration concepts cold thermal energy
storages based on ice slurry are a preferable solution. Thermodynamically the process of direct evaporation under
triple point conditions reflects a high efficient approach to generate a pumpable ice slurry solution which can be
isochronously used as secondary refrigerant and storage medium. At ILK Dresden a further pilot facility was
developed and has been tested under laboratory conditions. Due to a delay at customers chilled water system
practical experiences cannot be discussed so far. Final commissioning is terminated for the first quarter 2018 and
operational data will be presented.
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Abstract
In this paper, a desiccant coated heat exchanger (DCHE) system driven by solar energy is built and tested
under winter condition. The purpose of this experimental research is to explore the heating and
humidification performance of DCHE system. Effects of hot water temperature, hot water mass flow rate
and regeneration air flow flux are discussed as vital factors impacting system performance. Results show
that increasing of heat water temperature as well as of hot water mass flow rate both have positive effects
on humidification capacity and thermal coefficient of performance (COP) of the DCHE system.
Moreover, the latter has a more remarkable influence. When a tradeoff is made between the performance
of DCHE system and the thermal comfort of supply air, 40oC and 0.4 kg/s are selected as optimum hot
water condition. Under this operation condition, average humidity ratio of supply air is 5.15 g/kg, almost
twice of ambient air. Maximum thermal COP can reach 1.78 with a comfortable average temperature of
supply air (28.3 oC). To provide a better supply air state under low humidify ratio of ambient air, small
regeneration air flow flux is implemented, which effectively increases the humidity ratio of supply air
with the decrease of COP.
Keywords: Silica gel coated heat exchanger, solar energy, experimental study, COP.

1. Introduction
Desiccant coated heat exchanger air conditioning system is a recently developed solid desiccant
technology which obtains more and more attention in the HVAC field. Compared with vapor
compression (VC) system which is widely used at present, solid desiccant system has several obvious
advantages. For example, it can control both sensible and latent loads under summer and winter condition,
while VC system has limited capacity in moisture control through heat pump cycle, especially cannot
meet the demand of humidification in winter [1,2]. Without the use of refrigerants containing more or
less CFCs which generally applied to the VC system, solid desiccant technology has an environmentally
friendly property. Moreover, after the Copenhagen Conference, how to reduce building energy
consumption and greenhouse gas emission has aroused unprecedented attention[3,4]. The solid desiccant
air conditioning system which usually selects silica gel as desiccant provides a promising alternative
solution. Since silica gel with a relative low desorption temperature can take advantage of renewable
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energy and low-grade thermal energy[5], such as solar energy and waste heat, which can be used as the
regeneration heating source instead of electricity. Solid desiccant technologies possess extensive
application perspective in new energy utilization and industrial commercialization.
In recent years, a novel concept of desiccant coated heat exchanger (DCHE) air condition system
has been proposed and developed in solid dehumidifying. DCHE is based on the traditional fin-tube heat
exchanger with the reprocessing on the out surface coated by the desiccant materials. Comparing with
rotary desiccant wheel that a common equipment in solid desiccant system, DCHE is chilled by inner
cooling water flowing in the copper pipes of heat exchanger, and the adsorption heat can be timely taken
away in the dehumidification process. This improvement can realize the approximately isothermal
dehumidification and overcome the side effect of adsorption heat accumulation due to the structure limit
of rotary desiccant wheel. Therefore, DCHE system effectively enhances the moisture removal obviously
which leads to a better control of the latent load. Meanwhile, there is no rotatable part in DCHE system
with longer service life and less noisy in operation. Aynur et al. [6] introduced DCHE into VRV (variable
refrigerant volume) air conditioning system instead of the traditional heat exchanger, and better
dehumidification capacity could be achieved with less energy consumption were confirmed in the field
performance test under both cooling season and heating season. Using more environmentally friendly
water as working medium, Ge et al. [7] experimentally verified that DCHE could effectively handle both
the sensible heat and the latent heat of process air in the dehumidification process. Further works by Zhao
et al. [8] successfully introduced solar energy to drive DCHE system and used two paratactic DCHE
units to provide continuous dehumidification capacity. Later, Zhao et al. [9] added internal heat recovery
to build a new type of DCHE cycle and both the thermal and electrical coefficient of performance
significantly increased (1.2 and 13.8, respectively), while providing better indoor thermal comfort in
summer condition.
The dehumidification abilities of DCHE which is applied in summer condition have caught the
main attention of scholars on no matter in experimentally or theoretically investigations. However, few
researches on regeneration process of DCHE system have been done to meet the demand in winter. The
main objectives of this paper are to utilize a solar powered desiccant coated heat exchanger
humidification air conditioning system and to validate the heating and humidification performance under
winter condition. What’s more, how the different regeneration conditions (including hot water
temperature, hot water mass flow rate and regeneration air flow flux) affect the humidification process
are experimented and analyzed.

2. Description of experimental system
Fig.1 shows photographic view of the experimental setup and main components. The DCHE air
conditioning system consists of three main components: desiccant humidification unit, solar collecting
unit and cooling unit. And its function covers humidification in winter and dehumidification in summer
simultaneously.
As the core device of the system, DCHE is based on the traditional fin-tube heat exchanger, the size
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of which is 400 mm (length)×150 mm (width)× 400 mm (height). After being soaked by desiccant and
dried for 3-5 times, the surfaces of all pipes and fins of the heat exchanger are coated. Solid silica gel
with 0.15 mm particle diameters and liquid silica gel are used as the desiccant materials in the experiment.
And the final glue quantity of DCHE is 2.53 kg with 0.316 kg on per square meter. The detailed structural
parameters of the heat exchanger and specifications of silica gel are shown in Table 1.

Fig.1 Photographic view of experimental setup and main components

Table 1 The structural parameters of the heat exchanger and specification of silica gel
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Name

Parameter

Structural size (mm)

400 (length)×150 (width)×400 (height)

Thickness of the fin (mm)

0.15

Spacing of the fin (mm)

3

Outer diameter of the tube (mm)

9.87

Inner diameter of the tube (mm)

8.67

Silica gel column chromatography

Macro pore, ZCX-熦. JN30,30%

Particle diameters of silica gel (mm)

0.15

Glue quantity (kg)

2.53

Z. Yao / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Solar energy is used as regeneration source in the experiment. The vacuum tube solar collector can
supply 8.5 kW heating power with 22 m2 area. The capacity of the matched tank is 500 L. Through
adjusting heating time and mass flow rate of circulating water in solar collecting unit, the temperature of
hot water can meet the experiment requirements in different sunlight intensity. The cooling water after
the dehumidification process flows back to cooling tower. In the cooling tower, the temperature of water
decreases by air cooling.
The cooling water and hot water are dominated by two pumps in the water loops. In the experiments,
the mass flow rate of cooling water is constant at 0.32k g/s. By adjusting the valve opening of the water
loop, the water mass flow rate of hot water can be regulated. The maximum water mass flow rates of the
cooling water and hot water provided by two pumps are 0.32 kg/s and 0.4 kg/s, respectively.
Moreover, it is extremely important to complete the airtightness and heat insulation of both air and
water pipes to ensure good performance of the system. The leakage of water and air have been checked
and precluded before the experiment. To minimize the heat loss, all the pipes are wrapped with heat
insulation materials, including fiber-glass on air pipelines and heat insulation felt on water loop.
The basic operation principles of DCHE system consist of dehumidification process and
regeneration process. In dehumidification process, ambient air (AA) is dehumidified and cooled in the
air side of DCHE, by the desiccant and cooling water, respectively, then the cold dry air discharged to
the environment as the exhaust air (EA). Meanwhile, the desiccant absorb moisture from the ambient air
with adsorption heat taken away by cooling water and moisture content rise which is well prepared for
the regeneration process. Then heat and mass transfer process between air and desiccant has basically
completed in the end of dehumidification process. And cooling tower provides cooling water for
dehumidification process in the system. In the following regeneration humidification process, when
regeneration hot water flows into the copper pipes of DCHE, the humid desiccant coated on the heat
exchanger is heated , and it enters the desorption process. As a result, the heat and moisture are taken
away by ambient air (AA) which is supplied to the conditioned space with an increase of temperature
and humidity ratio as supply air (SA). The sensible and latent loads of the supply air are promoted at the
same time in the regeneration process. Then the desiccant become relatively dry which recovers the
dehumidification capacity. And hot water in the system for the regeneration process is from solar
collecting unit.
Based on above principles, the experimental setup is established, and two alternate operation modes
are proposed to realize the continuous operation of the system as shown in Fig.2 (a),(b). Two DCHEs,
including DCHE A and DCHE B which are installed in two paratactic air ducts, compose the desiccant
humidification unit. In the MODE 1, the two water values (WV1,WV2) in hot water loop open 2’ and 1’
direction, respectively, which provide the regeneration water to DCHE A. The other two water values
(WV3,WV4) in cooling water loop open 1’ direction and pump the cooling water into the DCHE B. As
a result, DCHE A operates in regeneration process, and DCHE B operates in dehumidification process.
Meanwhile, the four 3-way air values open 1’ direction that the cold dry AA through DCHE A is handled
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into hot humid SA supplied into conditioned space. In the MODE 2, the two water values (WV1,WV2)
in hot water loop open 1’ and 2’ direction, respectively, which provide the regeneration water to DCHE
B. The other two water values (WV3,WV4) in cooling water loop open 2’ direction and pump the cooling
water into the DCHE A. DCHE B operates in regeneration process, and DCHE A operates in
dehumidification process. Meanwhile, the four 3-way air values open 2’ direction. The air flowing
through the surfaces of DCHE B is heated and humidified which is supplied to the conditioned space.
By switching multiple 3-way water valves and air valves completing the conversion of the two modes,
DCHE A and DCHE B alternately complete dehumidification and regeneration humidification process
which realize the continuous hot and moist air supply.

(a)

(b)
Fig.2 Schematic diagram of the experimental setup:(a) MODE1: DCHE A in regeneration process and DCHE
B in dehumidification process (b) MODE2: DCHE A in dehumidification process and DCHE B in
regeneration process

3. Performance indices
Performance of DCHE humidification air conditioning system in winter is evaluated by the
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following indices:
(1) Supply air state(ܶ௧ , ݀௧ , ܶ௩ , ݀௩ )
The temperature and humidity ratio of supply air are the primary criterion to judge whether the
system can achieve the required heating and humidification capacity in winter condition.
Among them, transient temperature T_t and transient humidity ratio d_t indicate the change
regularity of supply air state in each cycle. And during the humidification process t_e, the average
temperature T_ave and humidity ratio d_ave are another two important indices to assess the performance
of the whole system. And they are expressed as following Eq. (1) and Eq. (2), respectively:
തതതതതതതത
ܶ௩ ൌ  ܶ௧

(1)

՜௧

തതതതതതതതത
݀௩ ൌ  ݀௧

(2)

՜௧

(2) 澳Average moisture addition (ο݀௩ )
ο݀௩ is the most intuitive parameter adopted to evaluate the capacity of humidification of the
system, which is expressed by average moisture adding of supply air in per cycle as the following Eq.
(3):
തതതതതതതതതത തതതതതതതതതതതതതതതതതത
ο݀௩ ൌ  ο݀௧ ൌ  ሺ݀௧ െ ݀ప ሻ
՜௧

(3)

՜௧

where ο݀௧ is transient moisture addition, ݀ and ݀௧ are humidity ratio of inlet air and outlet air in
regeneration process, respectively in g/kg.
(3) Thermal coefficient of performance()ܱܲܥ
The energy utilization of the system is measured by ܱܲܥ, which is the ratio of ܳ௧ and ܳ௪ . ܳ௧ is
the average enthalpy exchanged of process air in effective dehumidification process, and ܳ௪ is the
average enthalpy exchanged of water in effective regeneration process, respectively in kW.
 ܱܲܥൌ

ܳ௧
ܯ ൫݄ǡ௨௧ െ ݄ǡ ൯
ൌ
ܳ௪ ܿ௪ ܯ௪ ൫ܶ௪ǡ െ ܶ௪ǡ௨௧ ൯

(4)

where ܯ and ܯ௪ are mass flow rate of air and hot water, respectively in kg/s. ݄ is the enthalpy in
kJ/kg. ܶ௪ǡ and ܶ௪ǡ௨௧ are inlet and outlet temperature of hot water, respectively in K. ܿ௪ is the
specific heat of water in kJ/(kg灄K).

4. Results and discussions
The solar powered DCHE humidification air conditioning system is tested to evaluate the feasibility
of heating and humidification in the typical winter condition from 15 December 2015 to 31 January 2016
in Shanghai. And the system performances are compared and discussed based on three crucial
regeneration factors, including hot water temperature ܶ௪ǡ , hot water mass flow rate ݉௪ and
regeneration air flow flux ܸ . Because the thermo-hygrometric condition of the environment air changed
every day, even unstable from day to night. Based on a great deal of experiments, the data is selected and
compared with the principle of a single variable. Besides, 600 s is recommended as the experiment cycle

1853

Z. Yao / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

in order to guarantee the experiment performance.
4.1 Effect of hot water temperature
The temperature of hot water has an important influence on the regeneration process of DCHE and
makes a further effect on the humidity and temperature of supply air. To explore how the hot water
temperature affect the performance of the system, the test water temperatures are specified at 30, 35, 40
and 45 oC. In addition, the humidity ratio of ambient air is around 2.91 g/kg-3.10 g/kg, the hot water
mass flow rate and regeneration air flow flux are 0.4 kg/s and 400 m3/h, respectively. These three
parameters remain constant under this test condition.
The transient humidity ratio of supply air under different hot water temperature is shown in Fig.4.
There is an obvious increase of moisture content under every condition compared with ambient condition,
which demonstrates that the solar powered DCHE humidification air conditioning system can effectively
improve the air humidity ratio in winter condition.
8
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With the rising of ܶ௪ǡ , the transient and average humidity ratio of supply air both increase as
shown in Fig.3 and Fig.4. And the average value increases from 4.54 g/kg to 5.20 g/kg, up 15 %. The
average moisture addition rises from 1.46 to 2.13, up 46%. Due to higher hot water temperature for
desiccant material more heating power and humidification capacity can be obtained, then the
regeneration process is completed thoroughly, which directly leads to the increase of moisture addition
and humidity ratio of supply air. On the other hand, the surface of solid desiccant becomes drier at the
end of the regeneration process with the rising of ܶ௪ǡ , which increases the moisture removal and
indirectly accelerates the next regeneration process. As it shows in Fig.4, the temperature of supply air
rises from 24.0 oC to 34.7 oC due to the increment of the temperature difference between hot water and
air/desiccant. And the slope of the curve is elevated. Through analyzing the above variation trends, the
increase of ܶ௪ǡ has more effect on the rise of sensible load than latent load in the test condition which
reflects on the tendencies of temperature and humidity ratio of supply air, respectively. At the same time,
 ܱܲܥincreases from 1.05 to 1.85, up 76 %, which increases obviously from 30 oC to 35 oC, then gradually
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become flat when from 35 oC to 45 oC.
Transient supply air states in one cycle are plotted in the psychrometric figure(Fig.5) to measure
whether the system can provide satisfied supply air under test condition. The black solid dot represents
ambient air state, area circled by blue dashed lines show the designed standard of indoor air in winter
China (temperature: 18 oC-24 oC, relative humidity ratio: 30 %RH-60 %RH)[24] []and the hollow points
are the supply air state under different hot water temperatures. It is found that the supply air states
gradually enter the designed standard area with the temperature increase from 30 oC to 40 oC. However,
the supply air states is far from the area when ܶ௪ǡ , is 45 oC, mainly because the temperature of supply
air is too high(the average temperature of supply air is 34.7 oC). To balance the performance of the system
and the thermal comfort of supply air, in spite of the performances of system (including ݀௩ , ο݀௩ ,
 )ܱܲܥbest in 45 oC, 40 oC is selected as the appropriate hot water temperature whose average humidity
ratio is 5.15 g/kg, average temperature is 28.3 oC , average moisture addition is 2.07 and  ܱܲܥis 1.78.
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Fig.5 Transient supply air states in psychrometric figure with different hot water temperatures

4.2 Effect of hot water mass flow rate
In the solar powered DCHE system漓the hot water flowing in the DCHE provides the desorption
heat in regeneration process. The mass flow rate of hot water directly affects the heat exchanger
efficiency between air and water, and crucially impacts the humidification and heating performance of
the system. In order to explore the effect of ݉௪ , the system is tested under constant condition that the
humidity ratio of ambient air is around 2.42 g/kg-2.59 g/kg, the hot water temperature is 40 oC and
regeneration air flow flux is 400 m3/h. Through adjusting the valve opening of the hot water loops, the
different mass flow rates of hot water are controlled to 0.1, 0.2, 0.3, 0.4 kg/s, respectively. And the
transient and average experimental results are summarized in Fig.6-9. In Fig.6, when the mass flow rate
of hot water is greater than or equal to 0.2 kg/s, transient humidity ratio of supply air first rapidly
increases to a maximum value and then gradually falls down. In the beginning period, there is a bigger
relative humidity ratio difference between ambient air and pores within desiccant material, which acts as
the main driving force for mass transfer and brings in the increase of moisture addition. However, water
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in desiccant material is limited, which is the main reason why the humidity ratio of supply air decreases
in the following process. But when mass flow rate of hot water is 0.1 kg/s, the variation trend is different.
Transient humidity ratio of supply air increases in the beginning and then becomes flat without a drop
process. This phenomenon occurs because the mass flow rate (0.1 kg/s) is too small to provide enough
desorption heat in regeneration process and the regeneration process proceeds slowly which has not yet
emerged the obvious influence due to the water decrease in desiccant material.
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Fig.6 The transient humidity ratio of supply air with different hot water mass flow rate

With the increase of mass flow rate of hot water from 0.1 kg/s to 0.4 kg/s, all the performance
indices are enhanced. Average humidity ratio of supply air, moisture addition and  ܱܲܥhave
approximately linear rises, up 24 %, 71 % and 102 %, respectively. And the increase trend of average
temperature differs from others, which is from sharp to flat. This phenomenon indicates that the effect of
hot water flow mass on the supply air temperature weaken when it is above 0.2 kg/s. Comparing with
hot water temperature(up 15 %, 46 %, 76 %, respectively), mass flow rate of hot water has a greater
influence on system performance indices when other parameters remain the same.
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Except for the performance of system, the thermal comfort of supply air also needs to be taken into
account. Fig.8 shows the transient supply air states in psychrometric figure with different mass flow rate
of hot water. When mass flow rate of hot water increases, the curves moves towards the upper right of
the figure due to the promotion of heating and humidification performance. Compared with the
experimental results of 0.1, 0.2, 0.3 kg/s, more points of supply air curve in 0.4 kg/s are included in the
designed standard of indoor air, which can provide more comfortable temperature and humidity ratio to
the conditioned space.
To sum it up, the maximum hot water mass flow rate (0.4 kg/s) is recommended in this system in
order to improve regeneration process and provide better supply air condition.
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Fig.8 Transient supply air states in psychrometric figure with different hot water mass flow rate

5. Conclusion
In this paper, the solar powered DCHE air conditioning system is established and tested to research
the humidification performance of DCHE in winter condition. Three important factors impacting
regeneration process are discussed. The main conclusions are as follows:
(1)Experimental results of supply air humidity ratio validate that DCHE system possessed a good
humidification and heating performance in winter condition.
(2)Under a single variable, humidification capacity and  ܱܲܥof DCHE system have a prominent
increase with the rising of heat water temperature, as well as hot water mass flow rate. And through
analysis of results, mass flow rate has a greater influence on all performance indices of the system than
water temperature.
(3)To balance the performance of the system and the thermal comfort of supply air, 40 oC and 0.4 kg/s
are optimum temperature and mass flow rate of hot water, respectively. And the best operation state of
the system in this hot water condition is concluded that average humidity ratio of supply air is 5.15 g/kg,
average temperature of supply air is 28.3 oC and  ܱܲܥis 1.78.
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Abstract
The use of Concentrating Solar Power (CSP) systems for combined cooling and power (CCP) is increasing
daily across the global. However, due to some land and other limitations various types of solar fields, CSP
technology and specially solar trough Collector (STC) configuration which may have effect on overall
performance of Solar thermal power plant (STPP) are used. Thus, performance analysis of these configurations
is vital in order to identify their performance uncertainties and weakness. This paper studies and analysis the
performance of three types of STC configuration used in most experimental and non conmmercial plants,
using Matlab software and analytical approach. The results shows that for the same modules number, 5Loops
configuration has higher performance with energy efficiency of 32.75%, exergy efficiency of 32.07% and
lowest coefficient of performance for cooling of 0.5751, followed by 10-SCAs configuration, and 15-SCAs
configuration has the lowest performance with energy efficiency of 26.45%, exergy efficiency of 25.91%, and
highest coefficient of performance of cooling (COPc) of 0.7706. This study is important for identifying the
performance uncertainties of various STC configurations using indirect stem generation (ISG) and selecting
the most optimal configuration for small size plant in order to maximize the utilization of solar energy in CSP
systems.
.
Keywords: CSP, Solar Collector Assemblies (SCAs), Configuration, CCP, STC, STPP, COPc, ISG, Loop

1. Introduction
Concentrating Solar Power (CSP) systems require direct normal irradiation to effectively
function. In order to concentrate the sunlight, the lenses or mirror are used. At the same time, the tracking
systems are used to optimize solar thermal power output. The solar trough Collector (STC) can be
considered as the most efficiency CSP technology, according with plant number in the world and total
energy thermal and electricity production [1]. In California’s Mojave Desert Since the 1980s, more than
350 MW of capacity has been developed by the Solar Electric Generating Station (SEGS) using STC
technology [2]. A viable alternative that helps to alleviate the challenges associated with renewable
energy is a combined cycle (CC) or Rankine cycle power blocks. Solar combined cycle (SCC), uses
concentrating solar thermal (CST) energy as the renewable source. V. Zare and M. Hasanzadeh studied
closed Brayton cycle combined with Organic Rakine cycle for solar power tower plants in order to
optimize electricity generation, in their study they found the efﬁciencies of the system to be 23.2% [3].
Spelling et al. studied thermodynamic and economic performance of a combined-cycle, based on open air
Brayton and steam Rankine cycle was analyzed , in this study it was concluded that the efﬁciencies of the
system was between 18–24% [4]. Organic Rankine cycle (ORC) is a special kind of Rankine cycle that
uses an organic ﬂuid as a working ﬂuid instead of water, which is currently used for combined cycle study.
ORC could be used with diffferent kinds of low temperatures coming from various heat sources such as
geothermal energy, solar energy, biomass energy and waste heat. Suna et Li [5] provided the organic
Rankine cycle heat recovery power plant using R134a as working ﬂuid to evaluate and optimize the plant
performance. Sun L. et al. [6] proposed an combined power and cooling system power able to use mid/low
temperature from heat source, this system consisted of a combination of Rankine cycle (RC) and absorption
refrigeration cycle (ARC). During this study Sun L. et al. used the more import portion of waste heat for
power generation uusing ORC as was done by V. Zare and M. Hasanzadeh, whereas another portion of
this waste heat was used for cooling generation. Today, in order to increase opportunities offered by
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renewable energy sources, significant market for the ORC is ready to make more attracted combination of
cooling heat and power (CCHP) using waste heat from soloar thermal power plant (STPP) specially.
Organic Rankine cycle technology is a challenge to develop an appropriate CCHP scale to meet both
energetic, economic and environmental needs increase [7–8]. This paper focus on SCC power plant
configuration and performance analysis, in order to show both energetic and exergetic efficiency values of
different configurations. In either case this study integrated ARC analysis using waste water from Power
combined cycle (PCC) with objective to decrease heat loses.

Figure 1: System description

2. System descriptions and assumptions
The following assumptions have been considered in the study
x The system is operating in steady state conditions.
x The kinetic and potential energies and exergies are negleable, due to absence of chemical reactions in
the considered system and also in heat transfer fluid.

2.1 System descripton
Fig.1 shows layout of CCP system containing parabolic trough collectors (PTC), heat exchanger ,
thermal heat transfer fluid and combined power systems able to provide waste heat necessary for cooling
system, by using ARC. PTC is a known and commercialized technology. In this study, Luz-S2 and PTR
schott technologies are used as receiver type and absorber type respectively. This technology is generally used
to provide heat around 500⁰C using heat tranfer fluids (HTFs) depending o configurtion type, Direct steam
generating (DSG) or ISG system. In this case study we are using ISG system on by using Therminol VP-1 as
thermal HTF. There after, thermal energy is transfered to water in Intermediate Heat Exchanger (IHE). Before
going through IHE, cool water have to be heated by recuperator, to increase its temperature.Steam generated
has the temperature close to HTF's temperature according to mass flow rate of water. As indicated in Fig.1
exiting steam from turbine is used for preheating water from tank by using recuperator. Exiting steam from
recuperator is used to provide heat for auxilaries cycles both Organic Rankine and Absorption refrigeration.
For ORC exiting hot water go through evaporator directly to increase organic heat tranfser fluids temperature
(satured vapor state) and for absorption system the hot water is used to seperate Lithium Bromide and Water
inside of generator.

2.2 Solar field
Solar energy is one of main key alternative energy sources in Turkey. Therefore, it improtant to
consider its utilization in future energy generation mix in the country and especially in Izmir.
Izmir has a mediterranean climate which is characterized by long hot and dry summer with mild to cool and
rainy winters[9]. The total average of precipitation for Izmir is around 686 mm per year. However, 77% of the
rain falls during December through to March. The maximum temperature during winter months are usually
between 10 to 16⁰C. During summer the ambient air temperature can rise high to as much as 40⁰C from June to
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September. Average relative humidity is between 42 and 70%. Mean monthly sunshine hours are between
124.0 hours in december and 375.1hours in July [9]. Solar energy potential of Izmir is considerable and
advantageous due to its geographical position in northern hemisphere as shown in Table 1 [10-11].
During this study direct normal irradation value used for calculation is 523.7 W/m2, which correspond to
Average value of solar radiation during 1 year in Izmir.The solar field can be defined as a system containing
a number of loops, with each Loop consisting of two solar collector assembly which is made of connected
modules. The specifications of module and Solar Collectors Assemblies is shown in Table 2.

3. Method and Formula
3.1 Configuration Description
Usually there are two arrangement types in Solar thermal collector plant using parabolic trough collectors, I and
H. In this study, three differents configurations of STC fied have been analyzed using a same modules number
and characteristics. The main aim of this work is to show which configurations can provide better energetic
and exergetic efficiencies using CCP system. The configuration type-A contains 15 SCA's and each one has 8
modules without any loop. Configuration type-B contains10 SCA's each with 12 modules without any loop.
Configuration type-C contains 5 loops with each one having 24 modules.

(A)

(B)

(C)
Figure 2: solar field configurations A, B and C

3.2 Solare collector efficiency
The thermal efficiency of solar collector is the ratio of collector thermal power output to the solar power input
[13-15] and can be expressed by eq.1:

ߟ ൌ

ொሶೌ್ೞ
ொሶೞೌೝ

(eq. 1)

Where ܳሶ  ݎ݈ܽݏis the solar power input (kW) and ܳሶ ܾܽ ݏis useful energy output of collector(kW). The solar power
input can be calculated from the average direct normal irration  ܾܩand total collector aperture area  ܽܣ. Thus,
the total available solar on the PTC's cover glass has been estimated using the given eq. 2[15]:
(eq. 2)
ܳሶ ܵ ݎ݈ܽൌ  ܽܣǤ ܾܩ
The amount of total solar radiation that is striking the collector and used as input heat, which is necessary to
heat transfer fluid inside of absorber has been calculated using eq. 3[15].
ܳሶ ݁ݏݑǡ݅݊ ൌ  ܽܣǤ  ܴܨǤ ܵ
(eq. 3)
Where ܳሶ ݁ݏݑǡ݅݊ is the absorber input solar energy,ܨோ Ǥ is heat removal factor, and ܵ is the heat absorbed by
receiver. These parameters can be expressed respectively as[15]:
 ܽܣൌ ൫ܹ െ ݎܦǡ ൯Ǥ ܮ
(eq. 4)
 ܴܨൌ

݉ሶ Ǥܲܥ
 ݎܣǤܷܮ

ܵ ൌ  ܩ Ǥ ߟ
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 ܣǤܷ

ቂͳ െ ݁ ݔቀെ ݉ݎሶ Ǥ  ܥቁቃ

(eq. 5)

ܲ

(eq. 6)
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Where ߟ is optical efficiency, ܷ is overall heat transfer coefficient, and ݉ሶ is mass flow rate of HTF. The
values of a receiver and cover surface area, optical parameters and other can be found in Table 2.
The useful energy output of collector has been estimated using eq. 7 written as[15]:
ܳሶ ܾܽ ݏൌ  ܽܣǤ  ݎܨǤ ቆܵ െ

ݎܣ

ܷ ܮǤ ሺܶ ݅ݎെ ܶ ሻቇ

ܽܣ

(eq. 7)

Where receiver area aperture is ( ݎܣTable), ܷ ܮis heat losses coefficience,ܶ is input temperature of HTF inside
receiver, ܶ ambient air temperature. Table 3 summarizes the defination of the optimal parameters of the
parabolic trough collector.

3.3 Optical and Thermal analysis of parabolic collector
Therminol VP-1 oil has been used as HTF in this study due to its good temperature control and heat transfer
properties (Table 5) [16]. Generally mass flow rate of the heat transfer fluid per row is between 0.35 and 0.8
kg/s according with solar collector assembly length [17]. In order to determine thermodynamic properties of
heat transfer fluid entering the IHE and also working fluid properties entering in the steam turbine of Rankine
cycle. All the equations below have to be used to calculate the temperature of receiver's cover and the value of
solar heat absorbed by the receiver of parabolic trough collector.
A.
Optical analysis
The concentration ratio (C) of parabolic trough collector is calculated by the given eq.8 [18]:

ܥൌ

ೌ

(eq. 8)

ǡ

The geometric factor is a ratio of lost area to aperture area which is estimated using the following eq. 9[18]:

ܣ ൌ

ಽ

(eq. 9)

ೌ

Whereas the lost area has been estimated using the expression eq. 10 [18]:
ʹ

ܹܽ ʹ

͵

Ͷͺ݂ʹ

 ܮܣൌ ܹܽ Ǥ  ܪ ݂ܹܽ ቂͳ 

ቃ Where  ܲܪis height of parabola and ݂ is parabola focal distance

Optical efficiency is defined as ratio of the energy incident on the collector's aperture [18]. It depends on optical
properties of materials involved, geometric of collector and other parameters as errors related to the construction
collector. The optical efficeiency has been estimated using the expression as given in eq11[18].
ߟ ൌ ߩܿ Ǥ ߬݃ Ǥ ߙ ݎǤ ߛൣ൫ͳ െ  ݂ܣǤ ሺߠሻ൯ܿݏሺߠሻ൧
(eq. 11)
Parabolic Trough collector (PTC) structure uses a two axis tracking, the main advantage of using the tracking
system is that solar collector assembly can collect all available direct solar energy during the day, because
incidence angle of solar radiation is always equal to zero.
B.
Thermal analysis
Generally, in order to decrease the heat losses, a cover glass tube is employed around receiver . The space
between the receicer and the cover glass is evacuated in order to minimize the conventional losses. The heat
losses coefficient has been calculated usıng eq. 12 given by [18].
ೝ

ܷ ൌ ൬ሺ

ǡషೌ ାೝǡషೌ ሻכǡ

ଵ



ೝǡೝష

൰

(eq. 12)

The heat transfer coeefficients between receiver and cover glass and between cover glass and ambient
temparature of have been estimated using eq.13a and 13b written as[18].
െͳ

݄ݎǡݎെܿ ൌ ߪ൫ܶ݃  ܶܽ ൯൫

ܶʹ݃



ܶʹܽ

ͳ

ݎܣ

ͳ

ݎ

݃

݃

൯Ǥ ቆߝ   ܣ൬ߝ െ ͳ൰ቇ

(eq. 13a)

(eq. 13b)
݄ݎǡܿെܽ ൌ ߝ݃ ߪ൫ܶ݃  ܶܽ ൯൫ܶʹ݃  ܶʹܽ ൯
The overall heat transfert coefficient, including external walls of the cover glass has been calculated using the
following expression eq.14 [18].
ܷ  ൌ  ቆ

ͳ
ܷܮ



ݎܦǡ
݄ܿǡݎെܿ Ǥݎܦǡ݅



ݎܦǡ Ǥ݈݊ቀ

ݎܦǡ

ʹ݇ݎ

ൗݎܦǡ݅ ቁ

ቇ

(eq. 14)

Between receiver and cover glass , cover glass and ambient terms of heat trnasfer coefficient are written as
eq. 15a and 15b [18]:

݄ǡି ൌ 
݄ǡି ൌ 

ሺே௨ೌೝ Ǥೌೝ ሻ

ሺே௨ೝ Ǥೝ ሻ


(eq. 15a)
(eq. 15b)

Where ܰ ݑis Nusselt number, ݇ is the thermal conductivity and ܦis the diameter of cross section . The
Reynold and Prandt number has been estimated using eq.16 and 17 [18]:
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ܴ݁ ൌ

ܲ ݎൌ

 Ǥೝೞೞ

(eq. 16)

ణ

ఘǤǤణ

(eq. 17)



By ignoring the radiation absorbed by the cover glass, ܶܿ has been estimated from this energy balance eq.18 :
 ܿܣǤ ൫݄ܿǡܿെܽ  ݄ݎǡܿെܽ ൯Ǥ ሺܶܿ െ ܶܽ ሻ ൌ  ݎܣǤ ݄ݎǡݎെܿ (ܶ ݎെ ܶܿ )
(eq. 18)
Temperature of receiver cover has been calculated as follows eq. 19 [18].

ܶ ൌ

ಲ
ೝǡೝ Ǥ்ೝǡೌ ା  ൫ǡೌ ାೝǡೌ ൯்
ಲೝ

ಲ
ೝǡೝ ା  ൫ǡೌ ାೝǡೌ ൯

(eq. 19)

ಲೝ

C.
Thermal efficeincies
The collector efficiency factor for this study has been calculated using eq.20 given by[15-18].

ܨᇱ ൌ



(eq. 20)

ಽ

The collector efficiency has been found by dividing energy useful by solar energy input. Therefore, the collector
efficiency is estimated using the following eq. 21[18].
ሺ்ೝ ି் ሻ

ߟ ൌ ܨோ ቂߟ െ ܷ ቀ

ீ್ 

ቁቃ

(eq. 21)

The thermodynamic properties of the heat transfer fluid used in the study is given in the Table 5 (Appendix1).
Using the heat transfer fluid the usefull energy output of collector has been determined using eq. 22 [15-18].
ܳሶ௦ ൌ  ݉ሶ ் ൫்ܥǡ Ǥ ்ܶǡ െ ்ܥǡ Ǥ ்ܶǡ ൯
(eq. 22)
Where ݉ሶ ݄ܶ ǡ  ݄ܶܥand ݄ܶܶ are the mass flow rate , the specific heat and temperature of Therminol VP-1
going trough PTC's receiver respectively. The subscripts o and i refer to outlet and inlet position of Therminol
VP-1 inside of that receiver.

3.4 Thermodynamic analysis
Overall system is divided into three subsystems namely, Solar Collector system, Power cycle (Steam and
Organic Rankine Cycle), and Absorption system. For each subsystem, thermodynamic models are developed
and the components of each subsystem are studied using MATLAB program to simulate the subsystem models.
For a control volume accompanying a steady state process the energy and exergy balance equations [19]. Where
߰ሶ  ݐݑand ߰ሶ ݅݊ ݐare the total exergy rates entering and exiting to the control volume respectively, while ߰ሶ  ܦis
the exergy destruction rate within the component as defined in Appendix 1.
A.
Solar sub -system
Solar subsystem contain essentially PTC and intermediate heat exchanger using Therminol VP-1 oil as
working fluid. On the other hand, it's one of the most important part of this system. Its major purpose is
provide heat collected from concentrated sun rays to power cycle by intermediate heat exchanger. The
energetic efficiency of solar subsystem is the ratio of heat provided by working fluid inside of intermediate
heat exchanger to heat obtained through absorber . It has been calculated using eq.28 written as[3,20]:

ߟ௧ǡௌ ൌ

ொሶಹಶ
ொሶೠೞ

(eq. 28)

The exergetic efficiency of solar sub-system is the ratio of the usefull exergy input to power cycle and exergy
of heat obtained through absorber. It has been determined using eq. 29 given below[3-20].

ߟ௫ǡௌ ൌ

టሶమᇲ ିటሶభᇲ
ொሶೠೞ ቆଵି


ೝǡೞೠ

(eq. 29)
ቇ

Where ݂ܶ݁ݎǡ ݊ݑݏis apparent sun temperature as the equivalent heat source temperature ( Tref, sun = 5739 K).
The exergy destruction of solar subsystem is the sum of destroyed exergy in intermediate heat exchanger and
solar field. It has been estimated using the eq. 30 presented by[3]:
(eq. 30)
߰ሶ ܦǡ ݏݏݎ݈ܽݏൌ ߰ሶ ܦǡܾܽ ݏ ߰ሶ ܦǡܧܪܫ
B.
Power cycle (Steam and Organic Rankine Cycle)
The following assumptions have been considered in the study of the power cycle:
x For turbines and pump in Rankine cycles , isentropic efficiencies are assumed as given in Table.
x The appropriate value of the efficiency for recuperator has been assumed as given in table.
x Pressure drop and losses inside of Rankine cycles are neglegible.
߰ሶ ʹԢ െ ߰ሶ ͳԢ represents the usefull exergy input to the combined rakine cycle. Heat provided to power cycle is
generated inside of IHE, it has been estimated using the expression given by eq.31[18].
(eq. 31)
ܳሶ  ܧܪܫൌ  ݉ሶ  ݓሺ݄ͳ െ ݄ͳͲ ሻ ൌ  ݉ሶ ݂ ሺ݄ͳԢ െ ݄ʹԢ ሻ
While the net output power work ܹሶ ݊݁  ݐof the combined Rankine cycle has been calculated using eq. 32[15].
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ܹሶ ݊݁ ݐൌ ൫ܹሶ ܶ െ ܹሶ ܲ ݉ݑ൯
 ൫ܹሶ ܶ െ ܹሶ ܲ ݉ݑ൯  (eq.32)
Power
ܴܵܥ
ܱܴܥ
generation unit converts thermal solar energy absorbed in imtermediate heat exchanger to the net power
generated.Thus, the efficiency for both energetic and exergetic of power cycle have been estimated using the
following eqs. 33 and 34 respectively[3, 20]:
ௐሶ

ߟ௧ǡ ൌ ொሶ 

(eq. 33)

ಹಶ

ௐሶ
ሶ
మᇲ ିటభᇲ

ߟ௫ǡ ൌ టሶ

(eq. 34)

For the considered solar power plant the overall energy and exergy efficiency can be defined as ratio of the net
output power to the energy or exergy input due to solar irradiation on parabolic collector field. More clearly,
power plants overall can be expressed as product of solar field efficiency and power cycle efficiency.
The overall energetic efficiency of power plant has been calculated using eqs. 28 and 33[3]:

ߟ௧ǡ ൌ

ௐሶ
ொሶಹಶ

כ

ொሶಹಶ
ொሶೠೞ

(eq. 35)

While the overall exergetic efficiency of power plant has been estimated using eqs. 29 and 34.
ௐሶ
ሶ
మᇲ ିటభᇲ

ߟ௫ǡ ൌ టሶ

כ

టሶమᇲ ିటሶభᇲ
ொሶೠೞ ቆଵି


ೝǡೞೠ

(eq. 35)
ቇ

Where ݂ܶ݁ݎǡ ݊ݑݏis apparent sun temperature.
C.
Absorption system analysis
In order to estimate the size of equipment and optimize single effect Water -Lithium bromide absorber cooler.
The following assumptions and input values have been considered.
x Absorption system is operating in steady state and refrigerant is pure water.
x There are no pression variation, except through the flow restrictors and the pump (i.e pump and flow
restrictors are considered as isentropic and adiabatic respectively).
x Environmental heat losses are neglegible.
x There are no jacket heat losses, and at points 20,17,22 and 24 there is only saturated state.
The cooling COP of absorption system is defined as the ratio of the heat load inside of evaporator and the heat
load inside of generator and has beeen determined using expression 38 [22,23] :
ܥܱܲܥ

ൌ

ொሶಶ
ሶ
ொಸ ାௐሶು

(eq. 38)

݉ሶଶଵ ሺ݄ଶଷ െ ݄ଶସ ሻ
ሶ
݉ሶଶ ሺ݄ଵଽ െ ݄ଶ ሻ  ݉ଶଵ ݄ଶଵ  ݉ሶଵ ݄ଵ െ ݉ሶଵ଼ ݄ଵ଼
Where m is mass flow rate and h is the enthalpy of working fluid at each corresponding state point. The
heating COP of absorption system is the ratio of combined heating capacity , obtained through absorber and
condenser and heat load provided by an external source, specifically inside of generator calculated using eq.39
[22,23 ]:
ൌ

ܪܱܲܥ

ൌ

ொሶಲ ାொሶ
=ͳ  ܱܲܥ
ொሶಸ ାௐሶು

(eq. 39)

The exergetic efficiency of absorption system for cooling is exergetic ratio between chilled water at evaporator
and heat source at the generator. Which has been calculated using eq.40 [24,25].

߰ ൌ

టሶయబ ିటሶయభ
ሺటሶర ିటሶఱ ሻାௐሶು

(eq. 40)

The exergetic efficiency of absorption system for heating is exergetic ratio of combined supply of hot water at
absorber and condenser to heat source at the generator. Which can be expressed as given in eq.41 [26,27].

߰ு ൌ

൫టሶమవ ିటሶమఴ ൯ାሺటሶయయ ିటሶయమ ሻ
ሺటሶర ିటሶఱ ሻାௐሶು

(eq. 41)

The exergy destruction of absorption system is defined as the sum of destroyed exergy in each component and
can be calculated using the following eq. 42 [28].
߰ሶǡ௦ ൌ ߰ሶǡீ  ߰ሶǡ  ߰ሶǡா௩  ߰ሶǡ௦ ߰ሶǡ௦  ߰ሶǡ
(eq. 42)
Table 1 : Energy and exergy balance
Components
Energy Q (kW)
#1
#2
124.1
84.1
Absorber
124.7
85
Generator
101
64.5
Condens.
33
27.4
S. he
96.1
61.3
Evaporat.
Total

#3
55
57.7
35.4
12.2
33.2

#1
5.04
13.81
5.77
2.8
3.15
30.57

Exergy destroyed I (kW)
#2
#3
6.87
6.82
12.57
11.02
2.21
1.51
2.58
1.1
3.68
1.87
27.91

22.3
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4. Results and Discussion
4.1 Validation of PTSC assemblies
The SCA study is based on the pysical and optical characteristics of the parabolic collector used for
its assembly. But for this study the parabolic collector used is the same for all the configurations, moreover we
must know that the arrangement of the collectors is in series even if the size and the shape of the SCA show
some differences. This validation of the SCA technology was based essentially on the Removal factor, thermal
efficiency and thermal efficiency factor (0.85).
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Fig.2: Absorbed energy and Removal factor of SCA. in
configuration Type - A

Fig.3: Absorbed energy and Removal factor of SCA. in
configuration Type - C

The fig. 2 shows that the SCA used in the configuration type -A has a Removal factor of 0.812 and its energy
absorbed of 89.9 kW, while Fig.3 presents a configuration type -B with a Removal factor of 0.791 and an
energy absorbed of 131 kW when working with a mass flow rate of 0.55 kg/s. The configuration type-C not
shown in this section has a Removal factor of 0.7543 and an energy absorbed of 249.46 kW working at a
mass flow rate of 0.65 kg/s.
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Fig. 4 : Effect of HTF mass flow rate on thermal efficiency.

Fig.5: Effects of configuration type on Energy -exergy output

The fig.4 shows a negligible variation of the Thermal efficiency when the mass flow rate increases for the
configuration type-A. On the other hand for the configuration type -C there is a considerable variation in the
Thermal efficiency when there is a variation of the mass flow rate between 0.35 and 0.7 kg /s. For this study,
a mass flow rate of 0.55kg/s will be used for Type-A and Type B configurations and 0.65kg/s for Type-C
configuration

4.2 Validation of solar field configuration Type
Fig. 5 shows that the energy absorbed in the configuration type-A is greater than other configurations. It
should be noted that the energy absorbed by the configuration of the solar field is closely related to the volume
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of transfer fluid used to absorbe that energy. Futhermore outlet temperatures of the transfer fluid in the other
types are significantly higher than configuration type-A.
In summary, we will say that the energy absorbed by the solar field changes inversely with the outlet
temperature of the transfer fluid. The use of the ORC in the production of electricity does not influence the
choice of the appropriate configuration. On the other hand, it contributes to the growth of electricity production
in a significant way (Figures 6 and 7).

4.3 effects of configuration on power system performance
A comparative study of the results obtained in Tables 9, 10 and 11 between the CRC and SRC for different
configurations shows a relative increase in electricity production according to the type of configuration. The
configuration Type -A presents an increase of 5.05%, while configurations type -B and C show 3.1% and
1.95% increase in power generation respectively.
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Fig.6: Net work of overall plant without ORC system

Conf.TYPE-B+ CC-RC Conf.TYPE-C+ CC-RC

Fig.7: Effect of ORC on power system performance

4.4 effects of additive subsystem on system performance
The figures 8 et 9 show overall performance of studied configurations, configuration Type-C presente an higher
performance with energy efficiency of 32.75%, exergy efficiency of 32.07% and lowest coefficient of
performance for cooling and heating of 0.5751 and 1.5751 respectively.The configuration Type-C is followed
by configuration Type -B, and configuration Type- A. The configuration Type- A has the lowest performance
with energy efficiency of 26.45%, exergy efficiency of 25.91%, and highest coefficient of performance of
cooling of 0.7706. The fig. 8 presents impact of both ORC and ARC in combined cooling power system
analyzed.
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Fig.8: Effect of ARC and ORC on power system performance
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Fig.9: Effect of htf Pumping system on power system
performance

Fig. 9 shows direct impact of htf pumping system of solar field configuration type on overall power plant.
This study present configuration Type -A as a configuration which transfer 8.25 kg of Therminol oil per
second too feed its piping network.
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4.5 presentation of other results
Figure 10 presents a complete resume of this study through energy analysis of described system (fig.1). During
this study optical, thermal conversion, transport and CCP losses has been analyzed for each solar plant
configuration in order to show which of them is more efficiently and can be use to use provide power and
cooling more suitably. fig.10.a shows repartition of these losses and overall plant production in configuration
Type-A. The total losses evaluated for configuration is 68.62%, where optical losses contribute the highest
value of 34.11%, followed by CCP production contributing 26.45% while cooling production contribute the
second lowest value of 3.64% and external energy contribute the least lowest value of 1.29%.
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Figure 10: Repartition of energy losses of CCP in plant (a) configuration Type -A (b) configuration Type -B,
(c) configuration Type -C

Fig.10.b shows the distribution of the total losses of configuration Type -B with the value of 65.54% , here
CCP production contribute 32.75% of the total losses, while cooling production contribute 1.25% and external
energy contribute the least value of 0.46%. It is worth to note that in all the configuration, optical losses
contribute the highest to losses while external energy contribute the least. Furthermore, among the three
configuration studied, configuration type-A had the highest losees followed by configuration type-B, while
configuration type-C had the least.
In all the configurations presented, configuration type-C had a higher optical loss and lowest transport, thermal
conversion and combined cycles power losses due to higher operating temperature, low mass flow rate of heat
transfer fluid and short pipeline network.

5. Conclusion
The complete energy and exergy analysis on combined cooling power using combined Rankine cycles has
been analyzed in this paper. This study has considered three differents configuration of same CSP system
containing 120 modules. During this study effect of operating parameters such as temperatures, mass flow
rates of working, transfer fluids are included, by a situable rate values of each one. Besides this, analysis of
individual components of ecah subsystem is also done in order to improve global efficiency of system. This
study shown that configuration type-C is more siutable for electricity produce in CSP commercial plant. This
configuration despite working with higher temperature and lower mass flow rate, it has higher efficiency for
power production. However, the system has lowest absorption refrigeration (AR) system efficiency due to
lower exergy transfer by Steam Rankine cycle on the AR system. This study is important for identifying the
performance uncertainties of various STC configurations using indirect stem generation (ISG) and selecting
the most optimal configuration for small size plant in order to maximize the utilization of solar energy in CSP
systems. Thus, its hoped that the results found in this study will be usefull for decision making regarding the
selection of CSP systems configurations for optimal solar energy utilization.

1868

B. Alain Christian / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

References
[1]http://www.nrel.gov/csp/solarpaces/by_country_detail.cfm/country=US%20("_self") [access on23.12.16]
[2] David Ugolini, Justin Z. and John P. 2009. Options for hybrıd solar and Conventional fossil plants, Bechtel
Technology Journal.
[3] V. Zare, M. Hasanzadeh 2016. Energy and exergy analysis of a closed Brayton cycle-based combinedcycle
for solar power Tower plants, Energy Conversion and Management. 128, 227–237.
[4] Spelling J, Favrat D, Martin A, Augsburger G. 2012. Thermoeconomic optimization ofa combined-cycle
solar tower power plant. Energy. 41, 113–20.
[5] J. Suna, W. Li, 2011. Operation optimization of an organic Rankine cycle (ORC) heat recovery power
plant, Appl. Therm. Eng. 31, 2032–2041.
[6] Sun L, Han W, Jing X, Zheng D, Jin H. 2013. A power and cooling cogeneration system using mid/lowtemperature heat source. Appl Energy.112, 886–897.
[7] M. Imran, B.S. Park, H.J. Kim, D.H. Lee and Al. 2014. Thermo-economic optimization of regenerative
organic Rankine cycle for waste heat recovery applications, Energy Convers Manage.87, 107–118.
[8] H. Esen, M. Inalli, M. Esen, 2007. A techno-economic comparison of ground-coupled and air-coupled heat
pump system for space cooling, Build. Environ. 42,1955–1965.
[9] https://en.wikipedia.org/wiki/İzmir#Climate [accessed on 15.11.16].
[10] Senol R. An analysis of solar energy and irrigation systems in Turkey. EnergyPolicy 2012;47:478-486.
[11] Topkaya SO, 2012. A discussion on recent developments in Turkey's emerging solar power market.
Renew Sustain Energy Rev.16,3754-3765.
[12] https://eosweb.larc.nasa.gov
[13] Janotte, N., Lu¨pfert, E., Pitz-Paal, R., Pottler, K., Eck, M., Zarza, E., Riơelmann, K.-J., 2008. Inﬂuence
of measurement equipment on the uncertainty of performance data from test loops for concentrating solar
collectors. Proceedings of the 14th SolarPACES Conference, Las Vegas, NV (USA).
[14] Kutscher, C., Burkholder, F., Stynes, J.K., 2012. Generation of a parabolic trough collector eƥciency curve
from separate measurements of outdoor optical eƥciency and indoor receiver heat loss. J. Sol. Energy Eng. 134,
11012–11016.
[15] Mohamed S. , Mehmet F. , F. Uygul, 2016.Thermodynamic analysis of parabolic trough and heliostat ﬁeld
solar collectors integrated with a Rankine cycle for cogeneration of electricity and heat, Solar Energy.
136,183–196.
[16] Therminol VP-1, heat transfer fluids by solutia, Applied chemistry, creative solutions, Group Provoc T.B.S
10-04 (12/98) E.
[17] Valenzuela, L., Zarza, E., Berenguel, M., Camacho, E.F., 2005. Control concepts for direct steam generation
in parabolic troughs. Sol. Energy. 78, 301–311.
[18] Soteris A. Kalogirou, 2014. Solar Energy Engineering Processes and Systems 2nd edition, ISBN–13: 9780-12-397270-5
[19] C¸ engel YA, Boles MA.. 1994. Thermodynamics: an engineering approach. New York: McGraw-Hill.
[20] Xu C, Wang Z, Li X, Sun F., 2011. Energy and exergy analysis of solar power tower plants. Appl Therm
Eng.31,3904–3913
[21] Talbi MM, Agnew B., 2000. Exergy analysis: an absorption refrigerator using lithium bromide and water
as working ﬂuids. Appl Therm Eng.20, 619–630.
[22] Herold KE, Radermacher R, Klein SA., 1996. Absorption chillers and heat pumps. Boca Raton, FL: CRC
Press.
[23] Tozer RM, James RW., 1997. Fundamental thermodynamics of ideal absorption cycles. Int J Refrigeration.
20(2), 120–135.
[24] Lee SF, Sherif SA., 2001. Thermodynamic analysis of a lithium bromide/water absorption system for
cooling and heating applications. Int J Energy Res. 25,1019–1031.
[26] Talbi MM, Agnew B., 2000. Exergy analysis: an absorption refrigerator using lithium bromide and water
as working ﬂuids. Appl Therm Eng.20, 619–30.
[27] Sun DW. Thermodynamic design data and optimum design maps for absorption refrigeration systems.
[28] Kotas TJ., 1985. The exergy method of thermal plant analysis. Great Britain: Anchor Brendon Ltd;
[29] http://re.jrc.ec.europa.eu/pvgis/apps4/pvest.php [accessed on 30.12.16]

1869

B. Alain Christian / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Appendix A: Main data and equations

1. Solar Fields and Collector Specification
Table 1: Global solar radiation in izmir [12]
Months
Daily global
Daily
solar
sunshine
radiation
duration
(h/Day) [29]
(kW.h/m2.d.a)
[12]
January
3.56
9
February
3.83
9.5
March
4.99
11
April
5.33
11.25
May
6.94
12.75
June
8.54
11.75
July
8.83
11.75
August
8.05
11.75
September
7.10
11.75
October
5.39
11.75
November
3.75
9.5
December
2.92
8.75
Av. values
5.78
11.03
(source: NASA and JRC)

2. Heat transfer fluids parameter

Av. solar
Radiation
during
Sunshine h.
(W/m2)
395.5
403.2
453.6
473.7
544.3
726.8
751.5
685.1
605
513.3
394.7
333.7
523.7

Table 2: specifications of SCA (SAM Software)
Receiver type
Luz
Absorber type
LS-2

Schott
PTR80

Reflective area
Apperture ܣ (m2)
Av. surface to focus path
length
Apperture width, ܹ
total structure (m)
Ext. surface areaof
Cover glass ܣ (m2)

160.7

12.32

Outler ( ܦǡ )

80

Ext. surface areaof
receiver ܣ (m2)
Length of Module L (m)

8.12

mm

8.166

Cover glass .
diameter
İnner ( ܦǡ )

Nb modules per collector

-

Outler ( ܦǡ )

120

Reflectance mirror (ߩ )

0.935

İncidence angle
modifier ( ݇ )

1.0

Optical parameters

0.96

Optical efficiency
at design

0.87

Absorber flow
plug
Internal surface
roughness

Cover glass
Absorbance ( ߙ )

0.02

Absorber material
type

B42
copper

Cover glass
Emittance ( ߝ )

0.86

receiver
absorbance (ߙ)

0.963

Cover glass
Transmittance ( ߬ )

0.964

Receiver emittance
(ߝ )

0.65

İntercept factor
(ߛ)

0.93

Everage heat losses
(W/m)

1.80
5

210

Height of receiver
in ꓕ
Absorber tube
diameter
İnner ( ܦǡ )

Useful energy input

mm
76

115

Table 3 : Optimal parameters of the parabolic trough
collector

Parameter

4.92

Value
-

Symbol
ܳሶ௨௦

2652

ܳሶ௦
ܶ

4.5 e-02

0.1<ܴ݁ <1000 : ܰݑ ൌ ͲǤͶ  ͲǤͷͶǤ ܴ݁ Ǥହଶ 
1000<ܴ݁ <5.104 : ܰݑ ൌ ͲǤ͵Ǥ ܴ݁ Ǥ 
ܴ݁ ൏ ʹ͵ͲͲ:ܰݑ  ൌ ͲǤͲʹ͵Ǥ ሺܴ݁ሻǤ଼ ሺܲݎሻǤସ 
ܴ݁  ʹ͵ͲͲ ݑܰ   ൌ ͶǤ͵Ͷ
Table 5:Properties of thermal Htf and PTC's receiver [16]

Parameter

Value

Therminol / HTF
Density of HTF @ 15⁰C
Thermal conductivity
Kinematic viscotivity
Thermal conductivity of water
Receiver
Receiver mass flow rate
output temprature of receiver
input temperature of receiver
Average solar irradiation
Ambient temperature

Collector efficiency factor

1870

343.5 377
0.858

F'

1068 kg/m3
0.096W/m.K
9.9 10-7m2/s
W/m.K

ߩ௧
݇
߭௧
݇௪௧

> 0.65 kg/s
> 665.5K
503K
523.7 W/m2
298.15 K

݉ሶ௧
ܶ
ܶ
ܩ
ܶ

3. Thermodynamic of working fluids
Exergy balance equations are expressed in eq.23a,
b, and c given below have been used in this
study[19]:
ܧሶ ݅݊ ݐെ ܧሶ  ݐݑൌ ߂ܧሶ ݐݏݕݏ
(eq. 23a)
߰ሶ ݅݊ ݐെ ߰ሶ  ݐݑെ ߰ሶ  ܦൌ ߂߰ሶ ݐݏݕݏ

(eq. 23bc)

ܵሶ ݅݊ ݐെ ܵሶ  ݐݑ ܵሶ ݃݁݊ ൌ ߂ܵሶ ݐݏݕݏ
(eq. 23c)
For the first law of thermodynamics yields, energy
balance of each component is given by eq.23 [19] :
σሺ݉ሶ ݄ሻ݅ െ σሺ݉ሶ ݄ሻ െ  ൣσ ܳ݅ െ σ ܳ ൧ +W = 0

(eq. 24)
ܧሶ ൌ ݉ሶ ݄
The exergy of fluid has been estimated using the
following expression
߰ ൌ ሺ݄ െ ݄ ሻ െ ܶ ሺ ݏെ ݏ ሻ
(eq. 24)
The exergy destruction in each component has been
calculated using :
்
்
߰ሶ ൌ ߰ሶ௧ െ ߰ሶ௨௧ െ ቂσ ܳ ሺͳ െ  ሻ െ σ ܳ ሺͳ െ  ሻ ቃ
்
்
+σ ܹ

߰ሶ ൌ ݉ሶ Ǥ ߰
(eq. 25)
The exergy destruction of system is the sum of
destroyed exergy, can be presented by:
߰ሶ ܦǡܶ ݈ܽݐൌ σ݅ ߰ሶ ܦǡ݅
(eq. 26)
The system performance and optimatization has
been done using the presented Thermodynamic
law.
The equivalent heat source temperature is given by:
߰ሶǡ ൌ  ߰ሶǡ்   ߰ሶǡ  ߰ሶǡௗ  ߰ሶǡா௩


Amount of solar radiation (kWth)
Temperature glass cover (K)

Symbol



 ߰ሶǡ

The governing equations of mass and type of
material conservation for a steady state and steady
flow system are expressed by eqs. 36a and b[21]:

B. Alain Christian / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

σ ݉ሶ െ σ ݉ሶ ൌ Ͳ

The heat exchanger efficiency has been estimated
using eq. 37 as presented below[18].

(eq. 36)

σሺ݉ሶ ݔሻ݅ െ σሺ݉ሶ ݔሻ ൌ Ͳ

ߨ௦ ൌ

்భళ ି்భల
்భళ ି்భవ

(eq.37)

4. Nomenclature
Table 1: Symbols for Solar Collector and HTF

Quantity
Area Aperture area
Area of receiver
Lost area
Aperture width
Geometric factor
Heat transfer coefficient
System mass

Concentration ratio
Mass flow rate
Heat
Heat flow rate
Heat flux
Heat abs. receiver
Temperature
Overall heat transfer
coefficient
Stefan-Boltzmann
constant
Removal factor

Symbol
ܣ
ܣǡ
ܣ
W
ܣ
h
m
C

m
Q
Q
q
S
T
U

Unit
m2
m2
m2
m
W.m-2.K-1
kg
Kg.s-1
J
W
W.m-2
W.m-2
K
W.m-2.K-1

V

W.m-2.K-4

Table 2: symbols for materials properties

Quantity
Specific heat
Thermal conductivity
Absorptance
Emittance
Reflectance
Transmittance
Prandt number
Nusselt number
Reynold number

Symbol
c
k

Unit
J kg-1 K-1
W m-1 K-1

D
H
U
W
ܲݎ
ܰݑ
ܴ݁

Table 3: symbols for radiation quantities and efficiencies

Preferred name
Usefull energy output
Solar power input
Absorbed energy input
Energy
Exergy
b) Collector efficiency
Overall heat transfer
Heat losses coefficient
Efficiency factor of collector
Optical efficiency
Energetic efficiency
Exergetic efficiency
Efficiency of exchanger
Table 4 : subscripts

a)

Quantity
Glass, Cover glass
destruction
solar subsystem
Absorber, Receiver
power plant
condenser
evaporator
absorber
Thermal

Symbol
ܳሶ௦
ܳሶ௦
ܳሶ௨௦ǡ
E
߰
ߟ
ܷ
ܷ
ܨ′
ߟ
ߟ௧
ߟ௫
ߨ

Unit
kWth
kWth
kJ
kW
kW
W.m-2.K-1
W.m-2.K-1

Symbol
g, c
D
ss
Abs, r
pp
Cond
Eva
abs
th
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Abstract
In line with the last European directives that boost actions for reducing the energy consumption in the residential
sector, buildings refurbishment becomes key. On one hand, a deep building retrofit concerns actions aimed at
reducing the building demands and the final energy consumption. In particular, the replacement of existing
windows, the addition of an insulation layer on the external surfaces and the installation of a mechanical
ventilation system with heat recovery (MVHR) help to drastically reduce the building demands. On the other
hand, the installation of a system with improved performance can additionally decrease the final energy used for
space heating and cooling (H&C) and Domestic Hot Water (DHW) preparation with respect to a traditional
system. Once the retrofit measures have acted on improving the energy efficiency of both building envelope and
HVAC system, an additional contribution can be given by solar technologies integrated in the building.
In this context, this paper wants to show the amount of final and primary energy consumption reduction through
a deep renovation on existing buildings and the contribution that solar technologies gives in this perspective.

Keywords: Building retrofit, solar technologies, simulation-based analysis, residential buildings

1. Introduction
In line with the last European directives that boost actions for reducing the energy consumption in the residential
sector, buildings refurbishment becomes key. The construction period of half of the existing European residential
building stock dates back to before 1970. The average heating demand of these buildings over Europe is higher
than 200 kWh/(m²y) (Birchall et al., 2014). This means a big potential for buildings refurbishment although up to
now the yearly retrofit ratio is around 1-2%. For achieving high energy savings, what is needed is a deep building
retrofit that involves both the envelope and the HVAC system of a building. The integration of solar technologies
can even increase the reduction of energy consumption due to space Heating & Cooling (H&C) and Domestic Hot
Water (DHW) preparation.
Deep building retrofit concerns actions aimed at reducing building demands and final energy consumption. On
one hand, the replacement of existing windows, the addition of an insulation layer on the external surfaces and
the installation of a mechanical ventilation system with heat recovery (MVHR) help drastically to reduce the
building demands. On the other hand, the installation of a system with improved performance can contribute
additionally to decrease the final energy needed for covering the building uses. Intervention on the envelope, in
fact, are effective only if also the HVAC system is performing. The effect that one solution could have on another
one and the contribution that solar thermal panels (ST) and photovoltaics (PV) without battery can have on the
final energy consumption are not easy to be estimated during the design phase. For this purpose, dynamic
simulations could help for accounting for the loads to be covered and production contemporaneity.
For the abovementioned reasons, this paper aims to present simulation-based results of renovation packages
solutions applied to residential existing buildings. In particular, the paper reports building demands reduction due
to envelope solutions, final energy consumption and HVAC system performance, solar fraction obtained with the
integration of STC and PV production, self-consumption and energy fed into the grid. Simulations are carried out
in the TRNSYS environment (Klein et al., 2011).
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The paper presents results collected in an online database (iNSPiRe, 2016) useful in a pre-design phase for giving
an idea about energy and economic performance of market-available renovation packages solutions. The validity
of this database concerns the possibility to consult easily renovation measures performance obtained through
detailed models. The numerical models of the analysed cases take also into account the contemporaneity of
available solar energy and building loads (thermal or electrical), the presence of thermal storages and the
implementation of the system control. The analysis has been performed through seven European climates, seven
building construction periods, four heating demand levels and five building typologies. Moreover, the database
reports results on the investment, maintenance and running costs of each solution. For the scope of the paper, only
a selection of these results is commented.
In this paper, in particular, the authors want to underline the impact that solar technologies have in a retrofit
process for the reduction of the final and primary energy consumption. Additionally, the paper provides
suggestions on the optimal solar field size to match the building needs and reduce stagnation hours in solar thermal
field and fed-into-the-grid energy in PV installations.

2. Retrofit packages for residential buildings
The study refers to reference buildings individuated in a previous study developed within the iNSPiRe FP7 project
(Birchall et al., 2014). Based on an extensive literature review through national statistics, public papers, other
sources and previous European projects, two main building typologies, Single Family Houses (SFHs) and Multi
Family Houses (MFHs) are identified. In addition, some variations of surface over volume (S/V) ratio through
detached/row houses for SFHs and number of floors for MFHs, it was possible to have models that covered around
70% of the existing residential building stock in Europe.
Building typologies are classified based on information collected through the study: geometric and physic
characteristics are defined by building typology, construction period and climate (Birchall et al., 2014). In
particular, the SFH reference building is a two-storeys building with a total heated area of 96 m². Glazing ratio in
the north façade is 10%, 12% in the east and west facades and 20% in the south façade. The building covering is
a pitched roof; the ground floor bounds with a cellar. In order to enlarge the cases availability, together with the
detached SFH, also row-houses are considered: east and west facades of the detached ones are taken as adiabatic
surfaces instead of external. From detached to row-houses, the S/V ratio reduces from 0.87 to 0.58.
The MFH reference building here considered is a small MFH (s-MFH) composed by ten apartments distributed
through five floors. Each dwelling is 50 m²; the staircase is embedded in the building between the two apartments.
In this case, the roof is flat and the cellar is not present. In MFHs, the number of floors varied from three to seven
in order to cover cases with S/V ratio from 0.48 to 0.61.
In the study, numerical models of the reference buildings were therefore developed and in particular, one model
per building typology, construction period and climate were created. For each of these, the assessed heating and
cooling demands were benchmarked with statistics data in order to prove the models validity (Dipasquale et al.,
2014).
For the reference cases, energy consumption was calculated assuming that heating and DHW were provided by a
gas boiler with efficiency of 0.8, while cooling demand was covered by a split unit with EER equal to 2.5. For the
Primary Energy (PE) consumption calculation, conversion factors of 2.878 kWh PE/kWhFE for electricity and 1.194
kWhPE/kWhFE for gas are used (Malenkovic et al., 2012).
The abovementioned buildings models represent the reference cases for the retrofit solutions to be investigated.
The studied retrofit packages are defined with market-available products. In this way, the final user of the
database, that could be the decision maker or a technician of the residential sector, can find in it a generic building
similar to the specific case.
In this paper, the interventions of a deep renovation are studied in three steps: measures on the envelope,
improvement of the HVAC system performance and integration of solar technologies.
The retrofit measures for the envelope concern the replacement of the existing windows with double or glazed
windows, the installation of a mechanical ventilation machine with heat recovery (MVHR) with efficiency of 0.85
and the insulation of the external surfaces. The specific measure or insulation thickness are decided based on the
climate (one of the seven, Nordic, Northern Continental, Continental, Oceanic, Southern Continental, Southern
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Dry and Mediterranean) and the heating demand energy level (EL) to be achieved, 15, 25, 45 and 70 kWh/(m²y).
Once defined the window quality, the presence of the MVHR system and, consequently, the new infiltration rate,
the insulation thickness is calculated for achieving the targeted EL. For this study the insulation layer is an EPS
(expanse polystyrene) with conductivity 0.039 W/(mK).
Details on the envelope renovation measures are reported in (Fedrizzi et al., 2016a) for SFHs and in (Fedrizzi et
al., 2016b) for s-MFHs.
In the study, the existing generation and distribution system is supposed to be replaced with a more efficient
HVAC system. Different configurations are studied with a modular approach that allows to investigate the
performance of different devices for the energy generation and terminals using the same energy plant layout and
working modes. Also for the HVAC system, the choice of the renovation solutions moves on the most common
and promising market-available solutions. In particular, the investigated generation systems are: air-to-water heat
pump, ground-source heat pump, condensing boiler and pellet boiler.
With regard to the distribution system, the different behavior and energy consumption of radiant panels, fan coils
and radiators is taken into account.
Finally, the contribution of solar technologies is considered for even reducing the energy consumption. In the
study, solar thermal collectors (STC) and photovoltaics (PV) fields were analysed accounting for the effect of
either one of them or both together. Three different areas and two slopes, 30° on the roof and 90° on the façade,
were studied. The below tables report the solar fields size for STC and PV.
Table 1: Solar thermal collectors field size

STC_1
STC_2
STC_3

Unit
m²
m²
m²

SFH
4.6
9.2
13.8

Table 2: PV field size

s-MFH
18.4
27.6
36.8

PV_1
PV_2
PV_3

Unit
kWp
kWp
kWp

SFH
1
2
3

s-MFH
3
4
5

3. Results and discussion
The abovementioned renovation measures aim at reducing the total energy consumption of the existing residential
building stock keeping thermal comfort inside the dwellings. Each measure contributes differently: envelope
solutions decrease the building demands, an efficient HVAC system reduce the final energy consumption and
solar technologies contribute to the energy savings with the use of renewable energy.
Within all the cases presented in the database (iNSPiRe, 2016), in the following paragraphs only a selection of
these will be reported. For the sake of clarity, extreme climates will be shown, that is Nordic, with reference
weather conditions of Stockholm (STO), and Mediterranean – Rome (ROM). These two cases in fact represent a
heating and a cooling dominated climates. For the generation systems, air-to-water heat pump (AWHP) only is
chosen as one of the most common and innovative solution. Performance of this generation system is compared
with the reference one. In terms of final energy consumption, ground-source heat pump differs from AWHP for a
higher electricity consumption due to the hydraulic pump used in the source/sink side of the heat pump. However,
exchanging with the ground instead of external air, the heat pump performance improves and consequently final
energy consumption decreases keeping the same delivered thermal energy. A condensing boiler has higher
efficiency than a normal boiler. The pellet boiler, since it has a smaller primary energy factor, outperforms the
condensing boiler in terms of primary energy despite its performance is lower.
With regard to the distribution system, results refer to a system with radiant ceilings working with a supply
temperature of 35°C. These units better suit the possibility to deliver heating and cooling with the same generation
device working at low temperatures. Differently from the radiant panels, radiators and fan coils distribute
heating/cooling with a lower radiative fraction. This means that with radiant panels the operative temperature in
the zone is closer to the sensible temperature that is used by the thermostat. Consequently, more thermal energy,
in a range of 3-5%, is required for keeping the internal set temperature and therefore balance the extra transmission
losses due to surfaces higher temperature. However, fan coils consume additional electricity required by the fan
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embedded in the device, while radiators, instead, cannot deliver cooling needing, therefore, another device for
that purpose. In the case of boilers and radiators, space cooling is covered by split units.

3.1. Envelope renovation measures
The improvement of the envelope energy performance can allow important heating demand reductions.
In SFHs despite the different weather conditions of the Nordic and Mediterranean climates, the average heating
demand for buildings built between 1945-1970 in both climates is around 170 kWh/(m²y). This behaviour is due
to a better wall constructions adopted in the northern climates for the existing buildings. In the here reported case,
the envelope measure aims at achieving a fixed heating demand of around 50 kWh/(m²y). For this energy level
(EL) target, in the Nordic it is necessary to install a triple glazed window, a MVHR system, 8 cm of insulation on
the external façade, 5 cm on the ground floor and 15 cm on the roof. In the Mediterranean, instead, the EL is
reached by installing double glazed windows, 12 cm of insulation on the façade and 18 cm on the roof. These
interventions on the envelope allow reducing the building heating demand of around 70% in both cases. A better
quality window and the use of external shadings for both climates bring also a reduction of the cooling demand
of 55% in Rome and 44% in Stockholm.
s-MFHs with same construction period as SFHs have heating demand around 86 and 95 kWh/(m²y) respectively
in the warmer and colder climate. The lower demand is due to the lower S/V ratio. For this building typology for
both climates, the EL target is achieved without the need of a MVHR system neither triple glazed windows.
Regarding insulation, while in Rome only 5 cm are needed on the façade, in Stockholm it is required 10 cm on
the façade and 10 cm on the roof. As shown, a small intervention on the envelope allows to reduce the heating
demand of 40-45%. Differently with SFHs, the cooling demand in s-MFH slightly reduces (see Table 3).
Table 3: Heating and cooling demand before and after envelope renovation

Building
SFH_ Rome
SFH_Stockholm
sMFH_ Rome
sMFH_Stockholm

Space Heating [kWh/(m²y)]
Existing case Post renovation
171.2
53.7
173.9
51.3
86.3
55.1
95.4
49.7

Demand
reduction [%]
68.6%
70.5%
36.2%
47.9%

Space cooling [kWh/(m²y)]
Existing case Post renovation
44.7
25.7
16.8
7.4
42.1
40.4
14.7
14.5

Demand
Reduction [%]
42.6%
55.8%
4.0%
1.4%

3.2. HVAC system renovation measures
A building with a good performance envelope is not enough for achieving important energy savings if also the
HVAC system is not efficient. The replacement of the existing system with a more efficient one is able to bring
relevant savings on the final energy consumption. Starting from the demands obtained after renovation (Table 3),
Primary Energy consumption for space heating (SH) and space cooling (SC) is calculated considering the
reference system (Reference) and the AWHP system (AWHP). The reference system is the one used for
calculating the final energy for the existing buildings (see Par.2). Final energy consumption obtained after retrofit
are instead calculated through simulations and are available on the database. The results reported in Table 4 show
as an improvement of the HVAC system performance allows a PE reduction for SH of 44%-46% in Rome and
36-37% in Stockholm respectively for the SFH and s-MFH buildings. For SC the savings depend on a better EER
of the cooling device bringing for Rome and Stockholm 23-27% of PE consumption in the SFHs and 33-36% in
s-MFHs.
Table 4: Primary Energy consumption before and after HVAC system renovation

Building
SFH_ Rome
SFH_Stockholm
sMFH_ Rome
sMFH_Stockholm

PE heating [kWh/(m²y)]
Reference
AWHP
80.0
44.9
76.4
49.3
82.1
44.2
74.0
46.3

PE for SH
reduction [%]
43.9%
35.5%
46.2%
37.4%

PE cooling [kWh/(m²y)]
Reference
AWHP
29.6
21.6
8.5
6.5
46.5
31.2
16.7
10.7

PE for SC
reduction [%]
27.0%
23.4%
32.9%
35.7%

Comparing the PE consumption for the cases before retrofit and the ones with the envelope renovation measures
and the more efficient HVAC system, the energy savings that can be achieved amount to around 80% for the SH
of the SFH and 66% for the SH of s-MFHs (regardless the climate). For the SC the percentage is lower due to also
to the lower demand, but even not negligible: in the SFH, PE for SC is reduced of 58% in Rome and 66% in
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Stockholm, while in the s-MFH the reduction is of around 36% in both climates (see Fig 1).

300
250

200
81%

82%
150
100

67%

66%

50

36%

58%

37%

66%
0
SFH_ROM

SFH_STO

PE_SH_PRE

PE_SH_REN

sMFH_ROM

PE_SC_PRE

PE_SC_REN

sMFH_STO
PE_H%

PE_C%

Fig 1 Primary Energy consumption of the two buildings typologies in the two climates before renovation (PRE) and after the
envelope and HVAC system renovation (REN)

3.3 Solar technologies contribution
In a deep renovation process, a strongly reduction of the energy consumption is favoured by the installation of
solar technologies as solar thermal panels (STC) and photovoltaics (PV). Depending on the building loads and
climate, one or the other technology can have a higher impact on the total final consumption. However, even a
small solar field can bring important savings against a small investment cost, with respect to the cost of the whole
renovation.
Solar thermal collectors
In the following, results for cases STC_1 and STC_3 (see table 1) referred to SFHs and s-MFHs are reported.
In SFHs, a solar field of 4.6 m² installed on the roof is able to cover around 74% of the DHW load in the
Mediterranean climate and 40% in the Nordic one. If the panels are installed on the façade (90°), the production
is reduced respectively in the two climates of 18%-10%. This difference amounts to only 3 % if calculated over
the whole heating production.
In the Mediterranean, a three times bigger solar field can double the solar fraction for the heating production
(DHW demand and space heating) but the number of hours where the stagnation phenomena can occur drastically
increases. To reduce this effect or even eliminate it, solar collectors can be installed on the façade with only 4%
of solar fraction reduction with respect to the installation on the roof.
In a Nordic climate, the behavior is similar, moving from STC_1 to STC_3 the solar fraction for heating
production almost double, but also stagnation hours occur. The installation of solar panels on the façade strongly
limits the stagnation hours with only 1% less of solar fraction.
Accordingly, similar trend is observed also in the s-MFHs (see Table 5). The percentage of solar collectors over
living are is smaller in s-MFH with respect to SFH because of the lower available surface. Despite this, a solar
field of almost 37 m² on the roof causes the stagnation phenomena both in the Mediterranean and in the Nordic
climate. Again in this case, stagnation disappears if the panels are installed on the façade with a solar fraction
reduction of 3% (see Table 5).
Table 5: Solar fraction for heat production

AREA
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STO_SFH

ROM_s-MFH
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no ST
STC_1
STC_3
STC_1
STC_3

SF [%]
0%
21%
44%
17%
40%

0
30°
30°
90°
90°

[hr]
0
101
1985
0
30

SF [%]
0%
12%
21%
9%
20%

[hr]
0
0
374
0
0

SF [%]
0%
22%
34%
17%
31%

[hr]
0
37
624
0
0

SF [%]
0%
13%
20%
11%
18%

[hr]
0
0
68
0
0

In
terms of final energy consumed for covering heating and DHW demands, the savings of using STC_1 amount to
26% in Rome – SFH and 12% in Stockholm - SFH. Despite the lower ratio of solar panels area over living area,
same behavior is observed in the s-MFH. The STC_3 instead, that corresponds to around one fourth of the SFH
roof surface, in the warmer climate can cover 43% of the heating production while in the colder one 20%. For the
s-MFHs the final energy for heating production reduction with STC_3 amounts to 34% and 18% respectively in
Rome and Stockholm (Fig. 2).

Heat Production - SFH

Heat Production - s-MFH
30

30
12%

25

20%

26%
20
43%
15
10
5

Final Energy [kWh/(m²y)]

Final Energy [kWh/(m²y)]

35

25

13%

18%

24%

20

34%
15
10
5
0

0

ROM_SFH
no ST

STC_1

ROM_sMFH

STO_SFH

no ST

STC_3

STO_sMFH
STC_1

STC_3

Fig 2 Final Energy consumption for heating production for two solar thermal fields in comparison with the case without thermal
panels in SFH (left) and s-MFH (right)

In addition to two panels slope, the database contains also results for two different solar tank sizes, 50 l/m² and
100 l/m² of solar area. With respect to the final energy consumption for heating purposes, a slightly better
performance is observed with the bigger storage, in the order of 2-3%.
Solar thermal panels influence only the consumption due to space heating and DHW consumption, so their
contribution on the total building consumption depends on the share between the different uses. In particular for
the cases here analysed, these quantities on the total energy consumption of a SFH for STC_1 and STC_3 fields
amount to 20% and 33% in the Mediterranean, and 10% and 16% in the Nordic. In a s-MFH instead, the energy
reduction due to the installation of a solar thermal field can achieve 23% in Rome and 16% in Stockholm if the
biggest studied area is installed.

Final Energy [kWh/(m²y)]

Final Energy - Total
40
35
30
25

20
15
10

5
0
ROM_SFH

STO_SFH
no ST

ROM_sMFH
STC_1

STO_sMFH

STC_3
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Fig. 3 Total Final Energy consumption for two solar thermal fields in comparison with the case without thermal panels

Photovoltaics
The analysis on the contribution that a photovoltaic field could give on the total energy consumption of a building
focuses first on the share between self-consumption versus fed-into-the grid and then on the savings that this
technology can bring to the building total final consumption.
Fig. 4 shows the share options of PV production between the energy used by the HVAC system (red bar), by other
building uses like appliances (orange bar) and fed into the grid (yellow bar). The following comments do not
consider any feed-in-tariff for the latter share option as every country has its own regulation that often changes.
In this contest, a solution that maximizes the auto-consumption is considered more favorable. Looking at the left
graph of Fig. 4, the solution with only 1 kWp installed represents the best compromise between production and
consumption. Most of renewable energy production is in fact used by the HVAC system itself or by other uses.
Installing 3 kWp, instead, around 60% of the produced energy is not consumed by the building. This scenario
becomes favorable only if convenient fees are foreseen. On the total PV production, the installation of the PV
panels on the façade in place of on the roof brings less energy production of 24% in Rome and 13% in Stockholm.
In the following it will be shown as the lower energy production has a minor effect on the single uses.
Different behavior is observed for the s-MFHs where, as for the STC, the percentage of PV area on the living area
is lower than in the SFH. Electricity production of a 3 kWp PV field is used for 95% from the building uses. If
instead 5 kWp of PV is installed, that means covering 6.5% of the roof area, the self-consumption amounts to
around 85-90% both in the northern and in the southern climate.

s-MFH - small Multi Family House
9000
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7500

Energy [kWh]

Energy [kWh]

SFH - Single Family House
6000
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1000

0

0

30°
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30°

90°

30°

90°

ROM_1 kW ROM_3 kW STO_1 kW

Total PV self HVAC
Total PV to the grid

30°

90°

STO_3 kW

Total PV self other

30°

90°

30°

90°

30°

90°

ROM_3 kW ROM_5 kW STO_3 kW
Total PV self HVAC
Total PV to the grid

30°

90°

STO_5 kW

Total PV self other

Fig.4 PV production and self-consumption for SFHs (left) and s-MFH (right) for two climates and two field sizes

Looking at the savings that the analysed solar fields bring on the different energy uses consumption, 1 kWp of PV
in a SFH is able to reduce space heating consumption of 7% in Rome and 3% in Stockholm. If instead 3 kWp are
installed, the reduction is respectively of 12% and 7%. The advantage in this case seems to be not relevant, but
doing the same consideration for the cooling load, the reduction is higher than 80% in both climates. Together
with the space heating and cooling, PV contributes also in the decrease of DHW preparation energy need. Looking
at the total building consumption, we can observe that 1 kWp of PV field in a SFH reduces 27% of the total
electricity in the southern climate and 16% in the northern one. A three times bigger field helps in achieving 38%
and 24% lower electricity consumption respectively in the two climates (Fig. 5).
The above considerations refer to a PV field installed on the roof. If it is positioned on the south façade, the winter
harvesting slightly decreases, in the order of 1-2%, but the summer harvesting increases. The yearly electricity
reduction therefore amounts to 36% in the Mediterranean and 23% in the Nordic climate.
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40
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35
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ROM 1 kW
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ROM 3 kW
STO 3 kW
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Electricity consumption [kWh/(m²y)]

Although in s-MFHs the share of PV field over living area is lower than in SFHs, the higher percentage of selfconsumed electricity makes the electricity savings similar in both building typologies. In particular, the bigger PV
field – 5 kWp – brings 16% and 7% of energy reduction in winter for the two climates, Mediterranean and Nordic,
while for the cooling the reduction amounts to 34% and 46%. Accounting for also the DHW production and the
yearly behavior, the PV_3 field (Table 2) is able to reduce the total final consumption for the HVAC system of
30% in the Southern climate and almost 20% in the Northern one. If the PV field is installed on the façade, the
total energy savings for the two climates reach respectively 23% and 16%.

s-MFH - small Multi Family House

40

35
30
25

20
15
10
5
0
Heating
ROM no PV
STO no PV

Cooling
ROM 3 kW
STO 3 kW

Total
ROM 5 kW
STO 5 kW

Fig.5 Final energy consumption for space heating, space cooling and total for SFH (left) and s-MFH (right) in two climates by
different PV field sizes.

3.4 Retrofit solutions total savings
In the previous paragraphs, each retrofit measure has been analysed separately. In Fig.6 the initial PE consumption
for space heating, space cooling and DHW preparation is compared with the PE savings that each measure gives
to the total energy consumption. For the solar technologies, it has been considered the contribution of STC and
PV together, considering the PV_3 size on the roof and STC_3 on the façade.
Table 6 summarizes the savings in percentage on the initial total primary energy consumption by each retrofit
solution. The last line instead indicates the percentage of PE consumption after retrofit on the one before retrofit.
In the study, the retrofit measures for the envelope were decided once fixed the heating demand energy level.
Consequently, depending on the initial building demand, the savings obtained by the envelope are larger where
the initial building demand is higher. Buildings with same external surfaces thermal characteristics but different
S/V ratio, i.e. SFH and s-MFH, can have heating demand one the double of the other. As a consequence for the
studied cases, especially in SFH, the retrofit measures applied to the envelope are the ones that mostly contribute
on the primary energy consumption reduction. An efficient HVAC system has a major impact on the heating
production consumption than on the consumption for cooling because of the performance of the reference case.
With this regard, the savings due to the HVAC system only amount to 32% and 23% in SFH respectively southern
and northern climate and 38% and 31% in s-MFHs. This means that with respect to a boiler with 0.8 efficiency
and split units with 2.5 EER, the final primary energy consumption can be reduced by around one third thanks to
the use of a more efficient system composed by an air-to-water heat pump.
Additionally, even small surfaces of solar technologies as PV and thermal collectors, have an important impact
on the total energy consumption. In fact in Southern climates as Rome, the combination of 3 kWp of PV and 6
panels in STC can almost halve the final consumption in SFHs. 5 kWp of PV and 16 panels of STC in s-MFH
instead allow 43% of the total primary energy reduction. Due to climate conditions in the Northern climate the
contribution of solar technologies on the total energy consumption is slightly lower, but still 34% in SFH and 29%
in s-MFHs.
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Fig. 6 Primary energy savings due to the retrofit solutions

Table 6: Energy savings of each retrofit solution on the total PE consumption pre-retrofit

Primary Energy

Units

savings_envelope
savings_HVAC syst
savings_PV+STC

kWh/(m²y)
kWh/(m²y)
kWh/(m²y)

Total PE retrofit

kWh/(m²y)

SFH
Mediterranean
58%
14%
13%
15%

SFH
Nordic
62%
9%
10%
19%

s-MFH
Mediterranean
23%
29%
21%
27%

s-MFH
Nordic
36%
20%
13%
32%

Finally, thanks to the interventions on the building envelope, HVAC system and use of renewable energies,
primary energy consumption for space heating, cooling and DHW preparation of a SFH located in the
Mediterranean climate is reduced up to 15% of the consumption before retrofit. Similarly, if the building is located
in the Nordic climate, the PE consumption after retrofit amounts to 19%.
Due to the lower PE consumption already pre-retrofit of s-MFHs with respect to SFHs, the application of the
renovation measures in this case reduces the primary energy consumption up to 27% in the southern climate and
32% in the northern one.

4. Conclusion
The large share of European residential buildings built before 1970 with high energy consumption requires
measures that can contribute to the reduction of the final energy consumption. In this contest, this work wants to
show how market-available solutions can drastically reduce the energy consumption for space heating, cooling
and DHW of a building. In particular, the paper focuses on the contribution that solar technologies, e.g.
photovoltaic and solar thermal collectors, gives on the final energy consumption reduction. In this contest,
considerations are given with respect to the influence of each technology on the final uses, the installation position
on the building and solar field size.
Regarding the panel position, both for PV and STC the installation on the façade obviously reduces the solar
energy harvesting, but this does not mean a relevant difference on the final energy consumption. In fact, thanks
to the solar radiation direction through the year, thermal panels vertically positioned become advantageous in
reducing the stagnation hours in summer and in maximizing the winter harvesting. On the contrary, the PV
contribution is mostly exploited during summer period due to the cooling demand that is covered by electricity.
In this case, the difference on the solar radiation harvesting between the two positions is higher for the summer
period. Despite that, even in the southern climate, the impact of the vertical position instead of on the roof on the
total energy consumption is less than 10%.
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Another important achievement of the study is that even small ratios of solar fields on living area can help on
achieving relevant energy savings. In fact, looking at SFHs, solar thermal collectors of 2 to 6 panels can reduce
the heating production (space heating and DHW preparation) of 26-43% in the southern climate and 12-20% in
the northern. In s-MFHs due to the lower ratio between solar field versus living area, 8 to 16 panels contribute
with 24-34% in the southern climate and 13-18% in the northern climate for the heating production reduction.
Regarding the PV, especially if it is not foreseen a feed-in-tariff policy, the solar field should be sized with the
self-consumption capacity. From the study, 1 kWp for SFH and 3 kWp for s-MFH use respectively 80% and 95%
of the PV production for self-consumption.
Concluding, in a deep renovation process of a residential building, in addition to retrofit measures on the envelope
and HVAC system, even limited solar fields areas of PV and/or STC can contribute on an additional final energy
consumption reduction. In fact, with respect to the case without solar technologies, these can allow additional
energy savings of around 45% in the Mediterranean climate and 30% in the Nordic climate.
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Abstract

The German energy transition must take place in the heat as well as in the power sector. In the field of solar energy,
however, competition between solar-thermal systems and photovoltaic systems arises. A decreasing feed-in tariff
leads to an increasing demand for solutions enabling self-consumption of energy. As a result, traditional heat
generation systems, both fossil (e.g. gas heating boiler) and renewable (e.g. solar-thermal), enter a competition with
systems being able to couple the electricity with the heat sector (e.g. photovoltaic + heat pump). The objective of this
contribution is to analyze this competition and to evaluate the combination of solar-electric and solar-thermal systems
in residential buildings. For this purpose, a linear optimization model is used. It also turns out that above all the
investment costs for solar-thermal systems must fall, but also costs for battery storages are still too high. Only if
several factors change, a combination of solar-thermal energy and photovoltaics becomes interesting from an
economic point of view. For a reduction in emissions, the solar-thermal system competes with battery storage.
Keywords: solar systems, residential application, mathematical optimization, cost optimal

1. Introduction
The Paris climate agreement limits global warming to less than 2 °C, ideally less than 1.5 °C. To achieve this, a
complete decarbonization is necessary by 2040 (Quaschning, 2016). Therefore, the share of renewable energy
sources (RES) must be increased by a factor of 4 to 5 with respect to present values. In Germany, the implementation
of RES primarily takes place in the electricity sector. This can mainly be determined by the coverage ratio. In 2016,
the percentage of RES in electricity consumption was 32 % (Umweltbundesamt, 2017), while in final energy
consumption it was only 12.6 % (BMWi, 2017). The integration of RES in the electricity system gets more and more
difficult. Thus, the cost of redispatch in 2015 was 402.5 million euros (BDEW, 2017), because RES (predominantly
wind power) had to be shut down in the north while conventional power plants had to be restarted in the south. This
is due to grid bottlenecks, which do not permit enough power transfer from north to south or vice versa. This example
shows that also the market is not always able to use the electricity sensibly.
One possible solution for dealing which such bottlenecks in the electricity grid is to couple different energy sectors,
allowing more local self-consumption of the locally energy produced. Nevertheless, the question remains which
sectors are best suitable to be coupled. In addition to mechanical energy (39 %), a large proportion of energy
consumption in the domestic sector is attributable to space heating (27 %) and hot water preparation (5 %) (BMWi,
2017). Hence, there is great potential for coupling the electricity system with these sectors. A total of 56 % of the
final energy consumption is due to heating demand (Quaschning, 2016). Thereby, the energy supply is still strongly
based on fossil fuels. The share of fossil fuels in space heating is 75.1 % and in domestic hot water, it is 66.4 %. Only
13.7 % (space heating) respectively 9.3 % (domestic hot water) are covered by RES. The remaining demands are
covered by district heating (9 % space heating, 4.4 % domestic hot water) and electricity (2.2 % space heating, 19.9
% domestic hot water) (Quaschning, 2016). Dominating RES for space heating and domestic hot water is still
biomass (11 %). Solar-thermal systems as well as heat pumps are still less important, as the cover ratio of both
technologies is only 1 % in 2014. Economic aspects prevent a stronger expansion of solar-thermal as well as
geothermal systems (Quaschning, 2016). On the long term, efficient heat pumps must largely take over the supply
of space heating and domestic hot water preparation, also due to the possibility of coupling with the electricity sector.
However, the use of electric heaters can lead to more than double the current electricity requirement in Germany of
648 TWh in 2016 by an additional requirement of 770 TWh. This would be the case, if only gas heat pumps were
used and the gas produced through power-to-gas (Quaschning, 2016). This in turn shows that the energy transition
must take place both in the heat and power sector.
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In the field of solar energy supply, however, solar-thermal energy competes with photovoltaic systems, which is also
due to the coupling of photovoltaics and heat pumps. Another aspect is the grid parity. This is the turning point where
the use of self-produced PV power is more cost-effective then the consumption of grid electricity. Therefore,
covering the heat demand with electric energy will become an interesting opportunity to increase self-consumption.
The aim of this investigation is to analyze, under which conditions it may be useful to use a combination of solarthermal and photovoltaic system and how the framework conditions would have to be changed, so that these systems
can prove to be more cost-effective alternatives.

2. Simulation Model and Mathematical Description
To assess the research question stated above, the linear programming model urbs (lat.: city) (Dorfner and Hamacher,
2017) is used. The focus of the urbs model is to analyze urban energy systems. Amongst others, a low-carbon power
system for Indonesia, Malaysia and Singapore was modelled (Stich et al., 2014). Currently, the model is used, in
combination with the single-node variation of the model urbs, to optimize the energy supply of mixed use areas
taking as example the Garching campus of TU Munich (Schweiger and Wedel, 2017). To answer the question
concerning the competition of photovoltaic and solar-thermal systems, the original model, designed for the urban
structures, was adapted to residential application.

2.1. Simulation Model
The urbs model (a mixed integer linear programming model (MILP)) is a simulation model for identifying costoptimal system sizes and operation times for a portfolio of technologies and a given demand. The model consists of
three main tuples 1, the commodities (com), the processes (pro) and the storages (sto). The commodities describe the
different energy demands and external energy sources. Tab. 1 lists the implemented commodities.
Tab. 1: Different commodities implemented in urbs
commodity

com

description

Solar energy

solar

solar irradiation

Electricity

elec

electricity demand of the building

Heat

heat

heat demand of the building

Gas

gas

natural gas from the gas supply

CO2

CO2

CO2-emissions of the processes

Elec-buy

buy

electricity bought from the grid

Elec-sell

sell

electricity fed into the grid

With processes, it is possible to convert one commodity into another (e.g. electricity to heat by utilizing the process
“heat pump”, cf. Tab. 2). These processes are defined by various parameters, e.g. input and output ratios, investment
costs or the required roof area for solar energy systems. Tab. 2 shows the different investigated processes.
Tab. 2: Portfolio of processes in urbs
pro

com_in

photovoltaic system

photovoltaic

solar

Æ

elec

solar-thermal
system

solar-thermal

solar

Æ

heat

Process

com_out

gas boiler

gas boiler

gas

Æ

heat

heat pump

heatpump

elec

Æ

heat

heating rod

rod

elec

Æ

heat

mini CHP

CHP

gas

Æ
Æ

elec
heat

electrical grid

purchase
feed-in

buy
elec

Æ
Æ

elec
sell

The last tuple, the storages, allows the time shift of different forms of energies and commodities. For residential
buildings, there is a battery storage and a thermal energy storage (cf. Tab. 3).

1

Ordered list of elements
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Tab. 3: Considered storage types
storage

sto

description

Battery

elec

battery storage

Tank

heat

thermal energy storage

Fig. 1 shows the basic structure and layers of the urbs model. A detailed description of the individual parameters is
given in the following sections.

Fig. 1: Overview of the model urbs and the different components

2.2. Mathematical Formulation
The main aim of the model urbs is to minimize the total costs (c) for an energy system to meet a specific heat and
௩௦௧
௩
electricity demand. These costs are composed of the investment costs ܿ,௦௧
, the variable costs ܿ,௦௧
(related to
௫

the operation of the system), the fixed costs ܿ,௦௧ (independent from the operation of the system), the fuel costs
௨

௨௦

ܿ,௦௧ , the purchase costs ܿ,௦௧

௦௧௧௨

(electricity costs), the startup costs ܿ,௦௧ and the income from the feed-in

௩௨
for each process (pro) and storage (sto):
ܿ,௦௧
௫

௨

௩௦௧
௩
min ܿ = min  [ܿ,௦௧
+ ܿ,௦௧
+ ܿ,௦௧ + ܿ,௦௧

(eq.1)

,௦௧
௨௦

௦௧௧௨

௩௨
+ ܿ,௦௧ +ܿ,௦௧ െܿ,௦௧
]

(Dorfner and Hamacher, 2017) provide a detailed description of the objective function and the constraints. The
essential constraint is that the power from processes (pro), storages (sto) and the electrical grid (grid) has to meet the
thermal (dtherm) and electrical (delec) demand for every time step (t):
 , ( )ݐ+  ௦௧, ( )ݐ+ ݃ )ݐ(݀݅ݎ ݀ ()ݐ


௦௧

 ,௧ ( )ݐ+  ௦௧,௧ ( )ݐ ݀௧ ()ݐ


(eq.2)

(eq.3)

௦௧

To use urbs for residential buildings means some changes. For urban structures, it is often possible to use several
technologies, whereas in a residential building, besides solar-thermal systems, only one backup technology (e.g. heat
pump or gas boiler) is used. Therefore, the number of back-up processes (numpro,backup) is limited to one:
 ݊݉ݑ,௨  1

(eq.4)



The power demand and the power distribution in urban areas are much higher than in the domestic field. Hence, it is
no problem to find the appropriate component sizes (cappro) on the market. For residential buildings, the necessary
power would be partially below the power of available components, for example a heat pump with a thermal power
less than 1 kW. Therefore, a minimum capacity (cappro,min) is defined, which the components must have at least:
ܿܽ  ܿܽ,
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The thermal load for room heating and for domestic hot water specifies the minimum power required for the backup
system:
ܿܽ,௨ = ݀௧,௫

(eq.6)

In addition, the step size of the possible extension of a process (cappro-new) is restricted, in other words, if the power
is not sufficient, the next-largest component must be used. This is essential especially for the solar collectors, since
here only the expansion by one collector is technically possible:
ܿܽ,௪  ܿܽ,௪,

(eq.7)

Since the solar energy is free of charge for an installed capacity, it can be economic to ‘destroy’ surplus energy using
the storage efficiency. This is not possible in a residential building, especially for thermal energy. For this reason,
the storage must not be charged and discharged at the same time. This can be prevented by considering additional
variable costs for the storage systems. The costs also show that turn-off is associated with higher maintenance costs.
Nevertheless, it can be useful to control the power distribution of the solar energy systems, especially in case of a
solar-thermal system. For this reason, a process shunt is implemented which enables the solar process to be
deactivated and to analyze how much energy is not used. Fig. 2 shows a comparison of a simulation with (c.f. Fig.
1, upper diagram) and without (c.f. Fig. 1, lower diagram) the shunt process for the month of May. It is seen that part
of the solar-thermal generation is not used for economic reasons (green area), leading to a reduction of the thermal
storage from approx. 100 kWh to approx. 10 kWh. It can also be seen that only the energy of the solar-thermal system
is ‘destroyed’.

Fig. 2: Thermal energy flow with and without a shunt process for the month of May

3. Input Data
3.1. Technical and Economic Parameter
The different processes are defined with respect to their technical and economic parameters. The economic
parameters are essentially the investment costs, the variable costs and the fixed costs. Added to this are the prices for
the commodities/fuels.
The investment costs as well as the variable and fixed costs are stated in €/kW respectively €/kWh. Market surveys
and data from scientific literature are used to determine the necessary investment costs. The costs of the solar-thermal
system are composed of the costs for the flat-plate collector (320 €/m2 (Sonne Wind & Wärme, 2017)), other
component costs (90-160 €/m2 (Kaltschmitt et al., 2014)) and installation costs (190 €/m2 (Kaltschmitt et al., 2014)).
This results in total system costs for the solar-thermal system of 620 €/m2 (without storage). The specific solar yield
for Germany is 425 kWh per square meter collector surface area (Eicker, 2012). By means of solar full-load hours,
which amount to 1.140 h/a for the used weather data set (TRY Zone 13 (DWD, 2011)), the specific costs of the solarthermal collector can be calculated (1,665 €/kW). The costs of photovoltaic systems are about 180 €/m2 for the
investigated sizes (5 m2 -50 m2), whereas a roof area of 8 m2 is required for a capacity of 1 kWp (Solaranlagenportal,
2017). This results in costs of 1,440 €/kWp of the photovoltaic system. The cost of a thermal storage tank can vary
between 1.50 €/l and 7.00 €/l (Kaltschmitt et al., 2014). This figures are in accordance with data available from an
energy database, specifying an average cost of solar-thermal storages of 2.50€/l (Sonne Wind & Wärme, 2017). In
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addition, installation costs of 0.50 €/l are taken into account. The usable temperature spread is 65°C for the thermal
storage. The prices of the batteries are currently changing very fast. In the second half of 2015, the system prices
were already down to around 1,300 €/kWh with an annual average price reduction of 18 % (Hegner, 2017). For this
reason, a price of 1,066 €/kWhel (a decrease of 18 % compared to the previous year) is assumed. The cost of the gas
system is 600 €/kWtherm (Kilburg, 2015), of the air/water heat pump 900 €/kWtherm (Henning, 2012; Kilburg, 2015)
and of the heating rod 75 €/kWtherm (Fuhs, 2015). For the heating rod costs for the installation of 25 €/kWtherm are
added. The mini-CHP (combined heat and power) is the most expensive component with 6,430 €/kWel (ASUE e.V.,
2014). Every process converts the related commodities with a certain degree of efficiency. The interest rate of all
technologies is 3 %.
The variable costs of a photovoltaic system are near-zero (Dorfner, 2016). The solar energy system has variable costs
due to the power of the solar pump, these electricity costs amount to 3-5 % of solar-thermal gains (Weyres-Borchert
et al., 2015). The considered variable costs of the other systems are taken from (EIA, 2014) and range between 1.5 %
and 8 %. The fixed costs are mainly maintenance costs, typically specified as a percentage of the investment
costs (Verein Deutscher Ingenieure, 2012). The prices of the commodities/fuel are average prices for the year
2016 (BMWi, 2016). Tab. 4 summarizes the assumed cost parameters. The current feed-in tariff of photovoltaic
electricity is 12.3 ct/kWh (Bundesnetzagentur, 2017). The remuneration of the CHP will change as a function of the
electricity prices on the European Power Exchange. On average, it is about 11.8 ct/kWh (Verbraucherzentrale, 2015).
This value differs only slightly from the feed-in tariff of the photovoltaic system, which is why only one tariff is used
for this calculation.
Tab. 4: Cost parameters for the considered different technologies (depreciation period: 20 years)
Process

com

photovoltaic system

solar

Investment
costs
[€/kW]
1,440

Variable
Costs
[€/kWh]
0

Fixed Costs

Fuel Costs

[%inv]
1,5

[€/kWh]
0

solar-thermal
system

solar

1,665

0.003

1,5

0

gas boiler

gas

600

0.006

2

0.07

0.95

heat pump

elec

900

0.02

2

0.29

2.7 (COP)

heating rod

elec

100 €

0.005

3

0.29

0.99

0.07

0.23 elec
0.62 therm

mini CHP

gas

6,430 (elec)

0.5

8

Battery

elec

1,066

0.001

2

Tank

heat

30

0.001

2

Purchase

buy

0

0

0

0.29

Feed-in

sell

0

0

0

-0.123

Efficiency

0.90
0.92

3.2 Time Series
The time series are an essential part of the model. There are two possible types. On the one hand, the model requires
time series for the demand. For the residential building, these are the electricity (delec) and thermal energy demand
(dtherm). This energy demand must be covered by every simulation time step (t). On the other hand, since solar
processes cannot provide a constant power due to irradiation, an intermittent supply for this commodity (solar) must
be defined. In contrast to the demand curves, which indicate the actual demand in kWh/h, the intermittent supply
curve is normalized to a value of 1.This is because the output of these processes depends on the installed capacity,
which is variable in the simulation model.
The VDI guideline (Verein Deutscher Ingenieure, 2008) defines an electrical load profile as a function of the building
location, the day of the weak, the ambient temperature and the cloudiness, which serves as the basis for the annual
simulations. For a 4-person household, an annual electricity requirement of 4,000 kWh is assumed. The VDI
guideline also defines the hot water tapping profile with an overall annual demand of 2,000 kWh. The heating energy
demand as well as the yields of the solar-thermal system are generated by means of parametric models, requiring
only a limited amount of parameters (Dittmar, 2004). Characteristic parameters such as areas, window sizes and
opaque elements for the building model are taken from IEA-SHC Task 44. This publication defines reference
buildings for use in simulations, ensuring a fair comparison of different technological concepts (Dott et al., 2013).
The SFH45 building standard represents current legal requirements of a renovated building with a building envelope
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of good thermal quality, whereby SFH stands for Single Family House and 45 indicates the specific heating demand
in kWh/m²a. With the used weather data set, the heat demand amounts to 8,000 kWh/a. The parameter model of the
building is implemented in the simulation environment Matlab/Simulink and the additional
CARNOT blockset (Hafner et al., 1999) to get the annual load curves as an input for the urbs model. In
Simulink/CARNOT, a standard building, equipped with a boiler, a thermal storage and a solar-thermal system is
implemented. The created load curves (Electricity and DHW) as well as the parameter model for the building are
integrated in this model in order to get the necessary load curves for the subsequent linear optimization.
The annual simulation is used to get the necessary demand profiles for domestic hot water and space heating. Besides
this, the simulation also enables to get the necessary input curves for the solar energy processes. The model urbs is a
linear system. A large part of the examined components such as the photovoltaic system or the gas boiler can easily
be linearly simulated and scaled. However, the solar-thermal system strongly depends on the ambient temperatures
and supply temperature. In order to obtain a medium solar energy generation profile, simulations with 1-8 collectors
were carried out in a Matlab/Simulink model. The area of a collector is 2.38 m2. The storage size is adjusted according
to the collector area and increased by 50 liters per square meter (Eicker, 2012). The volume flow is also increased
linearly. Fig. 3. shows the annual yield of the various systems. The solar-thermal energy yields based on the number
of collectors generally show logarithmic behavior. However, this behavior can be linearized for the collector areas
as used in residential buildings (ca. 2–20 m2). This is only possible for a small collector area, hence an extrapolation
of the line leads to incorrect results.
In order to make a statement about the linear correlation, the Pearson correlation coefficient r and the coefficient of
determination r2 are calculated. With a correlation coefficient of 1, there is a completely linear coherence between
the observed features. The correlation coefficient of the investigated systems is 0.988. The coefficient of
determination is a quality measure for the linear adaption. The closer the coefficient of determination r2 is to 1, the
higher the probability of the linear coherence. Here the value is 0.976. These deviations are within the tolerance and
a linearization and scaling of the solar-thermal system is possible without loss of accuracy. The normalized power
curves of the 8 systems are averaged and act as input variables for the solar-thermal process.

Fig. 3: Annual solar yields for 1-8 solar-thermal collector(s)

Fig. 4 shows a comparison of the solar-thermal performance for the parameter model in Matlab/Simulink and the
linear model in urbs over a period of one week for two solar collectors. The results indicate that the generated solarthermal power is nearly identical. The linear model produces a slightly higher peak load. However, the energy
amounts are very low. The relative deviation between the CARNOT and the urbs model, as determined by eq. 8,
݂=

ோேை்
ோேை் െ ௨௦
 כ100 % = ൬
െ 1൰  כ100 %
௨௦
௨௦

(eq.8)

is only 1.53 % for the solar-thermal power of an annual simulation. For the energy, the deviation is 0.17 % and thus
even below one percent.
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Fig. 4: Comparison of the generated solar power for the simulation models CARNOT and urbs

4. Scenario Results
This study is intended to show how solar-thermal and photovoltaic systems compete and under which conditions a
joint use is economically reasonable. For that reason, various framework conditions are examined. On the one hand,
the investment costs of individual technologies are modified and on the other hand, fuel prices and the remuneration
are changed.

4.1.

Variation of the Investment Costs

First, the study investigates the changes in system configurations for varying investment costs for the different
processes. The investment costs for photovoltaic systems have declined in recent years (Wirth and Schneider, 2017).
For this reason, one investigated scenario assumes drastically decreased investment costs of 50 % compared to
today´s costs (s02). Solar-thermal systems have not experienced such a steep learning curve. Scenario s03 describes
a potential cost reduction of solar-thermal systems by 50 %. A further scenario (s04) assumes even lower investment
cost (75 % cost reduction compared to today`s cost level). The prices for batteries have also decreased in recent
years. Similarly to the scenarios described above, a further cost reduction of 50 % compared to nowadays investment
costs is assumed (s05). A technology that is currently too expensive for domestic applications is CHP. To make this
technology competitive with the aforementioned, a cost reduction of 75 % is assumed (s06). Lastly, it is assumed
that a solar-thermal system is already installed, on the one hand only for domestic hot water heating (2 solar
collectors) (s07) and on the other hand for domestic hot water and space heating (4 solar collectors) (s08). All systems
are compared with the base system as described before (s01).
Fig. 5 shows the results and the energy flows for the different investigated investment costs. The individual scenarios
are listed vertically. This list shows the most cost-effective system for each scenario. Therefore, no comparison of
the systems with one another is not possible. The annual costs for the different cost types are shown on the left.
Revenue through feed-in is shown negative. The energy generation of the technologies used can be seen in the centre.
Energy, which is not used by the building (feed-in, shunt process), is negative, too. This presentation allows a quick
conclusion on how the system changes in the individual scenarios. On the right are the retrieved energies of the
storages. It can be recognized, that the systems do not change with the investment costs. This is due to the low system
costs for the gas boiler as well as the currently very low gas prices. The existing roof surface is completely covered
with photovoltaic modules. If a solar-thermal system is already installed, a gas boiler is also used as the backup
system. In this case, the thermal storage needs to be increased. However, because of the feed-in remuneration, this is
economically more reasonable than buying a battery storage.
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Fig. 5: Costs and energy flows for varying investment costs for the investigated systems

To account for a potential CO2 tax, a CO2-neutral energy demand of 15 % is assumed. This is in accordance with the
requirements of the German Renewable Energies Heat Act (EEWärmeG). The different processes have a specific
CO2 emission per kWh. The basic system with gas boiler generates emissions of approx. 4,400 kg/a. The maximum
annual CO2 production is, therefore, limited to 3,750 kg.
Fig. 6 shows two essential findings. If there is no solar-thermal system, a battery storage must be installed to meet
the emission limit. This reduces the emissions due to the purchase. At current prices, it is economically better to
invest in a battery storage than in a solar-thermal system. Only in case of halved system costs, solar-thermal becomes
competitive. A further cost reduction leads to the same result. In addition, the price of the battery storage does not
affect the installed capacity.
The investigation with regard to the investment costs shows that these costs hardly affect the cost-optimal system
configuration. Gas systems are the most economic at present prices. Only if CO2 emissions are limited, some of the
heat demand needs to be covered by the solar-thermal system. For this reason, the effect of the supply costs on the
system is investigated, too.

Fig. 6: Costs and energy flows for varying investment costs for the investigated systems and a CO2 limit of 3,750 kg/a

4.2.

Variation of Fuel Prices and Remuneration

In a further step, the energy supply costs and the remuneration are varied. In addition to an adjustment of the
electricity costs with an increase (s09) as well as a decrease (s10) of 50 %, another gas price is also examined. The
assumed gas prices represent a doubling (s11) and a tripling (s12) of current gas prices. This study also examines,
what happens, when the remuneration is halved (s13) or when there is no longer any remuneration (s14).
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Compared to the investment costs, it can be seen that the fuel prices have a much higher influence on the most
economic system (cf. Fig. 7). A doubling of the electricity rate results in a battery storage being economically
reasonable. If the electricity price is halved, the heat pump is more cost-effective than the gas boiler. This is also the
case, if the gas price increases. For better economy of the heat pump, a doubling is already sufficient. Photovoltaic
plants are economically unattractive with a reduction of the feed-in tariffs. The size is dimensioned in such a way
that a high self-consumption can be reached. Thus, battery storages are again advantageous. The remaining roof area
due to the small number of photovoltaic modules is, however, not used for a solar-thermal system.

Fig. 7: Costs and energy flows for varying fuel prices and remuneration for the investigated systems

This shows that the decisive factor for a change in the energy systems is the price for the commodities. Investment
costs have only a minor impact. A competition between photovoltaic system in combination with a heat pump and
solar-thermal system cannot be observed. A reasonable combination of these three systems would require several
boundary conditions to change at the same time.

5. Conclusions and Outlook
This study analyses the competition between photovoltaic and solar-thermal systems for residential applications. For
this, the urbs model was adapted and extended for an application for single family houses. Due to the linearity of the
model, it was shown that the yields of the solar-thermal system, which are strongly dependent on temperature, can
be linearized with very high accuracy for the system sizes under investigation.
A major finding is that the cost-optimal system configuration is almost independent of the investment costs of the
components. Gas-driven systems are currently the most economic ones. Only if the prices for electrical energy and
gas vary, the system configuration changes. With a reduction in electricity prices as well as an increase in gas prices,
the heat pump is more cost-effective than the gas system. An increase in the electricity price provokes an investment
in a battery storage. A battery storage is also necessary if the CO2 emissions are limited, whereby the size is
independent of the investment costs. However, in the case of a reduction in the costs for solar-thermal systems, these
are advantageous in comparison to the electrical storage. This shows that solar-thermal energy is an essential
technology for decarbonisation.
However, there is no competition between photovoltaic and solar-thermal systems under current conditions. The
combination of photovoltaic and heat pump is currently no more economic than a gas-driven system. This is due, on
the one hand, to the feed-in tariff and, on the other, due to the currently low gas prices.
The aim of the study was to find the most economic system configuration for different boundary conditions. In this
case, the solar-thermal system is disadvantageous compared to the photovoltaic system. However, not only economic
optimization should be investigated. Further research must be conducted to answer how the different systems behave
with different optimization objectives: (1) maximizing self-sufficiency, (2) maximizing self-consumption and (3)
maximizing the use of solar energy. These questions will be addressed in further investigations.

1890

T. Duschner / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

References
ASUE e.V., 2014. BHKW-Kenndaten 2014/2015. Module, Anbieter, Kosten, Berlin.
BDEW, 2017. Redispatch in Deutschland. Auswertung der Transparenzdaten. April 2013 bis einschließlich März
2017, Berlin.
BMWi, 2016. Energiedaten: Gesamtausgabe. Stand: November 2016. Bundesministerium für Wirtschaft und
Energie, Berlin. http://www.bmwi.de/DE/Themen/Energie/Energiedaten-undanalysen/Energiedaten/gesamtausgabe,did=476134.
BMWi, 2017. Energiedaten: Gesamtausgabe. Stand: Mai 2017, Berlin.
http://www.bmwi.de/Redaktion/DE/Downloads/Energiedaten/energiedaten-gesamt-pdf-grafiken.html.
Bundesnetzagentur, 2017. Bundesnetzagentur - Archiv Datenmeldungen.
https://www.bundesnetzagentur.de/DE/Sachgebiete/ElektrizitaetundGas/Unternehmen_Institutionen/Erneuerba
reEnergien/ZahlenDatenInformationen/EEG_Registerdaten/ArchivDatenMeldgn/ArchivDatenMeldgn_node.ht
ml. Accessed 13 September 2017.
Dorfner, J., 2016. Open Source Modelling and Optimisation of Energy Infrastructure at Urban Scale. Dissertation,
München, 205 pp.
Dorfner, J., Hamacher, T., 2017. urbs: A linear optimisation model for distributed energy systems — urbs 0.7.1
documentation. Chair of Renewable and Sustainable Energy Systems, Technical University of Munich.
https://urbs.readthedocs.io/en/latest/. Accessed 15 September 2017.
Dott, R., Haller, M.Y., Ruschenburg, J., Ochs, F., Bony, J., 2013. The Reference Framework for System
Simulations of the IEA SHC Task 44 / HPP Annex 38 Part B: Buildings and Space Heat Load. A technical
report of subtask C Report C1 Part B.
DWD, D.W., 2011. Wetter und Klima - Deutscher Wetterdienst - Leistungen - Testreferenzjahre (TRY). DWD.
http://www.dwd.de/DE/leistungen/testreferenzjahre/testreferenzjahre.html. Accessed 15 September 2017.
EIA, 2014. Assumptions to the Annual Energy Outlook 2014, Washington.
https://www.eia.gov/outlooks/aeo/assumptions/pdf/0554(2014).pdf. Accessed 15 September 2017.
Eicker, U., 2012. Solare Technologien für Gebäude. Grundlagen und Praxisbeispiele, 2nd ed. Vieweg+Teubner
Verlag / Springer Fachmedien Wiesbaden GmbH Wiesbaden, Wiesbaden.
Fuhs, M., 2015. Übersicht regelbare Heizstäbe. pv magazine 2015 (01), 25–27.
Hafner, B., Plettner, J., Wenhöner, C., Wenzel, T., 1999. CARNOT Blockset Version 1.0. Conventional And
Renewable eNergy systems OpTimization Blockset User´s Guide, Juelich.
Hegner, M., 2017. Energiespeicher - Eine entscheidende Säule der Energiewende. Stationäre Energiespeicher und
deren Netzintegration, 2017, Regensburg.
Henning, H.-M., 2012. Energetisch-ökonomische Bewertungsgrößen für solarthermische Anlagen., in: 22.
Symposium Thermische Solarenergie.
Kaltschmitt, M., Streicher, W., Wiese, A. (Eds.), 2014. Erneuerbare Energien. Systemtechnik, Wirtschaftlichkeit,
Umweltaspekte, 5th ed. Springer Vieweg, Berlin, 931 pp.
Kilburg, S., 2015. Kostenvergleich verschiedener Heizsysteme im Gebäudebestand, Straubing. http://www.carmenev.de/files/festbrennstoffe/Kostvgl_05_2015.pdf.
Quaschning, V., 2016. Sektorkopplung durch die Energiewende. Anforderungen an den Ausbau erneuerbarer
Energien zum Erreichen der Pariser Klimaschutzziele unter Berücksichtigung der Sektorkopplung. Hochschule
für Technik und Wirtschaft Berlin, Berlin.
Schweiger, B., Wedel, W.G., 2017. CleanTechCampus Garching. Development of holistically optimised,
sustainable and transferable energy concepts taking as example the Campus Garching of the TUM.
http://www.es.mw.tum.de/en/research/projects/cleantechcampus/. Accessed 15 September 2017.
Solaranlagenportal, 2017. Photovoltaik Kosten - Was kostet eine Photovoltaikanlage? https://www.solaranlagenportal.com/photovoltaik/kosten. Accessed 7 September 2017.
Sonne Wind & Wärme, 2017. Energie-Datenbank. http://www.energie-datenbank.eu/. Accessed 13 September
2017.
Stich, J., Mannhart, M., Zipperle, T., Massier, T., Huber, M., Hamacher, T., 2014. Modelling a Low-Carbon Power
System for Indonesia, Malaysia and Singapore, in: 33rd IEW International Energy Workshop.
Umweltbundesamt, 2017. Erneuerbare Energien in Deutschland. Daten zur Entwicklung im Jahr 2016, DessauRoßlau. https://www.umweltbundesamt.de/publikationen.
Verbraucherzentrale, 2015. Kleine Blockheizkraftwerke: Die Heizung, die auch Strom liefert.
https://www.verbraucherzentrale.de/BHKW-Verguetung. Accessed 18 September 2017.
Verein Deutscher Ingenieure, 2008. Reference load profiles of single-family and multi-family houses for the use of
CHP systems.
Verein Deutscher Ingenieure, 2012. Economic efficiency of building installations Fundamentals and economic
calculation, 44 pp.
Weyres-Borchert, B., Kasper, B.-R., Drück, H., 2015. Solare Wärme. Technik - Planung - Hausanlage. Fraunhofer
IRB-Verl., Stuttgart, 168 pp.
Wirth, H., Schneider, K., 2017. Aktuelle Fakten zur Photovoltaik in Deutschland, Freiburg.

1891

ISES Solar World Congress 2017

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

Energetic and Economic Efficiency Evaluation of Solar Assisted
Heating Systems for Multi-Family Houses
Sonja Helbig1, Daniel Eggert1, Mario Adam2
1

Institut für Solarenergieforschung Hameln (ISFH), Am Ohrberg 1, 31860 Emmerthal (Germany)
Phone: +49 5151 999 642, E-Mail: s.helbig@isfh.de
2

Hochschule Düsseldorf (HSD), ZIES, Münsterstraße 156, 40476 Düsseldorf (Germany)

Abstract
For holistic efficiency evaluation of solar-assisted heating systems in multi-family houses common system
designs are tested with hardware-in-the-loop measurements. The experimental results provide the basis for the
subsequent energetic and economic efficiency analysis. A previously introduced efficiency measure called
"central performance factor of the heating facility" (CPF) is used to evaluate energetic efficiency of the overall
heating system. Using this measure it can be explained, how system designs comprising low heat distribution
losses (e.g. 2-pipe heat distribution networks or an ultrafiltration module in the DHW circulation return flow)
feature the highest CPF. Cost analysis show, however, that such designs incorporate elevated levelized cost of
heat compared to the other systems under investigation. Carbon abatement cost are combining the energetic and
economic evaluation into one parameter. The results show that concepts with a bivalent heat storage tank and a
fresh water unit connected to a 4-pipe heat distribution network, are leading to the lowest carbon abatement cost,
at a minimum value of 46 €/tCO2.
Keywords: solar combisystems, whole system testing, levelized cost of heat, carbon abatement cost

1. Introduction
There are various hydraulic design concepts for the integration of solar thermal energy into the heat supply of
multi-family houses. Additionally, the control algorithms and the type of heat distribution network may vary.
The variety of technical solutions therefor are hardly comparable for planners and installers due a lack of
comprehensive system evaluation. This establishes a general obstacle for the application of solar thermal
systems, especially in Germany, where solar thermal systems are used almost exclusively (97 %) for the heat
supply of houses with one to three residential units (BSW, 2007), although more than 50 % of the apartments
are situated in multi-family houses (IWU, 2010). In this paper selected solar-assisted heat supply concepts are
evaluated in an energetic and cost-effective manner, in order to identify or derive optimal system concepts.

1.1

Evaluation method

Functional system evaluations (Helbig et.al, 2016) are carried out using a hardware-in-the-loop (HIL) test
procedure (see Figure 1). For this purpose, the central components of the heat supply system (referred to
"central heating facility" in the sequel) are implemented according to manufacturer´s instructions and tested
under emulated, real operation conditions. Weather data and solar thermal collectors as well as the building with
the heat distribution system are part of a dynamic simulation model in TRNSYS to ensure standardized and
reproducible boundary conditions for system tests. The central heating facility is connected to thermostatic
emulators during the tests, which supply the simulated heat gain or remove the required heat. The behavior of
the emulators is calculated by means of real-time simulations in TRNSYS. With a time interval of one minute
measured values are passed as input data to the simulation environment. Thus the HIL system can react
dynamically to the behavior of the central heating facility. The test device allows the emulation of heating
capacities sufficient for 20 residential units under central-European climate conditions and a solar thermal
collector power of up to 60 kW.
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Fig. 1:

Hardware-in-the-loop (HIL) test procedure for central heating facilities

The subsequent energetic evaluation is based on the results of high-resolution annual simulations of the solarassisted heat supply systems under investigation. The simulation models are derived from the TRNSYS models
of the HIL tests. Thereby, the performed measurements provide the data basis for model validations which
allows a very precisely parametrization of the components of the central heating. While the HIL measurements
are carried out for up to eight selected days, which generate all typical operation conditions within a year, the
system simulations cover a complete year.
Finally, an economic analysis of the systems under investigation has been done. The economic evaluation is
based on the results of the energetic system evaluation and a cost analysis of the single components of the
central heating facility. Thereby two different evaluation parameter are used: levelized cost of heat (LCOH) and
carbon abatement cost (ACCO2).

1.2

Tested systems and applied boundary conditions

The tested solar-assisted heating systems for multi-family houses can be distinguished according to the type of
heat distribution system, their solar heat storage and the hot water and boiler connection. In figure 2 the
distinguishing features of the tested systems for the DHW preparation is shown. Additionally, all systems have
solar support for space heating. The reference case has no solar support and is characterized by a domestic hot
water storage and a 4-pipe distribution network.

Fig. 2:

Simplified hydraulic schemata for the DHW preparation of the tested systems (Adam et.al, 2016)

System 1 to System 4 are characterized by a 4-pipe distribution network, while System 5 has a 2-pipe
distribution network. In system 1, solar heat is transferred exclusively to the monovalent solar heat storage tank.
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The solar storage is used to preheat domestic hot water via a fresh water unit. Systems 2 to 4 differ in the
number of heat exchangers in the fresh water unit. While system 2 has a common heat exchanger for heating
both the domestic hot water (DHW) and the circulation return, the systems 3 and 4 have two separate heat
exchangers for these tasks. System 4 is furthermore characterized by an ultrafiltration module in the circulation
return. This provides a mechanical legionella treatment whereby the DHW flow line temperature can be lowered
to little above the desired tap temperature (e.g., 47°C). System 5 has a bivalent heat storage tank from where the
heat is distributed to the decentralized apartment transfer stations. The flow line temperature in the 2-pipe heat
distribution network is constant at 50°C.
Tab.1: Boundary conditions for hardware-in-the-loop measurements and dynamic system simulation

Description

Values

weather
data

Meteonorm (version 5),
location: Zurich, Switzerland

x

days for HIL measurements: 38, 71, 99, 112, 175, (230),
250, (356)

solar
thermal
circuit

flat plate collectors as well as
pipes between roof and
central heating facility

x
x
x

aperture area: between 14 m² and 33 m²
inclination: 45°, orientation: south
total pipe length: 53.5 m

space
heating and
distribution

multi-family house in
Germany with a construction
year between 1958 and 1968
and an energy-focused
refurbishment according to
the standards of EnEV 2009

x
x
x

multi-zone simulation model (52 thermal zones)
number of apartments: 8
detailed heat distribution network with more than 100
pipe sections
size of an apartment: 65 m²
heating system: radiators

domestic
hot water
draw

draw profile generated with
DHWcalc (Jordan, Vajen,
2014)

x

55 litre per apartment and day (assumption of 1.8
inhabitants per flat)

domestic
hot water
circulation

constant circulation 24 hours
a day

x

19 litre per hour and apartment (according to a
maximum temperature difference in the flow line of
5 K)

x
x

2. Energetic efficiency evaluation
2.1.

System boundaries and evaluation parameter

Figure 3 shows the system boundaries employed for balancing the energy fluxes of a solar assisted heat supply
system for a multi-family house. Of particular interest is the boundary around the central heating facility with its
energetic inputs and outputs. The central heat demand of the building (Q central) combines the space heat demand
and distribution losses as well as the heat demand for DHW and circulation. An efficiency measure previously
introduced (Helbig et.al, 2016) is employed for the energetic evaluation of the investigated central heating
facilities: the central performance factor of the heating facility (CPF). It represents the ratio of the central heat
demand of the building as energetic benefit to final energy demand (Efinal) as energetic expenditure:
 ܨܲܥൌ 

ொೝೌ
ாೌ

ሾെሿ

(eq. 1)

For an overall evaluation of the energy conversion chain, the central performance factor of the heat supply chain
(CPFplus) is additionally introduced as an assessment parameter. In this case, the useful energy (Quse) is set in
relation to the primary energy (Eprim). The CPFplus thus represents the reciprocal value of the plant effort (e P)
according to DIN V 4701:
ܨܲܥ௨௦ ൌ

ଵ
ು

ൌ

ொೠೞ
ாೝ

ሾെሿ

(eq. 2)

In contrast to the CPF, the CPFplus also allows the comparison of systems with different fossil energy sources
and thus different primary energy factors. In addition, effects for reducing distribution heat losses can be
assessed. However, a disadvantage of the CPFplus is that both the useful energy and the primary energy are not
measurable variables.
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Fig. 3.

Definition of system boundaries for the energetic efficiency evaluation (Helbig et.al, 2016)

Both the CPF and the CPFplus are strongly dependent on the chosen boundary conditions (solar thermal
collectors, weather and building characteristics, see Table 1). Accordingly, the demand-specific collector area
(adsc) is selected as the reference parameter. It forms the quotient from the collector area (aperture) to the central
heat demand of the building:
ܽௗ௦ ൌ 


ொೝೌ

ቂ

;

ெௐ

ቃ

(eq. 3)

The benchmark procedure according to (Steinweg et.al, 2016) is used to calculate the maximum possible CPF or
CPFplus of an idealized central heating facility. For this purpose, the maximum collector circuit yield is
determined by taking into account the temperature levels of the heat sinks in the monthly balance method. The
central heating facility has no conversion losses from final energy to building energy. A comparison between the
investigated systems and the benchmark makes it possible to determine the theoretical optimization potential of
the individual systems (Helbig et.al, 2016).

2.2

Results

Figure 4 shows the CPF over the demand specific collector area for the systems 1 to 5, as well as for the
reference system without solar support and the benchmark. It can clearly be seen that the central heating
facilities 1 and 2 without solar support (adsc = 0.0) have identical energy efficiency (CPF) as the reference
system. Systems 3 to 5, on the other hand, show an efficiency increase compared to the reference system
without any solar support. The second heat exchanger in the fresh water unit (system 3 and 4) is leading to a
better stratification of the heat storage tank whereas the ultrafiltration module in the circulation return (system 4)
as well as the 2-pipe heat distribution network (system 5) are lowering the heat distribution losses. An
increasing demand-specific collector area always leads to an increase in efficiency of the central heating
facilities. For example, a solar support due to a demand specific collector area of 1.0 m² / MWh is leading to an
efficiency increase of the central heating facilities of 15 to 37 %-points compared to the reference system. It can
be seen that this increase in efficiency between the tested systems with solar support can differ by up to 22 %points. However, system 5 as the most efficient of the systems under investigation still has a theoretical
optimization potential of the CPF of a further 45 %-points (difference to the benchmark) with a demand-specific
collector area of 1.0 m²/MWh. The theoretical optimization potential is made up of technical optimization
measures and system idealization (Helbig et.al, 2016).
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Figure 5 shows the CPFplus as a function of the demand-specific collector area. Since the CPFplus evaluates a
larger section of the energy conversion chain, its values always lie below those of the CPF.
1.5

System 5: 2L-system

1.4
System 4: Decoupled circulation
arrangement and ultra filtration

1.3

CPFplus [-]

1.2
1.1

System 3: Decoupled circulation
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1.0

System 2: Fresh water unit

0.9

System 1: Monovalent DHW
storage tank
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Reference: 4L-system without
solar assistance

0.7
0.6

Benchmark: idealized heat supply
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0.5
0.0

Fig. 5:
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0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Demand specific collector area [m²/MWh]

1.0

Central performance factor of the heat supply chain over the demand specific collector area

A comparison between the CPFplus in figure 5 and the CPF in figure 4 shows that both evaluation variables lead
to a similar result in the efficiency assessment of the investigated systems. However, it can be seen in detail that
the systems 4 and 5, compared to systems 1 to 3, have a relative efficiency increase in the heat supply which is
attributable to lower heat distribution losses. In system 4 the reduction of those losses are a result of reduced
DHW flow line temperatures because of the ultrafiltration module. The reduced heat distribution losses in
system 5 are due to the application of a 2-pipe heat distribution network instead of a 4-pipe system. But it
appears that the relative efficiency increase due to the ultrafiltration module is higher than the one due to the
2-pipe heat distribution network.

3. Economic efficiency evaluation
3.1

Evaluation parameter

In order to assess the economic efficiency of solar-assisted heating systems, levelized cost of heat (LCOH, see
equation 5) as well as carbon abatement cost (ACCO2 see equation 6) are calculated and compared for the
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systems under investigation. Both evaluation parameter rely on the calculation of the equivalent annual cost
(EAC) which is determined by multiplying the annuity factor (a) with the net present value (NPV) (see
VDI 2067):
 ൌ  ή  ൌ
where: i:
T:
t:
R:


ଵିሺଵାሻష

ή σ்௧ୀ

ோ
ሺଵାሻ

̀

ቂ ቃ

(eq. 4)



annual interest rate [-]
observation period [a]
year [a]
net cash flow [€]

In the net cash flow (R) different types of costs (capital-related costs, demand-related costs, operation-related
costs) as well as price change factors are considered. The investment costs as part of the capital-related costs
come from real offers of an installation company for heating technology. The offers distinguish between
component, delivery and assembly costs. Disbursements for replacements, which correspond to the depreciation
period of the single components (VDI 2067), are also part of the capital-related costs as well as the possible
payments by a residual value and incentives for thermal solar collectors of the German Federal Office of
Economics and Export Control (BAFA, 2017a). The demand-related costs include the costs for electricity and
natural gas. The operation-related costs are composed of the costs for maintenance, which were also selected
according to the VDI 2067, as well as the costs for maintenance and inspection. The latter are from the offerings
of the installation company, which contains a maintenance contract.
In addition to the offers for the systems under investigation, alternative offers were also made which have a
quite similar hydraulic specification compared to the systems under investigation, but originate from another
manufacturer. The alternative offers serve to assess the cost differences between the systems as well as between
the manufacturers. The evaluation is done anonymously. It should be considered that to calculate the levelized
cost of heat for the alternative manufacturers' systems, the respective energy efficiency of the systems under
investigation is assumed. Accordingly, the levelized cost of heat of the alternative manufacturers are associated
with additional uncertainty, which must be taken into account when interpreting and evaluating the results.
Further boundary conditions for the economic efficiency calculation are summarized in table 2.
The levelized cost of heat describe the monetary expenditure for one heat unit. Therefor the equivalent annual
cost are divided by the annual useful energy of the system:
 ܪܱܥܮൌ 

େ
ொೠೞ

ቂ

̀

ௐ

ቃ

(eq. 5)

Carbon abatement cost describe the additional cost for the carbon saving measure per unit CO2 avoided.
Consequently, for the calculation of abatement costs a reference system (ref) needs to be defined (see
section 1.2). The annual CO2 emissions caused by each system are determined by adding up the product of the
carbon intensity per kilowatt-hour (CIPK) and the final energy demand for all energy sources used (n):
ܥܣைଶ ൌ 

େೄೞ ିாೝ
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Tab. 2:

ೄೞ

ିቀσ
ೕసభ ூೕ ήாೌǡೕ ቁ

ቂ
ೝ

̀
௧ைమ

ቃ

(eq. 6)

Applied boundary conditions for the economic efficiency analysis

annual interest rate

0,4 %

prices for energy

electricity: 29,7 €-cent/kWh and natural gas: 6,1 €-cent/kWh

price change factors

capital-related: 1,4 %/a and salary: 2,2 %/a
electricity: 3,6 %/a and natural gas: 3,7%/a

observation period

20 years

CIPK

electricity: 526 gCO2/kWh and natural gas: 202 gCO2/kWh
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3.1

Results

Figure 6 shows the LCOH and figure 7 the ACCO2 for the systems 1 to 5 and the reference system. The LCOH
and ACCO2 for the benchmark are not shown, since this is not a real system. While the solid lines in figure 6
and 7 indicate the results for the systems tested in the HIL test, the dotted lines represent the results for systems
with similar hydraulic specification, but from alternative manufacturers. In both figures the unsteady steps in the
graphs of system 5 and system 1 (alternative offer) result from a nonfulfillment of a requirement for the
incentives of solar thermal collectors from the German Federal Office of Economics and Export Control. The
critical requirement states that the collector specific volume of the heat storage tank has to be larger than 40 l/m²
(BAFA, 2017a). If it is clearly shown that a system has a solar support also for space heating and not just for the
DHW preparation the limit of 40 l/m² can be undercut by 10 % (BAFA, 2017b). Nevertheless the systems 5 and
1 (alternative offer) do not fulfill the incentive requirement for all demand specific collector areas under
investigation although the storage tanks have been replaced by similar models of the manufacturer with a larger
volume as the collector surface area increases. However, a storage volume of 1500 liters was assumed as the
upper limit, since the installation of even larger individual storage units in multi-family buildings is regarded as
unrealistic and a possible storage cascading has so far not been used in the investigated systems.
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Fig. 6:
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assistance

Levelized cost of heat over the demand specific collector area for the investigated systems and alternative
offers with a similar hydraulic specifications

It can be seen in figure 6 that all solar-assisted systems have higher levelized cost of heat than the reference
system. When comparing the solar-assisted systems with each other, it appears that systems 2 and 3 have the
lowest LCOH, with system 3 showing a greater difference between the considered manufacturers. In system 1,
the large number of components and the low energy efficiency lead to high LCOH. The two most energy
efficient systems under investigation are at the same time the ones with the highest LCOH. While for system 4
that is a result of the high costs for the ultrafiltration module, for system 5 the high costs for eight decentralized
apartment transfer stations and their installation are leading to LCOH of more than 0.23 €/kWh.
Looking at figure 7 it appears that the systems with the lowest LCOH (systems 2 and 3) also feature the lowest
ACCO2. The alternative offer of system 3 is reaching 46 €/tCO2 at its lowest point (at 0.74 m²/MWh). In contrast
to that, system 1 shows to have the highest ACCO2 with over 1000 €/tCO2 (at 0.4 m²/MWh). Although the ACCO2
is an economical parameter it is combining the energy efficiency analysis (CPF) and the economic efficiency
assessment (LCOH). As a result, system 5 with the highest LCOH but also the highest CPF features lower
ACCO2 than system 1 which is representing the most inefficient solar-assisted system under investigation.
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4. Conclusion
The overall assessment of solar-assisted heat supply concepts requires not only single component tests, but also
tests of the entire system. The investigation shows that a significant increase in efficiency and utilization of the
available solar heat can be achieved through compact installation (small number of components or short piping
between components), the maintenance of the temperature layering in the heat storage tanks (e.g. stratified
charging devices or circulation decoupling) and reduction heat distribution losses (e.g. 2-pipe heat distribution
network or ultrafiltration module). The latter is not just reducing distribution heat losses within the building but
also conversion losses within the central heating facility. Accordingly, systems that aim for reduced system
temperatures show also a higher efficiency in the CPF and not just in the CPF plus, which is explicitly considering
distribution heat losses due to the chosen evaluation boundaries. In contrast to the CPFplus the CPF can be easily
determined in almost every building, since the input variables end energy and central heat demand of the
building can be recorded without much effort with standard measuring technology.
The economic efficiency analysis shows that solar-assisted heat supply systems under investigation have higher
levelized cost of heat than the reference system without solar support. A clear economic assessment of the
systems is only possible to a limited extent, since the differences in the levelized cost of heat between the
systems are roughly the same as the differences between the manufacturers. However, the increase in the
number of components and therefore the complexity of the system also means that the levelized cost of heat are
increasing.
The carbon abatement cost allows a combined energetic and economic evaluation of the systems and should
therefore be the parameter used for the overall assessment of solar-assisted heat supply concepts. Moreover the
carbon abatement cost offer the possibility to compare solar-assisted heat supply concepts with other activities
where CO2 emissions are avoided, like electricity production from photovoltaics or wind. The investigation
presented in this paper disclosed large differences between the carbon abatement costs of the different solarassisted heat supply concepts in multi-family houses. The carbon abatement cost moved in a span between 46
and over 1000 €/tCO2. The most efficient systems in the meaning of a combined energetic and economic
efficiency showed to be the systems 2 and 3 where the carbon abatement cost varied between 46 and 300 €/tCO2
depending on the manufacturer and the demand specific collector area.

1899

S. Helbig / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

5. Acknowledgement
The project SUW-MFH presented in this paper is funded by the German Federal Ministry for Economic Affairs
and Energy based on a decision of the German Federal Parliament (reference number: 03ET1212B). The project
is carried out in cooperation with the University of Applied Sciences Düsseldorf. The authors are grateful for the
financial support and responsible for the content.

6. References
Adam, M., Backes, K., Ille, F., Eggert, D., Steinweg, J., 2016. Klassifizierung und Laborfeldtest von solar
unterstützten Wärmezentralen in Mehrfamilienhäusern, 26. Symposium Thermische Solarenergie, Bad
Staffelstein
BAFA (Bundesamt für Wirtschaft und Ausfuhrkontrolle), 2017a. Förderübersicht Solar (Basis-, Innovationsund Zusatzförderung), https://www.bafa.de/SharedDocs/Downloads/DE/Energie/ee_solarthermie_
foerderuebersicht.pdf?__blob=publicationFile&v=4
BAFA (Bundesamt für Wirtschaft und Ausfuhrkontrolle), 2017b. Oral assurance of the person in charge for
incentives of Renewable Energy (Reiner Warsinski). Conversation from 11th of May 2017, Bad Staffelstein
BSW (Bundesverband Solarwirtschaft e.V.), 2007. GroSol - Studie zu großen Solarwärmeanlagen, Berlin,
http://www.solarthermietechnologie.de/fileadmin/img/Intranet/AG2/PDF/GROSOL_Studie_BSW_final.pdf
DIN (Deutsches Institut für Normung e.V.): DIN V 4701-10, 2003. Energy efficiency of heating and ventilation
systems in buildings - Part 10: Heating, domestic hot water, ventilation, Berlin
Helbig, S., Steinweg, J., Eggert, D., Adam, M., 2016. Performance Testing and Optimization of Solar Assisted
Heating Systems for Multi-Family Houses. Conference proceedings – EuroSun, Palma de Mallorca
IWU (Institut Wohnen und Umwelt), 2010. Datenbasis Gebäudebestand - Datenerhebung zur Energetischen
Qualität und zu den Modernisierungstrends im deutschen Wohngebäudebestand, Darmstadt,
http://www.datenbasis.iwu.de/dl/Endbericht_Datenbasis.pdf
Jordan, U., Vajen, K., 2014. Manual DHWcalc – Tool for the Generation of Domestic Hot Water (DHW)
Profiles on a Statistical Basis, Version 1.20, Universität Kassel, Institut für Thermische Energietechnik
Steinweg, J., Eggert, D., Rockendorf, G, Backes, K., Adam, M., 2016. Leistungsbewertung und Optimierung
von solar unterstützten Wärmezentralen in Mehrfamilienhäusern; 26. Symposium Thermische Solarenergie, Bad
Staffelstein
VDI (Verein Deutscher Ingenieure e.V.): VDI 2067 Part 1, 2012. Economic efficiency of building installations –
Fundamentals and economic calculation, Beuth Verlag, Berlin

1900

S. Helbig / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

7. Appendix
Nomenclature
Acol
ACCO2
a
adsc
CIPK
CPF
CPFplus
EAC
Efinal
Eprim
eP
i
LCOH
NPV
Qcentral
Quse
R
T

collector area
carbon abatement cost
annuity factor
demand-specific collector area
carbon intensity per kilowatt-hour
central performance factor of the heating facility
central performance factor of the heat supply chain
equivalent annual cost
final energy demand
primary energy demand
plant effort
annual interest rate
levelized cost of heat
net present value
central heat demand of the building
useful energy
net cash flow
observation period

[m²]
[€/tCO2]
[a-1]
[m²/MWh]
[gCO2/kWh]
[-]
[-]
[€/a]
[kWh]
[kWh]
[-]
[%]
[€/kWh]
[€]
[kWh]
[kWh]
[€]
[a]
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Abstract

Considering the renewable energy ratio of only 4% in South Korea, the centralized renewable hybrid district
heating and cooling demonstration complex would be new alternatives to expand new and renewable energy.
In this paper, the current status of recently completed the first centralized renewable hybrid district heating
and cooling demonstration complex is introduced. In addition, the methods for load estimation, installed
capacities of installed new and renewable energy equipment, and control strategies with operation modes are
simply explained.
Key-words: renewable hybrid, district heating, solar thermal system, seasonal thermal energy storage

1. Introduction
South Korea is one of the countries where the amount of energy usage is continuously increasing, but it
imports about 95% of its energy sources from abroad because there are few natural energy resources
available. Since more than 83% of the consumed primary energy is fossil energy, and with the dependency
on nuclear power generation so high in the area of power generation, the ratio of renewable energy is only
about 4% whereas the ratio of nuclear energy is about 12% as shown in Fig. 1.

Consumption of Primery Energy [M toe]

Most of the new and renewable energy accounts for waste incineration and bio energy, and solar thermal
energy and geothermal power are only about 1.2%. The reason why the spread of solar thermal energy is
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Fig. 1: Consumption of primary energy and the ratio with energy resource types in South Korea

1902

 
       
  !"  # $  "%  % &''
( ))*!$  + ,#  "(!!"    

J. Heo / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

G
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Fig. 2: New and renewable energy hybrid system configuration (a) and current on-site pictures (b) of demonstration complex

slow is that the consumer confidence on the solar thermal system applied in the household is not high enough.
Most companies related with solar thermal energy are small and follow-up service is not managed
satisfactorily. In addition, relatively inexpensive cost of other heat energy sources is the one of the reason
why consumers are reluctant to use solar thermal system. Therefore, in order to expand the use of solar
energy, it is necessary to supply a large-scale solar thermal system that can be equipped with maintenance
system in addition to a small domestic solar heater. The primary goal of this project is to construct a
centralized renewable hybrid district heating and cooling demonstration complex based on a large-scale solar
thermal system, targeting sewage treatment plants area and six public buildings (schools, libraries, etc.)
located in Jincheon, Chungbuk Innovation City. The ultimate goal is to secure the necessary control
technologies for the optimal hybrid operation while demonstrating the facilities, and establish a basis for
expanding and distributing similar systems in the future.
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2. Estimation of heating and cooling loads
In this project, it is aimed to build an energy independence demonstration complex that can provide annually
stable heat and electric energy through the various new and renewable energy hybrid facilities. Seasonal
thermal energy storage (STES) was applied for the stable thermal energy supply. The electric energy is
produced by photovoltaic and fuel cell systems as much as the electricity demand in the demonstration
complex for net energy independence, but it is connected to grid line to sell the produced electricity energy
instead of self-consumption due to the economical factor. Initially, it was planned to supply only the heat
energy necessary for heating and hot water supply. However, since the heat pump is used as an auxiliary
system, it was decided to supply cold heat required for cooling to public buildings (except for a high school).
In case of a high school, additional cooling system is installed, because the cooling load of high school is too
much to be covered by the originally planned heat pump facilities.
In order to determine the capacity of the required renewable energy facility, the heating and cooling load of
each public building was estimated first. The energy load is estimated based on the detailed building design
and operating statistics on similar buildings (Lee et al., 2014). EnergyPlus was used for the heating load
analysis. The thermal load of high school was estimated based on operating statistics of sites near high
school, although exact load estimation was very difficult because operating circumstances are different in
each school. Table 1 shows total annual heating and cooling load calculated based on the ambient
temperature conditions of 24oC and 26oC in winter and summer, respectively. Total thermal energy load for
heating and hot water supply were estimated as 761.5 MWh.

3. Capacity of installed new and renewable energy equipment and status
The capacities of new and renewable energy systems were determined based on the estimated thermal energy
load and the TRNSYS-based simulation program. Due to field spatial limits, maximum installation area of
solar thermal collector and size of STES were about 1,600 m2 and 4,000 m3, respectively. To cover the
deficient thermal energy, water source heat pump (WSHP) of 350 kW and ground source heat pump (GSHP)
of 175 kW were designed. In case of heating operation, totally 350 kW WSHP is operated to raise the
residual heat in STES, and GSHP of 175 kW will be used as the auxiliary system. When the residual heat in
STES is insufficient, sewage heat in the water purification center is used as the heat source. In case of
cooling operation, alternating operation of WSHP would be possible with additional WSHP of 175 kW
among 350 kW, because the cooling load of 4 public buildings can be covered by a GSHP of 175 kW and a
WSHP of 175 kW. In addition, it is estimated that about 750 kW of photovoltaic power generation
equipment is needed to produce about 850 MWh/year of electricity, which is expected to be consumed in
public buildings in the demonstration complex.
Fig. 2 shows the new and renewable energy system configuration and current on-site pictures, respectively.
All public buildings except for a youth center have been completed, and renewable energy facilities and
seasonal thermal energy storage have been installed. The solar thermal systems were installed on the parking
lot and the grounds where the geothermal heat exchanger was installed, and the photovoltaic systems were
distributed on the installable space. The heat pump, the fuel cell, and the buffer storage tank were installed in
the machine room including the monitoring center.
Tab. 1: Heating and cooling load for public buildings
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Building

Heating load [MWh]

Cooling load [MWh]

High school

219.7

(250.7)

Library

76.1

81.0

Youth center

32.8

19.1

Child care center

31.7

21.6

Public health center

17.9

6.2

SUM

378.2

127.9
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Fig. 3: Operating options with heating (a) and cooling operations (b)

4. Operating methods
Operating options for new and renewable energy hybrid district heating system are divided into four
operational methods as explained in section 4.1-4.4, and Fig. 3 shows the operation options with heating and
cooling mode.

4.1. Operation based on solar thermal system
The heat energy produced in the flat plate and evacuated tube collectors is stored as hot water in the seasonal
thermal energy storage through the heat exchanger. The stored hot water is supplied to public buildings for
heating and hot water supply, and two separate heat exchangers were installed with purposes for separating
the heat storage fluid in the STES and circulating fluid in the supply/return circulation pipe. At this time, the
return temperature is controlled lower than 40oC for the thermal stratification in STES by using both a
variable speed pump and a 3-way valve. The return temperature will be preferentially controlled by the
inverter pump, but 3-way valve might be additionally used according to the operation status by the inverter
control. In the heating and hot water supply operation, the supply water is continuously circulated during
business hours. When the heating and hot water load occur in public buildings, the temperature difference
between supply and return water was observed. By this temperature difference detection, the heat energy in
STES is supplied to the load. When the heat supply water temperature is less than 50oC, operation mode is
changed from the mode based on solar thermal system to the mode based on heat pump system because it
can be considered that the thermal energy in STES is not available to supply to the load.

4.2. Operation for solar thermal overheating protection
In case that the STES is overheated by the over produced heat energy from solar collectors, overheating
protection operation mode is provided to reduce the high temperature in STES. Except for summer season
for cooling operation, the over produced heat is first released to underground through borehole heat
exchangers, and the leftover heat is released to atmosphere by an additional cooling tower.

4.3. Heating operation based on heat pump system
Ground and sewage source heat pumps were installed as the auxiliary heating system. Besides, water source
heat pump that uses residual heat less than 40oC in STES as the heat source is also utilized. The hot water
produced from heat pump is stored in the buffer storage tank and then supplied to the load. The reason why
the buffer tank is used is to utilize the off-peak load time power. The operational cost can be reduced when
hot water produced by heat pump operation during the night time is supplied to the load in day time. Of
course, in case of heavy heating and hot water load, the heat pump should be operated during the day time.
It was checked that the capacities of heat pump and buffer storage tank can afford to respond to the
maximum load of public buildings. The exchanger is installed for the separation between the heat storage
fluid in the buffer storage tank and the circulating fluid in the supply / return circulation pipe. The heat pump
operation in day time was set based on the temperature of hot water supplied to the load side.

4.4. Cooling operation based on heat pump system
In summer, cold heat is supplied to public buildings (except for a high school). Ground source and sewage
source heat pumps are used as the cooling equipment, and the cold heat is supplied to the load side through
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buffer storage tank. Buffer storage tank is applied for the utilization of the night time power as in the case in
heating operation. In high school, additional direct-fired absorption chiller is used for the cooling. During the
cooling operation, it is possible to supply hot water to the load side by using the stored heat in STES.

5. Conclusion
In November 2016, the first centralized renewable hybrid district heating and cooling demonstration complex
based on a large-scale solar thermal system has been constructed in South Korea. The method for load
estimation and capacities of installed new and renewable energy equipment were introduced, and the concept
of major operation modes and control strategies were simply explained. While demonstrating the facilities,
control technologies for the optimal hybrid operation will be improved and this experience will be a valuable
basis for expanding and distributing similar systems in the South Korea.
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Abstract
A solar community of 100 passive houses was designed for high latitude Finnish conditions. Typical solar thermal
energy generation was replaced by solar electric system which was used to operate heat pumps. Short-term waterbased thermal storage tanks were charged with an air-to-water heat pump and then discharged to a seasonal
thermal storage system in the form of borehole thermal energy storage (BTES).
With total PV capacities of 240 to 600 kW, 78 to 97% of space heating and domestic hot water was provided by
renewable energy from the local heating grid. Utilizing a water-to-water heat pump between low and high
temperature water tanks increased the efficiency of the air-source heat pump. Varying the flow rate of borehole
storage provided very minimal benefit.
Keywords: Solar community, seasonal thermal storage, solar electricity, heat pump,

1. Introduction
Solar energy availability varies between day and night and with seasons. The seasonal variability is different from
country to country, with locations far from the equator experiencing larger changes in insolation. Finland is located
above 60 °N latitude, which means that in summer the day can be 18 hours long, while in winter it might last only
6 hours. Correspondingly, energy demand for heating is greatest during winter, when there is little, if any, solar
energy available. For this reason, conventional solar heating system with a short-term water storage is of limited
utility in Finnish conditions. However, seasonal thermal storage may offer a solution.
Seasonal thermal storage allows the storage of heat for several months. The most popular seasonal storage methods
are tank storage, aquifer storage, pit storage and borehole storage (Hesaraki, et al., 2015). Borehole thermal energy
storage (BTES) consists of a grid of boreholes that have been drilled into the ground and fitted with heat transfer
pipes (Lanahan & Tabares-Velasco, 2017). Hot fluid is circulated in the boreholes to heat the ground. If the size
of the storage is large enough, thermal losses to the environment remain manageable and make it possible to
provide a large fraction of heating by solar energy. Typically, the seasonal storage is heated by solar thermal
collectors, which produce heat directly, as was the case in the Drake Landing Solar Community (Sibbitt, et al.,
2012). Similar designs for Finnish conditions have been tested in an optimization study (Hirvonen, et al., 2017).
In Finland, the current market for solar thermal collectors is small, but installations of solar photovoltaic (PV)
panels are accelerating and a new record for the country’s largest PV system installation is set several times per
year. Heat pumps are also replacing conventional district heating in many locations. Thus, combining these two
technologies was considered in this paper. Solar electricity was used not only to meet the electric load of house
appliances, but also to run an air-to-water heat pump to charge the seasonal thermal storage through a large water
storage tank. The goal was to make an initial test of concept and find out the effect of different controls and solar
generation capacity on the reduction of imported external energy.

2. Methodology and system description
This study looked at the energy matching in a virtual solar community of 100 single-family houses, located in
Helsinki, Finland. The study was based on dynamic simulations performed with TRNSYS 17, using the weather
data from Helsinki Test Reference Year 2010. The space heating (SH) demand in the houses was based on the
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simulated performance of a 100 m2 passive level house with 25 kWh/m2 annual energy demand according to
heated floor area. The domestic hot water (DHW) demand was based on profiles gained from an IEA study
(Jordan, 2001), normalized to 35 kWh/m2. Electricity consumption of appliances was based on measured demand
from 50 real district heated houses in the Helsinki region, normalized to 40 kWh/m2.

Solar

Figure 1: Monthly solar energy potential (vs. collector area) and heating demand in the houses of the community (vs. floor area).

The modeled energy system is shown in Figure 2. All the houses in the community were connected to a local
heating grid that was fed from two large water storage tanks. The warm tank (300 m3) was used to supply space
heating (SH) at 30 to 35 °C (floor heating) and to preheat the domestic hot water (DHW). The hot tank (150 m3)
was used to superheat the DHW to the required temperature of 55 °C. The warm water tank was heated by an airto-water heat pump (AW-HP, Figure 3) powered by solar photovoltaic (PV) panels, using ambient air as the heat
source. The hot tank was heated by a water-to-water heat pump (WW-HP, Figure 4), using the warm tank as the
heat source. Thus, the two heat pumps formed a type of cascade heat pump. Solar electricity was also used to run
the house appliances. In case there was not enough solar power for all needs, the first priority of solar energy use
was with the appliances, second priority with the WW-HP and third priority with the AW-HP. It was assumed
that the heat pumps could be operated at any part-load between 10 and 100%. If solar electric power was not
enough to run the AW-HP at the minimum part-load, the HP would not start. The ratios of the source-side (ambient
air or warm water) and load-side flows (warm or hot water) in the heat pumps were kept constant. The flows
adjusted according to heat pump power, to keep the load-side temperature change roughly constant at 12 °C.
If the warm tank cooled down and there was not enough solar energy available, it was be heated by discharging
the seasonal storage. If the warm tank temperature rose above 50 °C by the use of the AW-HP, the extra heat was
transferred to the seasonal storage. When the BTES temperature was above the tank temperature and the required
SH temperature, energy from the ground was transferred back to the tank.
The seasonal storage was a borehole thermal energy storage system, contained in rock with thermal conductivity
of 3.5 W/mK and total volume of 30 000 m3. There were 216 boreholes, each 37 m deep, evenly distributed along
the BTES cross-section. The boreholes were connected in groups of 4, to generate a radial temperature distribution
in the BTES. During charging, hot fluid entered from the center, flowed through 4 boreholes and exited at the
edge of the BTES. During discharging, cold fluid entered from the edge and exited through the center. As it takes
several years for a BTES system to reach stable conditions, a three-year simulation period was used. The results
reported in this study were for the final year, on the assumption that long-term steady-state conditions had been
achieved.
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Figure 2: Energy system diagram.

Figure 3: COP of the air-to-water heat pump with different load-side inlet temperatures. Based on model NIBE-2120.

Figure 4: COP of the water-to-water heat pump with different load-side inlet temperatures. Based on model NIBE-F1345.
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The total AW-HP thermal capacity was set to 960 kW, which corresponds to 240 kW electricity consumption in
standard conditions. In addition, the WW-HP thermal capacity was set to 180 kW, which corresponds to 60 kW
electricity consumption. Both heat pumps could be operated in part-load mode, with a minimum power of 10%.
Actual ratio of thermal and electric ratio depended on the heat source temperature and load temperature, as shown
in Figures 2 and 3.

2.1. Equations
Renewable energy fraction (REF) is the portion of end-use heat energy that is provided by the renewable energy
of the local heating grid. Since electricity was the only external energy source, we can determine the REF
indirectly

 ൌ ͳ െ

ாೝೌ
ாೄಹ ାாವಹೈ

ǡ

(eq. 1)

where Eimported heating elec is the additional imported grid electricity needed for heating (heat pumps, backup system,
pumps) after solar electricity has been accounted for, E SH is the building-side space heating thermal energy
demand and EDHW is the building-side domestic hot water thermal energy demand. There was no electric energy
storage, which limited the maximum amount of appliance related solar energy use. Thus, the REF only accounts
for heating related energy, not electric appliances.
Efficiency of the seasonal storage is defined as the ratio of energy taken from the storage vs. the energy stored
into the system

Ʉୗ ൌ

ாಳಶೄೞೌೝ
ாಳಶೄೌೝ

.

(eq. 2)

The PV system produces only electricity, but when connected to the heat pump the combined efficiency has the
same meaning as the efficiency of a solar thermal collector. The combined thermal efficiency is defined as

Ʉǡ୲୦ୣ୰୫ୟ୪ ൌ ܱܲܥு

ாುೇǡಹು
ீ

,

(eq. 3)

where COPHP is the coefficient of performance for the heat pump, EPV,HP is the electricity consumed by the heat
pump that was supplied by the PV system and G is the incident solar insolation on the solar panels.

2.2. Study parameters
To gain understanding of how the heating system and solar electricity interact, three parameters were chosen for
analysis: PV capacity, BTES flow setting and WW-HP control mode.
PV capacity was selected as multiples of the nominal electricity consumption of the AW-HP (multiples 1, 1.5, 2,
2.5) to see how much excess capacity relative to the heating capacity is needed before there is enough power to
both run the appliances and heat the BTES.
The BTES was operated in two different modes. In the Constant mode, all charging and discharging was done at
a constant flowrate. In the Variable mode, the flowrate was changed according to the difference between the
average BTES temperature and the temperature at the top of the warm tank. A high temperature difference
corresponded to high flow and a low temperature difference to a low flow. The base flow rate for the BTES was
1600 kg/h per pipe loop. With a ΔT below 1, below 5, below 10 and above 10, the flow rate fraction was 25%,
50%, 75% and 100%, respectively.
The HP control setting decided whether the WW-HP was only run when the hot tank required recharging (setting
0) or if the hot tank was charged whenever there was available solar energy and the temperature at the top of the
tank was less than 70 °C (setting 1). Additional use of the WW-HP lowers the temperature in the warm tank, thus
increasing the COP of the air-to-water heat pump.
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Table 1: Simulation parameters.

Case

PV capacity
(kW)

BTES flow

HP
control

0

0

-

0

1

240

Constant

0

2

240

Constant

1

3

240

Variable

0

4

240

Variable

1

5

360

Constant

0

6

360

Constant

1

7

360

Variable

0

8

360

Variable

1

9

480

Constant

0

10

480

Constant

1

11

480

Variable

0

12

480

Variable

1

13

600

Constant

0

14

600

Constant

1

15

600

Variable

0

16

600

Variable

1

3. Results
3.1. Renewable energy fraction
An important measure for energy system performance is the renewable energy fraction. Figure 5 shows the
fraction of end-use heat energy that was met by the solar heating system. Even without any solar energy, 66% of
heating was provided by the heat pump system alone. When solar capacity was set to 2.4 kW/house, which was
equivalent to the maximum electricity use of the AW-HP, REF of heating was increased to 78%. Increasing the
PV capacity to 3.6 kW/house, up to 88% REF was achieved. Increasing PV capacity further showed diminishing
returns, as at 4.8 kW/house the maximum REF was 95% and at 6 kW/house it was 97%.
While PV capacity was the main determinant of REF, heat pump and BTES configurations also affected the
results. With the smallest PV capacity (240 kW), increasing the WW-HP utilization during peak solar generation
lowered REF compared to only running the WW-HP as needed by the hot tank. With all the larger solar generation
capacities it had the opposite effect; increased use of WW-HP increased total REF. With a small PV capacity, the
higher priority of the WW-HP prevented the operation of the AW-HP, since little extra solar energy was available
for heating the warm tank and subsequently the BTES. With larger PV capacities there was enough energy to
operate both the AW and WW heat pumps. In these cases, the WW heat pump cooled down the warm tank (which
it used as an energy source), improving the COP of the AW-HP due to lower load-side temperatures. Increased
use of WW-HP changed REF by -2.2%, +0.9%, +2,3% and +3.6% for the 240, 360, 480 and 600 kW cases,
respectively. The effect of the variable BTES flow was less significant, though it was positive in all cases. The
increase in heating REF was 0.2 to 0.6%, the largest gains found in the 360 kW case.
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Figure 5: Annual renewable energy fraction of heating for the simulated cases. Bars with the same color have the same BTES and
HP flow settings, but different PV capacity, as shown in Table 1. The numbers show the highest REF for each PV capacity.

3.2. Solar energy use

PV energy uses (MWh)

The solar energy generated by the PV panels was used for appliances, heat pumps and exporting. Increasing the
PV capacity by 150% from 240 kW to 600 kW increased the PV use for appliances only by 25%, due to the
mismatch in energy use and generation patterns. Most of the added solar energy generation was used by the AWHP, as shown in Figure 6. Increasing the use of the WW-HP increased its electricity consumption by 230 to 420%,
according to PV capacity. However, the total sum of the AW and WW heat pump electricity consumption
remained practically constant in all the cases with the same PV capacity. In the cases with 240 and 360 kW PV
capacity, 1% of PV generation was exported to the grid. With 480 and 600 kW, exports were 4 and 7% of PV
generation.

700
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300
200
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0
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7

8 9 10 11 12 13 14 15 16
Case #
PV WW-HP

PV export

Figure 6: Annual distribution of PV generated energy for different uses.

3.3. Thermal efficiency of solar electric heat generation
Effective efficiency of solar panels when producing heat with heat pumps, hourly duration curve. Choose the best
case of all PV sizes and put them in the same figure.
Since solar electricity was used to run the heat pumps, we can calculate the thermal efficiency of solar heat
generation. Figure 7 shows the duration curves for the thermal efficiency of both heat pumps in the best cases of
each PV capacity. The total running time of the AW heat pump was increased by adding more PV capacity,
because after meeting appliance needs extra power was available more often. There was also a clear decrease in
average efficiency as the PV capacity was increased. This is due to the AW HP operating at higher temperatures
due to charging of the thermal storage tank. With WW HP, the longest running time and highest efficiency was
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PV+HP thermal efficiency

obtained in the 360 kW case. Conversely, the lowest efficiency was obtained with the 600 kW system.
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Figure 7: Duration curves of the thermal efficiency of heat pump energy generation using solar electricity.

3.4. BTES performance
Figure 8 shows the average temperature in the BTES during the seasonal cycle of the last simulated year. The
bottom and top end of the bars represent the annual minimum and maximum temperatures, respectively. Also
shown is the storage cycle efficiency. In the 240 kW PV cases, there was not enough energy to heat the BTES to
the temperature levels required to meet space heating demand. The low temperature resulted in a very high cycle
efficiency. Higher PV capacity raised the storage temperature.
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0.35

0

0.30

BTES efficiency

BTES average temperature (°C)

The borehole flow setting had no practical effect on the temperature. The more active operation mode of the WW
HP, however, decreased temperature and increased BTES efficiency for most cases. In the 360 kW cases, the
lower temperature was also joined by lower efficiency.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Case #
Temperature

Efficiency

Figure 8: Range of average seasonal storage temperature and the annual seasonal storage efficiency.

3.5 Monthly comparison
Figure 9 shows the third year monthly electricity flows and seasonal storage temperatures in Case 1. Generation
from the PV system was distributed between appliances, AW-HP and WW-HP. The minimum need for external
energy happened in July, with 15 MWh of electricity imported. The maximum happened in December, with
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66 MWh of electricity imported. The low amount of 2.4 kW solar panels per building didn’t have enough excess
energy to allow the charging of the seasonal storage. Thus, the maximum temperature achieved by the BTES was
22 °C, which was not enough to provide heating in winter.
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Figure 9: Electricity flows and seasonal storage temperatures in Case 1.

Figure 10 shows the third year monthly electricity flows and seasonal storage temperatures in Case 16. Now the
higher solar capacity allowed diverting a large amount of solar electricity to the operation of the AW-HP. The
extra heat was then used to charge the BTES up to 55 °C, while the annual cycle only dropped the temperature
down to 34 °C. The need for imported energy was reduced compared to Case 1, as the minimum imports were
10 MWh in July and maximum 45 MWh in December. This highlights the difficulty of utilizing significant
amounts of solar energy in high latitude conditions, which have a high seasonal mismatch in demand and
generation. Increasing nominal solar energy capacity by 150%, compared to Case 1, reduced the need for external
energy by only 32% during the peak month.
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Figure 10: Electricity flows and seasonal storage temperatures in Case 16.

4. Discussion and conclusions
The heat pump based solar heating concept introduced in the paper worked well. A renewable energy fraction of
up to 97% was achieved by having a nominal solar electric capacity of 600 kW. This was equal to 2.5 times the
maximum electricity consumption of the air-to-water heat pump. However, even with a PV capacity of 360 kW,
1.5 times the maximum electric power of the AW-HP, the REF could be as high as 88%. Thus, with passive
houses, a relatively low amount of PV generation per house was needed to achieve a high REF. Using the solar
photovoltaic system simplifies the solar community design compared to a solar thermal collector design, because
the same solar panels can supply both the heat and the electricity. In addition, no piping is required between the
solar collectors and storage tanks.
Varying the BTES flowrate did not significantly influence the system performance. This implies that using a
constant flow rate is effective enough, though the optimal flow rate could still be different than what was selected
in this study.
Combined with the air-to-water heat pump, the average thermal efficiency of solar heat generation could be above
50%, even when heating REF was above 90%. The thermal efficiency of this electric heating system compared
favorably to the 33% solar thermal efficiency obtained in the Drake Landing Solar Community (DLSC, 2012).
Utilizing the water-to-water heat pump between the two buffer storage tanks increased total system efficiency by
lowering the input temperature of the air-to-water heat pump, but only if PV capacity was large enough to also
allow additional use of the AW heat pump. It should be noted that the ideal heat pump modeled here suffered no
ill effects from part-load use or fast on-off behavior and could always adjust perfectly to the current solar
conditions. A real-life system may face more difficulties in these aspects, which might lower total system
efficiency.
A high REF solar community based on solar electricity and heat pumps was found to be technically feasible in a
high latitude country like Finland. However, the seasonal energy mismatch and large losses in the seasonal thermal
energy storage cause diminishing returns for increased solar capacities. Further optimization is needed to find out
economical implementations of the basic design.
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Abstract

A renewable hybrid energy system using seasonal thermal energy storage (STES) has been recently constructed
in Jincheon, South Korea. The eco-friendly energy town was proposed and constructed in Jincheon to supply the
heat from the solar thermal system and new and renewable hybrid energy systems with seasonal thermal energy
storage (STES) to six buildings contained in town. In this research, the thermal behavior of the series connected
solar thermal systems, which are flat-plate solar collectors and evacuated tube solar collectors, and the STES have
been investigated. During the 21 days of trial operation period in January 2017, the ambient air conditions,
irradiation, useful thermal energy gain, and internal thermal energy variation in STES were estimated by using
measuring data. It was found that the efficiencies of solar thermal systems were 2.4 to 25.4%, and that of the
STES were 90%, during the whole test period.
Keywords: solar thermal systems, seasonal thermal energy storage, control logic, experimental results, efficiency

1. Introduction
In South Korea, where the usage ratio of renewable energy among the national energy consumption is still low,
the policies have been established to expanding the heat supply from renewable energy facilities including solar
thermal systems. As part of these policies, the eco-friendly energy town constructed in Jincheon, South Korea has
adopted a centralized heat supply system combined with various new and renewable hybrid energy systems,
focusing on the solar thermal systems and seasonal thermal energy storage (STES).
This proposed eco-friendly energy town is the first case in South Korea that uses STES for stable heat supply to
the buildings. The eco-friendly energy town contains six buildings with the new and renewable hybrid energy
systems which includes a solar thermal system, STES, 3 heat pump systems which have different heat sources,
buffer tank, and a district heating loop system. The six buildings are consisted of high school, library, youth center,
child care center, public health center. Figure 1. shows the new and renewable energy hybrid system configuration
installed in Jincheon. The two types of solar collectors are connected in series, and then the collected heat is stored
in the STES through the whole year. The stored heat in the STES is supplied to the building for heating the space
and supplying the hot water through the winter season. In the end of heating season, when the stored water
temperature in STES is lower than the target supply heating water temperature, the heat pump system increases
the supply water temperature with supplying the hot water in the STES to the source side of the heat pump. During
the cooling season, two heat pumps which uses the ground heat source and sewage heat source, respectively, are
operated to produce cooling water. The produced cooling water is stored during the nighttime in the buffer storage
tank, and then the cooling water is sent to the district loop system to cool the buildings during the daytime.
Over the last decades, many researches have been conducted on seasonal heat storage and solar thermal systems
focused on European countries. Schmidt et al. (2004) demonstrated the central solar heating plants using seasonal
thermal storage. The demonstration plants that had been built up to this point through the government-funded
research program, “Solarthermie2000” in Germany were presented in detail. Bauer et al. (2010) showed several
central solar heating plants with seasonal storage in Germany while comparing and summarizing the results of
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extensive monitoring programs which were carried out within the framework of “Solarthermie2000”. Four
different types of thermal energy storage were investigated, such as hot water, gravel-water, borehole, and aquifer.
Novo et al. (2010) presented a review of technologies and conducted projects for central solar heating systems
which employ seasonal sensible water storage. Different technologies for the storage of heat were available and
researched. Xu et al. (2014) reviewed three forms of heat storage, namely sensible, latent and chemical heat
storage. It was concluded that in comparison, sensible heat storage is most applicable for practical use whereas
latent and chemical heat storage still need to be investigated and developed further.
In this study, we investigated the efficiency of solar thermal system and the thermal storage performance of the
STES based on the measured data during the trial operation period.

Fig. 1: New and renewable energy hybrid system configuration

2. System overview
The solar thermal systems in the proposed system consisted of 800 m2 of flat-plate type solar collectors, 800 m2
of evacuated type solar collectors, and 4000 m3 of a STES. As shown in Figure 2, the flat-plate type solar
collectors and evacuated type solar collectors are connected in series. The solution that passes through the flatplate type solar collectors is also heated by passing through the evacuated type solar collectors. The aqueous brine
solution is used as a heat transfer medium for antifreeze. The collected thermal energy is transferred to the water,
and then the water is used as a heat storage medium in STES. Figure 3 shows the installed solar collectors and
STES in Jincheon.
The STES is a rectangular-shaped water tank. The STES consisted of concrete walls and a ceiling which are
covered with a 700 mm thick insulation on the outside. The inside of the tank has a height of 10.3 m, a width of
16.7 m, and a length of 24.7 m. There is another concrete wall some distance away from the insulation surrounding
the STES which creates a space that is filled with ambient air. For observing the stratification performance of the
STES, nine temperature sensors are placed at the center of STES with 1 m different heights above the floor of the
STES.
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Evacuated solar collectors
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Fig. 2: Configuration of solar thermal collectors and seasonal thermal energy storage (STES)

(a) Solar thermal collectors

(b) STES
Fig. 3: Solar thermal collectors and STES in Jincheon, South Korea
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3. Estimation of system performance
3.1 Control logic of solar thermal systems
The hydraulic loop of the proposed system is divided into two parts: the solar thermal system loop and STES loop.
The each loop of solar thermal system is closed-circuit with solution, and the water that used to storage heat in
STES is firstly passing through the heat exchanger in the circuit of flat-plat type solar collectors, and then the heat
exchanger in the circuit of evacuated type solar collectors heats the water. The heated water is distributed into the
top of the STES, the water that located in the bottom of STES goes to the solar thermal systems. The each pump
of solar thermal system loop is operated when the tilted solar radiation is reached at 400 W/m2. And then, by
comparing the middle or bottom of the water temperature of the STES, the pump of STES is operated. This control
logic is primarily for maintaining the temperature stratification of STES. After that, the 3-way valve (VSM) is
modulated to maintain the water temperature that higher than the water located in the top of the STES.

3.2 Efficiency of seasonal thermal energy storage (STES)
In order to observe the temperature stratification of STES, the nine temperature sensors were installed in the
middle of STES. Each temperature sensor were located from the bottom to top of the tank, and the water inside
the tank can be divided into nine sections. For simplifying estimation the efficiency of STES, the volume of the
water inside the tank was divided into nine sections according to the nine temperature sensors, and it was assumed
that the water temperature within a volume-section is constant and that it only changes with time. Each
temperature sensor therefore displays the temperature of one volume-section.
The temperature variation were measured every 30 seconds. Based on the STES, the system can be divided by
three circuits, that are the collector circuit, the load circuit, and the auxiliary circuit. For the collector circuit, the
added energy is typically positive because heat is delivered from the solar collectors to the tank. When the
temperature of STES was increased, the energy is added (i.e., positive) and it also can be mentioned that the more
heat was collected from the solar thermal system than the used energy in the load side. On the other hands, when
the energy delivered to the load circuit is larger than the energy collected from the solar thermal system, the
temperature of STES should be decreased (i.e., negative). The energy added to the tank by the auxiliary circuit
can either be positive or negative depending on the application. For the calculations presented in this article
however, the auxiliary circuit does not contribute significantly to the results as it has not been activated during the
time period from which the measured data was chosen. The energy added to the system through the collector
circuit during time step ݊ is calculated as follows.

ሶ ൫ߩܿ୮ ܶେ,୧୬, െ ߩܿ୮ ܶେ,୭୳୲, ൯οݐ
οܳେ, = ܸେ,

(eq. 1)

ሶ is the flow rate of the collector circuit in and out of the tank during time step ݊. ܶ,୧୬, and ܶ,୭୳୲,
where ܸ,
denote inlet and outlet temperature of the water stream, respectively. The length of the time step is denoted
with οݐ . Temperature-dependent values of water density ߩ and heat capacity ܿ have been used for the
calculation. The energy added through the load and auxiliary circuits can be calculated in the same way as in
Eq. (1):

ሶ ൫ߩܿ୮ ܶ,୧୬, െ ߩܿ୮ ܶ,୭୳୲, ൯οݐ
οܳ, = ܸ,

(eq. 2)

ሶ
൫ߩܿ୮ ܶୟ୳୶,୧୬, െ ߩܿ୮ ܶୟ୳୶,୭୳୲, ൯οݐ
οܳୟ୳୶, = ܸୟ୳୶,

(eq. 3)

The total energy added by the three circuits is the energy increase of the storage tank under ideal conditions,
meaning when there is no heat loss to the environment. This energy increase is calculated as follows for one time
step.

οܳ୧ୢୣୟ୪, = οܳେ, + οܳ, + οܳୟ୳୶,
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The change of internal energy in the tank is calculated based on the change in water temperature. For each of the
nine sections the change in internal energy is calculated separately before it is added up to yield the change in
internal energy for the whole storage tank. The change in internal energy is calculated directly from measurements
from the first and last timestamp of the examined time period, which is typically one day. The change in internal
energy for volume-section ݅ over this time period is calculated with Eq. (5).

οܳ୧୬୲, = ܸ ߩܿ୮ (ܶୗ,ே, െ ܶୗ,ଵ, )

(eq. 5)

The storage efficiency during charging is calculated by comparing the change of internal energy with the total
added energy over the whole charging period:

ߟୱ,ୡ୦ =

οொ౪,

(eq. 6)

οொౚౢ,

4. Results
4.1 Efficiency of solar thermal collectors
The produced thermal energy difference from the solar collectors and stored thermal energy into the STES was
caused by the operation time difference of the pumps in solar thermal system loop and that in STES loop.
Therefore, the useful output thermal energy from the solar collectors was calculated using the water temperature
difference between inlet of HH01 (TS1) and outlet of HH02 (TS3).
The trial operation test was conducted during the commissioning period. The tests were done in January 1st to
21th in 2017. As shown in Figure 4(a), during the test period, the average ambient air temperature, relative
humidity, and tilted surface irradiation were ranged from -5.4 to 8.6°C, 42.1 to 75.8%, and 1.9 to 6.2 kWh/m2,
respectively. Figure 4(b) shows the produced useful thermal energy from the solar collectors in each day. One
can see that the 72.5 to 2365.5 kWh of useful thermal energy could be obtained in each day. It also found that the
efficiency of solar thermal collectors based on the useful thermal energy was from 2.4 to 25.4% in each day.
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Fig. 4: Test results of solar collectors

4.2 Efficiency of seasonal thermal energy storage (STES)
Based on the produced thermal energy from the solar collectors and the internal energy variations of the STES,
the efficiency of the STES was estimated. For estimating the internal energy variation, the installed nine
temperature sensors were used, and the STES was divided into nine sections attributed to the nine temperature
sensors. It was assumed that the water temperature within a volume-section is constant. The efficiency of STES
was calculated by the change of internal energy variation in the STES over the useful thermal energy produced
by the solar thermal systems. Figure 5(a) shows the comparison of the useful thermal energy and internal energy
change in each day. One can see that the 90% of thermal energy storage efficiency was shown during the whole
test period. As shown in Figure 5(b), the stratification of STES was well maintained during the test period.
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Fig. 5: Test results of the STES

5. Conclusion
This research investigated the thermal performance of the proposed system, which was tried for the first time to
use the STES in South Korea. For observing the thermal performance of the proposed system, the efficiency of
solar thermal collectors and STES was estimated based on the experimental data during the commissioning period.
It was found that the efficiency of solar thermal collectors based on the useful thermal energy was from 2.4 to
25.4% in each day. One can also see that 90% of thermal energy storage efficiency was shown during the whole
test period.
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Abstract

A solar combisystem with seasonal thermal energy storage has been designed and installed at the Urbandale
Centre for Home Energy Research in Ottawa, Ontario, Canada. The system features a 28 m2 evacuated tube solar
array, 1350 litres of diurnal heat storage tanks, and a 37 m3 buried water tank for seasonal heat storage. The singledetached research house is warmed through radiant floors supplied by either the diurnal or seasonal storage tanks,
and domestic hot water is supplied with the diurnal tanks. This research aims to determine the performance of
such a system over a full-scale one-year experiment, with the goal of demonstrating a high solar fraction.
Preliminary results show that heat losses from the seasonal store exceed those expected from design values. Future
experiments are identified.
Keywords: Solar thermal, solar combisystems, seasonal storage, solar domestic hot water

1. Introduction
The majority of energy consumed in cold-climate homes is used for space heating and domestic hot water (DHW).
Our reliance on fossil fuels in the residential sector could be drastically reduced by replacing conventional space
and hot water heating systems with solar combisystems. Solar combisystems provide space heating and hot water
through solar-thermally-charged hot water storage tanks. Combisystems equipped with diurnal thermal energy
storage (DTES) can be expected to achieve solar fractions (the fraction of energy demands met with solar energy
alone) of 50-60% (Dincer and Rosen (2011), Edwards (2014)). For combisystems to achieve solar fractions
approaching 100%, they will almost certainly require long term energy storage.
The focus of this research is an experimental facility equipped with a solar combisystem and seasonal storage in
the form of a 37 m3 buried water tank. In this paper, we describe the full-scale experiment that has been developed
for this system and report on findings from preliminary heat loss tests. A high-level overview of the facility is
given, followed by a detailed description of the system’s instrumentation and control system. Finally, preliminary
results of heat losses from the STES tank are presented and discussed.

a)

b)

Fig. 1: a) The Urbandale Centre for Home Energy Research and b) installation of the seasonal storage tank
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2. Past Studies on Seasonal Storage
Thermal energy storage (TES) was studied extensively under Tasks 7 and 32 of the IEA (International Energy
Agency) SHC (Solar Heating and Cooling) program. The programs explored many methods of thermal energy
storage, including sensible, chemical and latent heat storage. Pinel et al. (2011) presented a comprehensive review
of these methods for seasonal thermal energy storage, and concluded that for residential applications, sensible
heat storage was currently the simplest, most cost effective and best-understood method. Indeed, most installed
STES systems are simple sensible heat stores, using water or earth as a storage medium. This section briefly
summarizes the relevant work in this area, particularly studies relating to STES for single homes.

2.1 Simulation Studies on Seasonal Storage
Simulation studies on STES have typically aimed to determine the optimum size of components in a solar
combisystem with STES (array size, STES size). Sillman (1981) conducted simulation studies on buildings with
long term heat storage, and determined that solar fractions increased with storage volume up until the “point of
unconstrained operation”, when all excess solar gained could be stored. Braun et. al (1981)’s simulations agreed
that increasing STES volume for a constant array size led to higher solar fractions until all collected heat could be
stored. Wills (2013) looked at larger STES tank volumes (80-130 m3 for single detached homes) than the latter
two studies, and found that larger tank volumes decreased solar fractions due to the lower quality of energy
(exergy) that could be stored. Kemery (2017) simulated the as-built combisystem and STES tank presented in this
study, and found that a high solar fraction (over 90%) could be achieved.
Losses from seasonal stores have been consistently identified as a source of uncertainty in STES models. This is
largely due to the complexity involved in simulating the ground domain. Some tank models (TRNSYS Type 534,
Thermal Energy System Specialists (2017)) take a simplified approach, imposing a constant boundary temperature
on the tank’s exterior wall. Other models, like those employed by Ochs (2009), Marazella(), and Wills (2013)
employ 2D or 3D finite differencing to represent the ground temperature distribution. Pinel et al. (2011) point to
a lack of consideration of a number of factors in ground heat transfer: humidity diffusion in soil, thermal coupling
between the storage and house, and uncertainty in ground surface conditions. There are also uncertainties in the
selection of material properties for models, particularly the thermal conductivity of insulating materials. This is
treated in the next section.

2.2 Experimental Studies
Experimental facilities equipped with seasonal storage have mostly been limited to district scale systems, such as
the heating system in Hannover, Germany (Ochs(2009), Raab(2005)) and Drake Landing (Sibitt et al. (2012)).
However, there have been a few attempts to demonstrate STES on the single detached house scale. Most of these
systems were designed for very low energy houses, and feature solar thermal arrays ranging from 10-42 m2 and
seasonal storage tanks ranging from 12-40 m3. The interested reader is directed to the designs of Besant et al.
(1979) and Esbensen and Korsgaard (1977), though neither present experimental results.
Colclough et al. (2011) present a STES system installed on a low energy home in Ireland. The system featured a
10.8 m2 evacuated tube solar array, 300 litre DTES tank and a 23 m3 STES tank. The system achieved solar
fractions of 56% and 93% for space heating and domestic hot water, respectively. Heat losses from the STES tank
were found to be more significant than predicted. The experimental heat loss coefficient found was approximately
10 W/K, despite calculations from nominal insulation properties giving 4.2 W/K (Clarke (2014)).
Other STES installations have shown higher heat losses than expected as well. Marazella’s XST model was
validated by Raab (2005) for the STES tank in Hannover. A parameter investigation based on measured data
suggested that the thermal conductivity of the granular glass STES insulation must be approximately 0.10 W/mK.
This was approximately 40% higher than the value found for dry granular glass (0.072 W/mK) when measured in
a lab setting. The authors attribute this to moisture migration in the insulation and thermal bridging in the tank
support materials. It is clear from the literature that care should be taken when using nominal insulation properties
in designing and simulating STES tanks.
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3. Experimental Setup
This section provides an overview of the design of the research home and solar thermal system, as well as its
instrumentation and control system. The section concludes with a brief discussion of cooldown tests commenced
to determine heat loss rates in the STES tank.

3.1 The Urbandale Centre for Home Energy Research
The Urbandale Centre for Home Energy Research (CHEeR) is an experimental research house built to study
various innovative home energy systems. The house, pictured in Figure 1, contains a basement and two aboveground storeys with 149 square-meters of heated floor area. The house was intended to exceed current Canadian
energy standards (i.e. R-2000) but to remain realistic under current building practices. The east, west and south
walls have a nominal U-value of 0.21 W/m2K, while the north walls are more heavily insulated at 0.12 W/m2K.
The attic is freely ventilated, and contains blown-in insulation with a U-value of 0.11 W/m2K. The basement slab
is insulated with rigid foam board with a U-value of 0.36 W/m2K, and the basement walls have a U-value of 0.21
W/m2K. The building’s airtightness at 50 Pa depressurization was measured to be 1.3 ac/h. Almost all of the
windows are placed on the south side of house to maximize solar gains. The total south-facing window area of
the house is 20 m2. All windows are triple-glazed with an argon fill and two low-emissivity coatings.
CHEeR has several redundant heating and cooling systems. An air-source heat pump connected to rock bed heat
storage can heat or cool the house. An extensive hydronic network connects an evacuated tube solar array with
one of two buried seasonal stores; a large insulated sandbox and a large buried water tank. The collectors can also
charge a number of smaller hot water tanks for diurnal storage and to provide DHW. The hydronic network can
supply either a radiant floor or a hydronic air handler.
The house is equipped with a large suite of instrumentation. Indoor air temperatures are measured at several
locations on each storey using shielded, aspirated thermocouples. On the roof sits a weather station that can
measure outdoor air temperature, humidity, and wind speed. A number of pyranometers measure direct and diffuse
radiation on the horizontal, vertical and collector tilt (60°) planes.

3.2 Solar Combisystem with Seasonal Storage
The solar thermal system used in this research is shown schematically in Figure 2. The solar array consists of ten
Apricus AP-30 evacuated tube collectors in two parallel lines of five. The collectors face south, and are tilted at
60° to bias solar collection towards winter. An antifreeze solution consisting of 60% Intercool Biogreen and 40%
water is run through the collectors to prevent freezing in winter. Actuated valves allow the solar array to charge
either the diurnal storage tanks or the seasonal storage tank. The antifreeze solution indirectly charges these loads
through heat exchangers.
The diurnal store consists of three insulated 450-litre tanks. The primary diurnal tank, Tank A in Figure 2, is
charged through an immersed-coil heat exchanger. A circulator pump can move hot water from the primary tank
(A) to the secondary and tertiary tanks (B and C). Tank A is used to supply DHW to a load mimicry system, while
Tanks B and C can provide hot water to the radiant floor. The seasonal storage tank is used only for space heating,
and can heat the radiant floor through a heat exchanger.
Because the research home does not have mains water connection, domestic hot water draws must be mimicked
experimentally. To do this, the solar collector loop is used to cool two 450 litre “DHW mimicry” tanks overnight.
Flow in the collector loop is directed through heat dissipators mounted on the northern roof of the research house,
which cools the DHW tanks through a heat exchanger. To mimic draws, water is exchanged between DTES Tank
A and the DHW mimicry cool tanks. Hot water draws follow a typical Canadian hot water draw schedule
developed by Edwards (2015)
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Fig. 2: Simplified schematic of CHEeR’s solar thermal system with seasonal storage

The seasonal storage tank (Figure 1.b) couples to the collector loop (Fig. 2) and radiant flooring loop (not pictured)
through heat exchangers. The tank is approximately 37 m3 in volume, and features two sets of inlets and outlets
for charging and discharging (Figure 3). The tank inlets and outlets were designed to promote stratification in the
tank; the pipes are 10 cm in diameter to produce low flow velocities, and the inlet tubes are perforated to encourage
water to reach its appropriate temperature level. The perforations are 9.5 mm in diameter and spaced 5 cm apart
vertically. The tank was insulated with 30.5 cm of spray-on polyurethane insulation, which gives it a nominal Uvalue of 0.075 W/m2K.

a)

b)

Fig. 3: Seasonal storage tank, with a) solar charging inlet and outlet, and b) space heating inlet and outlet
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The tank’s access hatch is above ground. To insulate the hatch, a small structure was created. Figure 4 shows a
cross-sectional view of the hatch insulating structure. Five sheets of 7.6 cm rigid foamboard (nominally RSI 2.6
each) surround the hatch on each side. The cavity formed between the foamboard and hatch is stuffed with batt
insulation (not shown). The foamboard pieces are affixed to one another with adhesive spray foam. The
foamboard structure is surrounded by an air barrier, which is buried under a layer of soil. The design U-value of
this structure is intended to match that of the tank’s insulation (0.075 W/m2K).

Fig. 4: Insulation of the STES access hatch

2.3 Instrumentation
We are primarily interested in measuring heat transfer rates within the solar thermal system. Heat transfer rates
can be determined using the 1st law of thermodynamics and by treating the fluid (water or antifreeze) as an
incompressible with constant density and specific heat:
ܳሶ ൌ ሺߩܿ ሻห ் ܸሶ οܶ

(eq.1)

Where ܸሶ is volumetric flow rate and οܶ the temperature rise in the fluid. Volumetric flow rates are measured by
positive displacement oval gear flowmeters, which are manufacturer-calibrated to a bias error of ±1% of reading.
Temperature differences are measured with six-junction thermopiles. An example of a typical heat transfer station
is shown in Figure 5.

Fig. 5: Example of instrumentation on a heat transfer station

The thermopiles were calibrated using highly accurate platinum RTDs, and the bias error was calculated according
to the methods detailed by Moffatt (1988) considering all sources of error. This included the voltage reading error
of the data acquisition system, curve-fitting errors, and the bias error of the platinum RTDs themselves. Assuming
negligible uncertainty is associated with material properties (density, specific heat), the total bias error for heat
flows is less than 2% for temperature differences of 3°C and above. Some (but not all) thermopiles are shown on
Figure 2. Eleven heat flows are monitored in total.
Stratification and heat loss performance of the seasonal storage tank can be inferred from three vertical racks of
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25 T-Type thermocouples (Figure 3) that are immersed along the tank’s vertical mid-plane. As with the
thermopiles, a calibration was performed on the thermocouples. The bias error associated with a single
thermocouple measurement was found to be 0.45°C when all sources of bias were considered.

2.4 Controls
The control scheme for the solar thermal system was designed to be similar to Wills (2013) and Kemery (2017).
While it is almost certainly non-ideal, it was selected for its simplicity and ease of implementation in preliminary
experimentation. Future work will examine optimum control configurations, for instance, the use of variable speed
pumps to increase collector temperatures during low irradiance. The control algorithm is written in NI LabVIEW
(National Instruments, (2017)) which runs in real-time on three NI data acquisition (DAQ) systems, which in turn
actuate the pumps and valves in the system.
The control scheme for solar charging is given in Figure 6. When a given level of solar irradiation on the collector
plane or sufficient collector temperature is sensed, the solar collector pump is triggered. If hot enough to charge
the loads in the system (i.e. the collector outlet temperature Tcoll exceeds the load temperature plus the “on” setting
∆TON), the algorithm selects a load to charge based on a pre-set priority list. The highest priority load is DTES
Tank A. The tank is maintained at a set point TDHW so that it can always supply domestic hot water. When charged
in heating season, DTES B and C are prioritized over the seasonal store. If the system is charging the DTES, the
temperature of the antifreeze after the DTES heat exchanger is sensed to see if it exceeds the mean seasonal store
temperature. If so, the seasonal store is charged in series with the DTES. If the collector temperature falls below
a certain level (determined by the load temperature plus setting ∆TOFF), the solar pump is shut off.
System on

Tcoll > 60°C
or
G60° > 200 W/m2

Solar pump off

no
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Tcoll > (Tload + ΔToff)

yes
All loads charged

Heat dump mode

yes
no
TDTES_A < SP
and
Tcoll > (TDTES_A + ΔTon )

Charge DTES_A

TDTES_A > TDHW

no

yes
yes

no
TDTES_B < SP
and
Tcoll > (TDTES_B + ΔTon )

yes

Charge DTES_B
via DTES_A

TSTES < SP
and
TDTES_return> TSTES

Charge DTES_C
via DTES_A

yes

no

no
TDTES_C < SP
and
Tcoll > (TDTES_C + ΔTon )

yes

no
TSTES < SP
and
Tcoll > (TSTES + ΔTon )

yes
Charge STES

no
Pre-heat mode
Fig. 6: Control strategy for charging the solar thermal system
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A description of the control variables mentioned in Figure 6 are given in Table 1.

Tab. 1: Description of solar control parameters

Variable
Tcoll
G60°
SP
TDTES_i, TSTES
Tload

Setting
Temperature determined by an RTD placed on the solar collector
Solar irradiance measured by a pyranometer on the collector plane
Set point
Temperature of a diurnal tank i, temperature of the seasonal storage tank
Temperature corresponding to the current load being charged

3.4 Cooldown Tests
The ability of the seasonal storage to preserve thermal energy has obvious implications on its yearly performance.
Two cooldown tests of the seasonal store, performed in July of 2016 and 2017 respectively, show early indications
of the tank’s heat loss performance. During the cooldowns, solar charging of the tank was ceased so that all energy
transfer could be attributed to heat losses. The temperature distribution in the tank was then monitored over 2-3
weeks. During the July 2016 test, the tank began the test well-mixed at an average temperature of 72.2°C, while
in 2017 the tank began approximately 5°C hotter at the top than bottom with an average temperature of 63.6°C.
The results of these tests are given in the next section.

4. Results
Cooldown results for both tests are given in Figure 7. Results are given for the average temperature of 5 stratums
within the tank, each containing 5 thermocouples (S1 through S5) from each of the three thermocouple racks. No
significant temperature differences were found between the three thermocouple racks in the tank.
For the well-mixed test, the average heat loss rate was 530 W. No development of natural stratification due to heat
loss is apparent during this time, and similar heat loss rates are seen in all layers of the tank. The stratified
cooldown shows accelerated temperature loss at the top and bottom of the tank (S1, S5) relative to the middle
layers. Destruction of stratification can be seen as layers S2 through S5 converge to a similar temperature around
300 hours. However, the bottom layer of the tank remained 5°C below the top layer throughout the test. The
average late of heat loss for this test was approximately 350 W.
In both test cases, measured heat loss rates exceed expected values. According to Kemery (2016), even if a
conservative ground temperature of 10°C is assumed, heat loss rates for a 72°C tank with 0.075 W/m2K insulation
should not exceed about 285 W. It is possible that these higher than expected losses are the result of heat loss from
the tank’s above-ground access hatch. It should be noted that during the 2016 tests, the foamboard sheets used to
insulate the hatch did not extend underground as shown in Figure 4. Instead, they simply sat on the ground surface.
The air barrier was also not installed until 2017. Hatch losses would not explain higher than expected losses from
the bottom layer of the tank. Moisture migration in insulation is a typical cause for greater than expected losses,
but this is deemed unlikely, as product specifications show the spray-foam insulation to be unaffected by moisture
content. Further, the tank has a double-wall construction that should prevent moisture migration. Thermal bridges
within the insulation are another possible explanation. Thermal bridges could be caused by either structural
members within the tank or non-uniformities in the insulation coverage.
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a)

b)

Fig. 7: Temperature loss during seasonal storage cooldowns with a) well-mixed and b) 5°C stratified starting conditions

Regardless, as evidenced by the work of Colclough (2011) and Raab (2005) referenced earlier in this paper, excess
losses appear to be a common trend with buried STES tanks, and may not indicate poor performance for the
combisystem. Kemery (2016) performed a sensitivity study wherein the ground temperature was varied from 5 to
25°C. The ground temperature was used as a constant boundary temperature for the seasonal store. Simulation
results showed that the solar thermal system’s performance was not particularly sensitive to heat losses. This
might be explained by the relatively high ratio of collector area to storage volume at CHEeR; lost heat can be
quickly recovered by the large array. However, even with an imposed 5°C boundary temperature, predicted heat
losses were less than those found through experiment. Predicted losses ranged from 6.9 to 9.5 GJ yearly. If we
consider the experimental heat loss tests to represent typical average losses for the year, approximately 11 to 17
GJ of heat would be lost from the as-built tank yearly. That would represent 16 to 28% of the total solar energy
collected by the solar array, based on Kemery’s estimation of 60-70 GJ collected yearly. It should be noted that
at the time of writing, the seasonal storage tank has only undergone one full annual charge and discharge cycle. It
is possible that the surrounding ground is still in a transient state; that is, heat losses from the tank could be reduced
as the ground warms up. Kemery (2016) notes that 4 years of simulation were required before the STES system
reached a consistent cyclical behavior.

5. Conclusions and Future Work
This paper has presented an overview of the design of a solar combisystem with seasonal thermal energy storage.
The system’s components, instrumentation and control system were described. Preliminary results from heat loss
tests show that the seasonal storage tank loses heat at faster rate than would be expected based on nominal
properties of the insulation. Explanations for larger than expected losses are postulated, including losses through
the access hatch and thermal bridging.
Future work will quantify the energy performance of the solar combisystem over a full heating and cooling season.
A model of the as-built seasonal storage tank will be developed and validated in TRNSYS software (Thermal
Energy Storage Specialists (2017)), and coupled to a full building model of the CHEeR house in ESP-r (Energy
Systems Research Unit, University of Strathclyde (2017)), following the work of Wills (2013) and Kemery (2016).
Parametric studies will re-examine the sizing and control of the solar combisystem, and multi-objective
optimization will be performed for system performance and economic consideration.
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Abstract
There is a need to accelerate the application of advanced clean energy technologies to resolve the challenges of
climate change. Solar heating is a feasible solution among clean energy technologies. These technologies are not
yet highly used in high latitudes due to various challenges. This paper focuses on the community sized solar
district heating system configuration for cold climates. The proposed configuration consists of a partially decentralized heating system. Each individual house heat pump was connected between large centralized solarcharged low temperature tank and smaller de-centralized individual high temperature tank in each house.
Additionally, the large centralized tank was directly charged by solar-charged borehole storage during winters.
Dynamic simulation approach was used through TRNSYS software coupled with MOBO (multi-objective
building optimizer) for NSGA-II optimization algorithm. The purchased electricity and investments were two
objectives minimized. The impact of the energy system on the renewable energy fraction, purchased electricity
and investments as a function of the building heating demand, collectors and photovoltaic areas, short-term
tanks storages and boreholes volumes were evaluated. Results showed that purchased electricity varied 47
kWh/m2/yr―25 kWh/m2/yr and renewable energy fraction 75%―91%.
Keywords: De-centralized solar district heating, multi-objective optimization, cold climate, seasonal storage.

1. Introduction
Buildings are one of the largest consumers of the energy in European Union (EU). They consume around 40%
of the total energy (Nielsen, 2012). Buildings in the urban and community setup play a significant role in the
energy demand of the community. Furthermore, in Finland huge amount of energy is being used by space
heating and domestic hot water for the residential buildings. This causes large emissions of CO 2 (Official
Statistics of Finland (OSF), 2016). Therefore, with increase in the emissions, and interest on the environmental
impact of residential areas, there is an increased interest in using of renewable energy for the buildings. Solar
communities can provide a good alternative to the conventional communities that are being provided with fossil
based heat energy. These community concepts have not been built at high latitudes in cold regions such as
Finland. The cold temperature, demand and supply mismatch and expensive storage system does limit the
operations of such systems in building heating requirements. On the contrary, solar thermal can be used
effectively if designed properly. It is important to mention that designs and parameters cannot be used directly
from other locations as each location has different conditions and climate (Flynn & K.Siren, 2015).
Solar district heating is a very promising alternative to fossil fuel district heating. Solar thermal (ST) systems are
key technologies for achieving emission reduction goals. Their use is spreading in European countries. In
Europe, there are around 141 heating plants which have more than 500 m2 solar collector area (Dalenbäck &
Werner, 2012). Since 1979 onwards several countries have participated in operating central solar heating plants
with seasonal storage under IEA Task 7 to boost the progress of large scale heating technologies (International
Energy Agency Solar Heating and Cooling Programme, IEA-SHC, Task 7, 2016). Since 1980s onwards, in
Germany many plants have been built that provide district heating via solar thermal energy (Schmidt, et al.,
2004). In Denmark, due to its competitive price in comparison to biomass and gas there is a boom in the solar
district heating market (Nielsen, 2012). Similarly, many solar district networks are built in different parts of the
Europe and North America. For instance, there are large scale pilot plants located in Norway, Denmark,
Sweden, the Netherlands, Canada and the USA that uses solar energy with seasonal storage (Nielsen, 2012),
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(Solar District Heating, 2016), (Mangold, 2007), (M. Lundh, 2008), (Bauer, et al., 2010). It is found that
community-scale solar energy systems are economical even without support payments. Community-scale
allowed the use of seasonal thermal storage, which is a key technology for achieving a high degree of utilization
of solar energy in Finland. However, no such community has been built in Finland yet. Instead of zero energy
buildings, the focus should shift to developing zero energy communities, which can benefit from the best
features of both distributed and centralized energy systems (Hirvonen, 2017). The reason and the challenges to
build such community in Nordic region are: (a) the energy cost is still not yet competitive enough and (b) solar
energy is not typically available when needed.
In community sized system, the energy storage plays an important role to improve the performance of the
system. Moreover in Nordic conditions where the mismatch between the irradiation and demand is significant,
seasonal storage is vital. Using thermal storage for viable solar energy utilization through solar thermal panels to
meet building heat loads becomes an important discussion. Excess energy generated during long summer hours
can be stored for seasonal periods (Kalaiselvam & Parameshwaran, 2014). Seasonal thermal storage stores
thermal energy when solar radiation is abundant. The cost and size of the seasonal storage are important factors
that influence the decision while choosing the type of seasonal storage to be used in such solar community
concepts. Ground thermal energy storage has cost advantage due to its size and capacities compared to short
term tanks storage (Fisch, et al., 1998), (Rad & Fung, 2016). However, ground storages have higher losses
issues due to ground conductivity. Therefore, the properties of the ground, time of storage, temperature, location
and geometry are critical (Nordell, 2000). Sensible thermal storage collects energy by increasing the
temperature of a medium with finite heat capacitance (typically water) (V.Novo, et al., 2010). It is stored in a
variety of medium for the use during winters. The most prominent modes of storage found in the literature are:
(1) Hot Water Energy Storage (HWTES), (2) Gravel-Water Thermal Energy Storage (GWTES), (3) Aquifer
Thermal Energy Storage (ATES), and (4) Borehole Thermal Energy Storage (BTES) (Schmidt, et al., 2004).
Each method provides certain advantages such as location, capacity and cost. Among these four methods, BTES
is the most flexible storage technique (Rehman, et al., 2017) and therefore is the primary focus of this analysis.
It is found that in most of the existing solar communities the focus is on space heating demand (SPH). This
approach minimizes the heat losses in the seasonal storage (Chapuis & Bernier, 2009). This low grade
temperature present in the seasonal storage can be increased using a heat pump. Heat pump (HP) can be used
with the ground with any combination, i.e. regardless the ground is charged or not via solar energy. It is found
that charging of the ground can improve the heat pump performance as the evaporator temperature increases.
Hence, it improves the coefficient of performance (COP) of the heat pump (Rehman, et al., 2017). The heat
pump can be integrated with the solar thermal system in multiple ways and with varying control strategies. The
way and the strategy used to integrate the heat pump can also vary the overall solar thermal system performance
and behaviour. In this study, a particular methodology is described to integrate HP with the solar thermal district
network.
The novelty in the present study is the proposed partially de-centralized solar district heating system and the
multi-objective optimization of such system. The proposed system has a centralized large tank that is at lower
temperature and provides most of the space heating. While the de-centralized part consists of a small tank in
each individual house that operates at higher temperature, it is being charged by the centralized tank and heat
pump, and part of the space heating along with domestic hot water is provided through this tank. In this
configuration the placement of the heat pump, hot short term storage tank and the overall control strategy is
altered compared to the previous studies (Rehman, et al., 2017), (Sibbitt, et al., 2012). In the previous study
carried out, the heat pump is centralized with the two large centralized short term storage tanks charged via solar
energy and seasonal storage in parallel (Rehman, et al., 2017). These large tanks are divided into warm and hot
tanks in order to meet the space heating (SPH) and domestic hot water demand (DHW) of the community
respectively (Rehman, et al., 2017). Whereas in the present study, instead of a large centralized hot tank, a small
tank is places in each of the 100 houses. Similarly, instead of a centralized large heat pump, 100 small sized heat
pumps are distributed among the 100 houses to charge the small hot tank. Furthermore, only the large
centralized warm tank is charged by the solar energy, and the small hot tank is charged via the heat pump
directly instead of the solar energy. Likewise, the difference between the present study and the Drake Landing
Solar Community, Canada is that for domestic hot water a dedicated individual collectors and natural gas
heaters is installed to provide hot water (Sibbitt, et al., 2012). On the contrary in the present study, the individual
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house hot tank is charged via heat pump using energy from the centralized solar heating network. The aim of
this research is to design, optimize and assess the performance of such de-centralized solar thermal district
heating system in Nordic location. The challenges mentioned above are addressed. The impact of the mentioned
configuration of solar and ground loop on the annual energy consumption is evaluated. In particular the
influence of varying solar thermal (ST) size, short-term storage tank volume, borehole (BTES) size,
photovoltaic (PV) size, and building heating demand on the purchased electricity, investments and renewable
energy fraction are evaluated. The energy system is designed by using dynamic simulation software i.e.
TRNSYS (Thermal Energy System Specialists, LLC, 2012) and then optimized using multi-objective
optimization algorithm (NSGA-II) where the purchased electricity and investments are minimized.

2. Methodology
The paper focuses on the modelling and the multi-objective optimization of the de-centralized community sized
solar district heating system. Therefore the energy system is first design on dynamic simulation software i.e.
TRNSYS (Thermal Energy System Specialists, LLC, 2012) and then the model is optimized using multiobjective optimization algorithm (NSGA-II) (Hirvonen, 2017) where purchased electricity and investments are
minimized together. Renewable energy fraction (Hirvonen, 2017), (Rehman, et al., 2017), final purchased
electricity, and investment costs (IC) are calculated to evaluate the system.

2.1. Energy system
The energy system consists of ST collectors, short-term tanks, boreholes, PV modules, heat pumps and
buildings. The energy system is designed based on Drake Landing Solar Community (DLSC), Canada (Sibbitt,
et al., 2012) as it has shown good performance in cold climatic conditions.
The solar energy system is used to provide DHW and SPH through the network and secondarily for charging the
ground. The control is designed in a hierarchical pattern. Solar thermal pump draws the cold water from the
large centralized low temperature tank bottom and into the heat exchanger to collect heat from solar collector
loop. Meanwhile, heated water from collector transferred heat to the centralized tank directly via heat exchanger
after attaining the desired temperature based on the set point. For this study, temperature tracking control mode
is selected where the collectors typically aims for an outlet temperature that is one degree higher than the warm
tank top temperature connection for charging (ur Rehman, et al., 2016).
If the large centralize tank temperature is lower than 40 oC, it is heated to 45 oC. Excess heat from solar
collectors is transferred to BTES to avoid overheating of this large tank. Heat from storage tank is transferred
when tank temperature reached 50 oC and stopped once the temperature dropped to 45 oC. If energy from solar
collectors is not available, heat can be transferred back from BTES into the centralized tank directly. If the
centralized tank temperature is less than 35 oC and the BTES average temperature is higher than the tank top
temperature, the energy is transferred via BTES and tank is charged till 40 oC. The cold fluid entered from the
cool outer edge of the BTES and exits from the hot centre. Low temperature is maintained in the collectors and
centralized tank circuit to improve the collectors’ efficiency. The energy from this centralized large tank is
distributed in the low temperature space heating district heating network of the community. Moreover, the
space heating return network is used by individual heat pump (NIBE, 2017) present in each of the 100 houses in
the community to heat each of the small sized hot tanks present in each of the houses. If the hot tank
temperature is lower than 60 oC, it is heated to 65 oC by the heat pump.
The space heating is provided by passing the space heating (SPH) water through the warm tank and then
through the bottom node of the small hot tank. This heated water is then provided to the houses at temperature
between 30 oC to 40 oC depending upon the outdoor temperature. Domestic hot water (DHW) is provided to
houses by passing the cold water from the bottom of the hot tank and till the top of the tank until it reached the
desired temperature of 60 oC. If the heat pump and solar energy are not enough to meet the temperature needs,
backup heating is handled by direct electric heaters. A schematic representation of the system is shown in Fig. 1.
The centralized section of the energy system i.e. solar thermal collectors, seasonal storage and warm tank along
with de-centralized section of energy system i.e. the heat pump and the hot tank in each house is shown in Fig.1.
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Fig. 1: Simple schematic representation of the partial centralized and de-centralized energy system.

2.2. Simulation environment
A 100-house community is studied, located in Helsinki, Finland. The system is simulated using TRNSYS
simulation studio (Thermal Energy System Specialists, LLC, 2012). TRNSYS type 1b, type 543, type 557a, type
668, type 194 and type 15 are used for solar thermal collectors, buffer tanks, boreholes, heat pump, photovoltaic
panels and weather data respectively (Rehman, et al., 2017). The buildings are built and simulated in TRNBuild
(Thermal Energy System Specialists, LLC, 2012), a subroutine of TRNSYS that generated the thermal loads
profile of the building. Each house is a single story house and has pitched roof with a tilted angle of 20 o. Three
different types of buildings with varying heating demands are selected for the study. Buildings with space
heating demand (SPH) of 25, 37 and 50 kWh/m2/yr are selected. The domestic hot water (DHW) demand is 45
kWh/m2/yr and electricity appliances demand is 40 kWh/m2/yr for all three building type cases (Hamdy, et al.,
2013). For optimization, TRNSYS simulation model was integrated with the NSGA-II algorithm by
optimization integrator software i.e. MOBO also known as multi-objective building optimizer (Hamdy, et al.,
2011).

2.3. Optimization problem
In district heating system the optimization problem deals with multiple objectives of conflicting nature.
Therefore, in this study the optimization problem consists of minimization of purchased electricity and the
investments as both are of conflicting nature.

2.4. Objective functions
In this study, purchased electricity and investment costs (IC) are set as objective functions to be minimized. The
purchased electricity and investments costs (IC) are of interest because purchased electricity is in the interest of
the user and the investment is in the interest of the contractors and construction companies.
The solar energy system is simulated together with the houses energy demand. Two functions that are analysed
are the purchased electricity and the investment costs (IC) together. It is given as:
Min, {F1 ( = )ݔPurchased electricity, F2(x) = Investment cost(IC)} for all x= [ݔଵ ǡ ݔଶ ǡ ǥ ǡ  ݔሿ,
where ‘x’ is the vector of the design variables (x1, x2, …, x6) as defined above, F1 is the purchased electricity for
the system and F2 is the investment cost of the system. In this problem, the number of considered design
variables are six (i.e., x= [x1, x2, …, x6]). MOBO is integrated with TRNSYS simulation to perform multiobjective optimization. NSGA-II algorithm is used to perform optimization.
The mathematical expression for purchased electricity is,
EPUR = EPUMP + EHP + EBH + EBUL- EEXP,
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where EPUR is the purchased electricity, EPUMP is the energy consumed by all pumps, EHP is the heat pump energy
consumed to heat the hot tank, EBH is the energy use of the direct electric backup heating, used to maintain the
temperature in the space heating and domestic hot water network in case heat pump and solar energy is not
sufficient, EBUL is appliance electricity demand of buildings and EEXP is the excess electricity that is produced by
PV panels and exported.
The second function, investment cost is the sum of the present value of the investments cost of the system. It is
expressed as,
(eq. 2)

IC= CST+CPV+CBTES+CWT+CHT+CB,

where IC is the overall investment cost, CST is the solar collectors, CPV is the photovoltaic, CBTES is the borehole,
CWT is the warm tank, CHT is the hot tank and CB is the building costs. No maintenance costs are considered. The
system is simulated and optimized in parallel for the three years to allow the slow temperature rise in the BTES
to take effect.

2.5. Design variables
The energy performance of the energy systems may depend mostly upon the six parameters or design variables
which are defined and considered in this paper (Idman, 2013). These are the parameters that can be altered by
the designer. The importance of these parameters can vary depending upon the system configuration. The six
parameters considered in the system are: (1) ST collectors area, (2) hot tank volume, (3) warm tank volume, (4)
BTES volume, (5) photovoltaic area, and (6) building heating demand.
The values of all the design variables and investment costs of design variables are shown in Table 1 including
the selected buildings. A constant unit price is used for some energy system components. On the other hand the
costs of some design variables are assumed to vary depending upon its size. The cost of the collectors varied as
found in the study, large collector field tends to be much cheaper compared to smaller field, caused by
economies of scale (Mauthner & Herkel, 2016), (Ahola, 2015), (Dalenbäck & Werner, 2012), (Hirvonen, 2017).
The collectors used in the study are roof mounted solar collectors which are expensive compared to ground
mounted collectors (Mauthner & Herkel, 2016). Finnish market is still under development therefore higher
prices can be assumed for the collectors, tanks and PV panels (including taxes). In Crailsheim, Germany
borehole thermal energy storage (BTES) is used as seasonal storage therefore, same cost is used here for BTES
cost (Schmidt & Miedaner, 2012). The cost of the BTES is assumed to be constant per unit volume (includes
drilling, insulation, construction and taxes) as shown in Table 1. It is computationally expensive to explore all
designs. Hence, a multi-objective non-dominated sorting genetic algorithm (NSGA-II) is used to perform the
simulation (Hamdy, et al., 2013). MOBO uses NSGA-II algorithm with an initial population of 16 individual for
100 generations i.e. 16 x100 = 1600 simulation run.
Tab. 1: System configuration variations for the simulations and investment cost of the components used in energy systems.

Design
variables

Type of
variables

Roof mounted
solar thermal area
(m2 )
Warm tank
volume (m3 )
Hot tank volume
/house (m3 )
BTES volume
(m3)
Photo voltaic area
(m2 )
Building
configurations

Ranges/ Values

Prices (€)

50―6000

1000―550 €/m2

300―500

825―810 €/m3

0.5―5

900―810 €/m3

Options

Continuous
Continuous
Continuous
Continuous
Continuous
Discrete

10000―60000
50―6000
Type 1: space heating demand= 25kWh/m2/yr
Type 2: space heating demand= 37kWh/m2/yr
Type 3: space heating demand= 50kWh/m2/yr

17.19 €/m3
450―200 €//m2
15 628€/building
13 260 €/building
12 655 €/building

3

2.6. Renewable energy fraction
The renewable energy fraction (REFheat) for heating is defined as (Rehman, et al., 2017),


ܴܨܧ௧ ൌ ͳ െ

ሺுା௨ௗ௧௧ା௨ሻ௧௧௬௦௨௧௬
ௌுௗௗ௬ାுௐௗௗ௬

, (eq. 3)
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the above equation (eq.3) accounts the heat losses through the grid. The household appliances electricity
demand is not included in the calculations.

2.7. On-site energy matching (OEM) and on-site energy fraction (OEF)
The onsite-energy matching (OEM) for electricity is defined as the ratio between exported electricity and total
on-site electricity generated through photovoltaic panels (Cao, et al., 2013). The OEM provided the values that
indicated the portion of the on-site generated electricity that is used in the local demand rather than being
dumped or exported. The onsite-energy fraction (OEF) for electricity is defined as the ratio between annual
purchased electricity and total electricity demand of the community (Cao, et al., 2013). The OEF provided the
values that indicated the portion of the demand covered by the on-site generated electricity through photovoltaic
panels. Higher the value of OEF and OEM better is the matching.

3. Results and discussion
The relationship between the purchased electricity and the investments costs of the non-dominated solutions are
shown in Fig. 2. In total there are 132 non-dominated solutions for the energy system (red points). All the
simulations results cloud is also shown in Fig. 2 (blue points).
The solutions on the Pareto front in Fig.2 (red points) are called non-dominated solutions. All simulations run
(blue points) converged on the Pareto front (red points) as shown in Fig. 2. It shows that due to the increase in
the investments there is a reduction in the purchased electricity. The solutions on the left side of the Fig.2 are
less energy intensive compared to the solutions on the right (red points). The purchased electricity varied from
47.4 kWh/m2/yr to 25.7 kWh/m2/yr, this correspond to the investments cost (IC) from 180.7 €/m2, floor area to
526 €/m2, floor area. The solution shows that there are wide ranges of the optimal solution available which can
be selected by the contactors and the end users based on their expectation and demand. It is found that the left
most solutions contained a large photo voltaic and medium sized solar thermal areas. On the other hand the
majority of the solutions on the right hand side in Fig.2 contained solutions with smaller photovoltaic panels and
solar thermal area. Furthermore, other important design parameters that followed a certain trend on the Pareto
front are building heating demand.
All simulation runs
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700
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Fig. 2: Purchased electricity versus investments of the non-dominated optimal combinations of the design variables.

The cost breakdowns of the non-dominated solutions are shown in Fig.3.
The solutions on the left hand side of Fig.3 are the least expensive solutions. These solutions have higher
purchased electricity. On the contrary the solutions on the right side of Fig.3 are expensive solutions and the
corresponding purchased electricity is less.
It is observed that in Fig.3 photo voltaic area, solar thermal area, building heating demand and storage tanks
volume played a significant role in the overall investments and also in the change in the purchased electricity.
Due to the cheaper cost of the photovoltaics panels compared to the solar collectors, PV area is increased
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initially by the algorithm to reduce the purchased electricity, and later solar collectors area is increased. Since
hot tank is not charged by the solar thermal energy and it is only charged via the heat pump therefore, there is a
large requirement of the electricity compared to the thermal energy. As a consequence, large photovoltaic area
played significant role in reducing the purchased electricity compared to solar thermal area. Small-medium ST
area is used to charge the warm tank at adequate level in all non-dominated solutions. Large PV panels area is
used to provide electricity to the heat pump to charge the hot tank. Nevertheless if hot tank is charged by the
solar thermal area then larger ST area would have been beneficial.
Furthermore, the solar thermal area also played important role in the reduction of the purchased electricity. The
Fig.3 showed that on the left side, most of the cases has small solar thermal area of around 100―700 m2. On the
other hand, in the most expensive cases where the purchased electricity is less, the optimization algorithm
selected medium sized solar thermal collectors of around 1000―2800 m2. A very larger solar thermal area of
around 3000 m2 and above had minimal advantage in reducing the purchased electricity and also it is expensive,
therefore the algorithm did not select a very large solar thermal collectors area. Hot tank is not charged by the
solar energy therefore, large collector area had minimal advantage.
Building demand also contributed in improving the performance of the system. Initially, in most of the optimal
cases building with heating demand of 50 kWh/m2/yr are chosen because it is the cheapest option among others
as shown in Fig.3 (left side). In the cases where the purchased electricity is less, on the right side of the Fig.3,
the building with heating demand of 37 kWh/m2/yr and 25 kWh/m2/yr are chosen in majority. With higher
investments, building demand could be reduced from 50 kWh/m 2/yr to 37 kWh/m2/yr and up to 25 kWh/m2/yr.
The size of the short term tanks also increased gradually from the least expensive to the expensive solution. This
indicated that a large tank volume would improve the performance of the system. As this would provide the
instantaneous energy needed for the system to meet the heating demand of the buildings. Larger the volume,
large is the energy available. Larger tank volumes are also selected in high performing cases due to cheaper cost
of the tank.
The solution on the right side of the Fig.3 shows that a combination of medium to large photovoltaic area,
medium sized solar thermal area, and large volume of the tanks, energy efficient building and medium size of
BTES volume could improve the performance of the energy system. On the other hand, this would have higher
cost. A combination of small photovoltaic and solar thermal area, small BTES volume and building with highest
heating demand would be the cheapest solution. This resulted in high purchased electricity by the system.
The solution with lowest solar thermal collectors area has minimal renewable energy fraction on left side in
Fig.3. The renewable energy fraction increased with increase in the collectors area.
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Fig. 3: The cost breakdown of the non-dominated optimal solutions.

The on-site energy fraction (OEF) varied between 2% and 38% as shown in Fig.4. This indicated that PV panels
are able to meet 2%―38% of the local demand of the system, depending upon the PV panels size and annual
electricity demand. The OEF is less when the PV panels area is less on the left side of the Fig.4, hence the on-
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site generation of electricity is not enough to meet the high load. It improved until 38% when the PV and ST
areas are large on the right side of Fig.4, resulting in large on-site electricity generation and lesser demand. The
maximum OEF is 38% because of the mismatch between the generation and consumption and no electrical
storage is considered. Since there is no electricity storage, therefore in the cases where the PV area is large the
maximum OEM achieved is 20% as shown in Fig.4. This indicated that in highest performing cases 20% of the
on-site generation by PV panels is used locally while the rest of the 80% is exported due to mismatch and lack
of electricity storage in the system. On the other hand, the OEM is 100% when the PV area is small (no exported
electricity), however this resulted in 2% OEF only.
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Fig. 4: The On-site energy fraction and On-site energy matching for electricity, correspond to the photovoltaic panels area.

3.1. The benefits of centralized space heating and de-centralized hot water
The simulation results provided some worthwhile findings. Firstly, size of the solar thermal area can be reduced
in such system compared to the complete centralized system. It is found that in most of the optimized cases the
size of the collectors ranged from 100― 2800 m2. Large solar thermal area from 3000 m2 onwards is not needed
in such partial decentralized system. Because low temperature centralized tank can be charged with smallmedium sized collectors and warm tank is used to preheat the space heating water therefore larger areas of
collectors are not required. Furthermore, the decentralized hot tank is charged by the heat pump only and not via
collectors. This also reduced the need of a larger collectors area in the optimized cases. Due to such partial
centralized and decentralized configuration the size of the BTES is around 10700 m3 in majority of the
optimized cases. The discharge from the BTES is not significant in the cases where solar thermal capacity is less
(cheapest cases), therefore in such cases BTES can be excluded from the system. Only in most expensive cases
large volume of BTES (12000 m3) is proposed that slightly improved the performance of the system. However
large photovoltaic panels reduced the purchased electricity because hot tank is charged through electricity (heat
pump) and not through solar thermal energy (collector) therefore large photovoltaic panels area are proposed.
Secondly, the partial decentralized system can be implemented at lower investment cost because the size of the
solar thermal collectors and the BTES are less in most of the optimized cases. Since larger modules of both the
solar collectors and BTES are not needed to improve the performance, hence the investment costs are less.
Moreover, solar thermal collectors are the most expensive component in the solar community compared to
photovoltaic panels. Hence lesser size of collectors is beneficial in terms of cost reduction.
Lastly, the results showed that by having de-centralized high temperature (domestic hot water) system inside
houses, the losses through the piping reduced as the length of the high temperature pipe reduced from 4000 m
(centralized) to 200 m (decentralized). The reduction in the losses through the domestic hot water piping is
around 90%.

4. Conclusion
The goal of the research is to investigate the performance and optimize the solar district heating system for
community in Nordic conditions. For this study de-centralized system is proposed. The proposed system
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consists of individual house heat pump connected between large centralized solar-charged low temperature tank
and smaller de-centralized individual high temperature tank in each house. Additionally, the large centralized
tank is directly charged by solar-charged borehole storage during winters. The boreholes are charged by the
centralized warm tank during summers. Multi-objective optimization is carried out in order to improve the
performance of the system. The two objectives that are minimized are purchased electricity and investments
cost.
Generally, it is found that solar energy can be used to provide both DHW and SPH, or also to charge the ground.
Balancing the use of the solar energy throughout the year integrated with a HP is effective in energy system. In
particular, storing energy in the seasonal storage increases the performance of the system by reducing the
purchased electricity. The advantage of using the de-centralized system is that losses through the system and
BTES are less. Since the size of the ST area is smaller therefore the temperatures in the seasonal storage is
limited and it operates on lower temperature. Furthermore, the losses through the high temperature district
heating grid are less compared to the centralized system because the high temperature tank is smaller in size and
present inside the houses. This reduced the length of the piping from 4000 m to 200 m for 100 houses, as a
consequence the losses through the high temperature DHW piping are reduced.
In terms of energy system, it is found that each component has varied effect on the performance of the system.
In order to increase the performance of the system it is essential to have correct combinations of the system. The
correct sizing of the design variables like: ST area, photovoltaic area, short-term storages tanks volume, BTES
volume and the building heating demand is important. The analysis showed that the highest purchased
electricity is 47.4 kWh/m2/yr, on the contrary, the lowest purchased electricity is 25.7 kWh/m2/yr. This is mainly
caused by the variation in the heat pump consumption. The heat pump is used only to charge the small sized hot
tank while taking energy from the space heating return line instead of the BTES. Hence, the source is relatively
warmer on the evaporator side. The system can be implemented with the investments ranging from 180.7 €/m2,
floor area to 526 €/m2, floor area. In most of the best cases, where purchased electricity is minimal, it is found
that a combination of small-medium sized solar thermal collectors area, small-medium sized BTES and high
energy intensive buildings are proposed in most of the optimal cases. However, purchased electricity can further
be reduced by having a combination of medium solar thermal area, large volume of BTES and buildings with
lowest heating demand. The results also showed that, photovoltaic area is vital for the overall system
performance. Large photovoltaic area reduced the purchase electricity, however due to mismatch excess energy
is exported to the grid. No electricity storage is considered in this study. As for the tank sizes, firstly it is
beneficial to have small to medium sized decentralized hot tank in most of the optimal cases in each house.
Secondly, it is beneficial to have large volume of centralized low temperature tank of around 300―460 m3.
For the solar thermal collectors, a small to medium sized ST area is beneficial in most of the optimal cases. A
large area of 3000―6000 m2 is not selected in optimal cases. Large ST area had minimal benefit because high
temperature is not needed in de-centralized system. In addition to that, the cost of the ST area played important
role in selecting the solar thermal area, due to high cost of the collectors the algorithm selected small to medium
sized collectors.
The on-site energy fraction (OEF) for electricity varied around 2%―38%. This correspond to the on-site energy
matching (OEM) from 100%―20%. Both the OEF and OEM varied based on the PV panels area and the
demand of the system. Large PV area and low purchased electricity resulted in higher OEF and low OEM. On
the other hand, small PV area and high purchased electricity resulted in lower OEF and high OEM. PV panels
installation is beneficial along with the ST collectors because without the PV panels the OEF for electricity
would be zero and all the electricity has to be purchased via the grid. This would increase the purchased
electricity and the operational cost of the community.
The renewable energy fraction varied from 75%―91%. This again illustrates the significance of the design
variables and configuration on the system performance. This study clarified some important aspects of the
energy system behaviour. It provides better in-depth understanding of the effect of each individual design
variable on the system behaviour. This study gave the methodology and interactions between design variables
for a proposed system configuration. In particular, their effect on the system performance in presented. An
extended study could be made by changing the controls and other design variables, like the set points of the
system in order to optimize the control algorithm. Additionally it is planned to include electricity price
(operational cost) and emission price in the energy system optimization to show complete picture in the future

1941

H.u. Rehman / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

study. With increase in the popularity of the solar community concept in Nordic region, finding the best
strategies and combinations would be important. This information is useful for the designers and contractors in
making early stage decisions.
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Abstract
About 25,3 % of the Mozambican population is suffering from undernourishment even though a sufficient amount
of food and specifically fruits are produced. Post-harvest losses are estimated to 25 % to 40 % and part of the
production is not even harvested due to a short season. A solution has to be found to improve fruit preservation
and allow the population to consume what is harvested later. Drying fruits is a solution to preserve them. However,
juicy fruits are harder to dry than other fruits since they contain more water. One small-scale solution is drying
juicy fruits in a specific membrane which allows water vapor to escape from the fruit and the fruit juice to dry. It
is possible to couple these membranes with solar dryer technology to control parameters such as temperature,
relative humidityand air velocit) in order to improve the drying process
Two types of solar dryers are tested and preseted in this paper: an indirect and a direct dryer. Both solar dryers
are modeled using a CFD tool (COMSOL Multiphysics) and the modeling work is based on former research to
elaborate a mathematical model of the dryer physics. The simulations results produced by COMSOL allow to
study the influence of several parameters such as geometry of the solar dryers, ambient conditions and solar dryer
materials in order to improve the design of the dryers. The results from the modeling are compared to on-site
measurements, in Mozambique, in order to calibrate and validate the models. The models estimated temperatures
and relative humidity with an average relative error inferior to 20 %.

Keywords: solar dryers, modeling, CFD, indirect solar dryer, direct solar dryer, fruit preservation

1. Introduction
1.1 Food insecurity and fruit preservation
Mozambique is a developing country which presents a high rate of undernourished people. Around 6,9 million
inhabitants are undernourished which represents 25,3 % of the total population in Mozambique (Food Agricultural
Organization of the United Nations, 2016). The situation is even more concerning for children since 43 % of the
children under 5 years old suffer from chronic malnutrition and 6 % are considered as sharply malnourished
(Instituto Nacional de Estatística, 2012).
Although an acceptable amount of food is grown, a significant part is not consumed due to harvest losses or
spoilage before it can be consumed. Post-harvest losses are estimated between 25 % and 40 % in Mozambique
and a large part of the fruit production is not even harvested due to a short season (Phinney, R. et al. , 2015).
A solution to cope with this issue is to provide a fruit processing technology to safely and cost-efficiently preserve
fruits when they can be harvested in order to consume them later. Large-scale solutions such as canning or aseptic
processing are economic but they also require a considerable amount of resources (clean water, energy, transport
facilities) which are not necessarily available in developing countries like Mozambique.

1.2 Solar-assisted pervaporation
A small-scaled solution, solar-assisted pervaporation, is used to dry fruits in this work. It consists in putting fruit
juice or fruit purée in a semipermeable membrane bags which allow water vapor to escape the bags but prevent it
to enter back in it. A minimum temperature of 50 °C is required in order to avoid bacterial growth. The temperature
also has to stay below 70 °C to avoid the degradation of acid ascorbic (Vitamin C) (Paul and Ghosh, 2011).
The criteria used to determine if a product has been dried enough and is suitable for conservation at room
temperature is the water activity level aw . The water activity corresponds to the ratio between the vapor pressure
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of the food, Pw, to the vapor pressure of water at the same temperature and pressure, Pws (Phinney et al., 2015)
and can also be expressed as the equilibrium relative humidity of the product divided by 100 (Singh, P. and
Heldman, D.R. 2013). This relation is found in equation 1.

 









(eq. 1)

According to Phinney et al. (2015), several conclusions can be made concerning solar-assisted pervaporation
pouches :
•

The drying process using SAP-pouches allows to reach water activities below 0,7. For instance, the water
activity in mango purée went from 1,0 to 0,48 after 45 hours of drying.

•

Ambient relative humidity is a key parameter in the drying process and is related to the temperature. A
lower relative humidity will provide a higher evaporation rate of the product inside the pouch.

•

Ambient wind velocity that is the velocity of the air flow around the pouch decreases the drying time.

Given these conclusions, it is interesting to combine these SAP pouches with solar dryers.

1.3 Solar drying
Several types of solar dryers exist and this work aims to model two different types of them :
•

A direct active solar dryer (Fig. 1)

•

A tilted passive solar dryer (Fig. 2)

In a direct solar dryer, the drying product receives directly the solar radiations. In an active solar dryer, the heated
fluid (air in this case) is forced to circulate by a fan, a blower or any equivalent. On the opposite, the drying
product is not directly exposed to solar radiations in an indirect solar dryer and a passive solar dryer only relies
on natural convection due to the temperature difference between the absorber and the air circulating in the solar
dryer.

Figure 1 : Tilted passive solar dryer
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Figure 2 : Active direct solar dryer

2. Theory
The heat transfer exchanges in a solar dryer are presented on Figure 3. The solar radiation (1) is transmitted through a
plastic sheet and absorbed by the absorber plate or on the fruit itself. Once the radiation is absorbed, part of it is emitted
back to the plastic sheet. The rest is used to heat the air by convection on the absorber plate and the inner sides (4). The
role of the absorber is thus to convert radiation in heat, by absorption and emission. Convection also happens on the
plastic sheet (3) and the outer sides with the ambient air. Losses occur by radiation (2) from the plastic sheet from the

sides of the solar dryer to the sky and from the bottom sheet of the collector to the ground. Finally, heat is
transferred by conduction in the different materials.

Figure 3 : Heat transfer in a solar dryer

3. Method
3.1 Models’ description
The aim of this work is to model two types of solar dryers using the software COMSOL. The two main parameters
taken into account in the studies are temperatues of the different elements of the solar dryers and relative humidity
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of the air circulating in the solar dryers.
A first model, referred as Model 1, aims to represent the tilted collector, Figure 3, with a tilt angle of θ = 45°. The
computer model of this solar dryer enables to quantify heat transfer. In this model, the air inlet velocity is set to a
constant value. This value is kept in the whole collector. In this model, the study focuses on the air characteristics
circulating in the collector (temperature distribution, relative humidity). The velocity profile is not modeled using
fluid dynamics equation. The airflow velocity value is used to calculate the Nusselt number and deduce the
convective heat transfer occurring on the absorber plate.
A second model, referred as Model 2, represents an active flat dryer (Fig. 2) containing bags full of water. To
create this model, the Heat Transfer Module is used in COMSOL. In this model, the solar dryer is the same as the
indirect solar dryer, except that the direct solar dryer is flat and the bags are put directly in the solar dryer. The
temperature distribution in the dryer and the relative humidity are the two main parameters studied.

3.2 Assumptions
The following assumptions are made to model the active direct solar dryer and the passive indirect solar dryer :
• The solar dryers’ studies are steady state for a constant solar irradiation. This is an approximation since
the solar irradiation varies with time and weather conditions (clouds).
• The calculations can be run on half of the solar dryer without affecting the accuracy of the results given
the symmetry of the considered geometry.
• The solar dryers which are modeled are built with a black net put on top of the absorber. This net is
neglected.
•

The plastic sheet does not absorb visible radiation,   .

• The outward radiation from the sides is assumed to be radiated toward the sky while the radiation from
the bottom goes to the ground.
• The heat radiation between the absorber and the plastic sheet is taken into account and a view factor is
calculated for this.
•

The inner sides are assumed not to reflect radiation

•

There are no air leakages

3.3 Model validation method
In order to validate the models created for the two solar dryers, the results obtained through the model calculations
are compared to field measurements. The values compared are five temperatures, plastic sheet, inlet air, outlet air,
absorber plate, rock-wool insulation, bottom sheet and the relative humidity of the outlet air. The experimental
set-up is presented in Section 3.3.
The mathematical tool used to compare the values from the model and from measurements is the relative error,
defined by equation 2.

 

  


(eq. 2).

3.4 Experimental set-up
The measurements collected are temperatures and relative humidity at chosen points on the solar dryer (Figure
below).

Figure 4 : Measurement points on the air outlet of the collector
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The measurements collected are temperatures and relative humidity at chosen points on the solar dryer. To do so,
two measurements tools have been used :
•

four Vernier© sensors patched on strategic points on the solar dryer

•

a Testo probe connected to a Testo435-2 logger, able to measure temperature and relative humidity

The measurements were taken during 30 minutes to reach stable values. The logs were stored on the Vernier©
device and then transferred to a computer to be exploited on Excel. Each measurement has been done twice to
deal with the repeatibility aspects of the experiments.
The ambient conditions were measured during 3 hours. Then, an average of the ambient temperature, ambient
relative humidity and ambient solar irradiation has been done and used as intial values in the COMSOL models.

4. Results
4.1 Input data
The input data used for both the tilted passive and the flat active solar dryers is presented in the following table
(Tab.1).
Tab. 1 : Input data

Parameter

Value

Unit

Collector width

1,1

m

Collector length

1,8

m

Insulation thickness

0,05

m

Global
irradiation

916

W/m

Ambient temperature

31,6

°C

Ambient
humidity

34,4

%

solar

relative

2

4.2 Model 1 : Tilted passive collector
The results from the computer model give the temperatures of the different elements of the solar dryer are given in
Table 1 below. Here are presented the average temperature for each component of the tilted passive solar dryer.
Tab. 2 : Temperatures of the different elements of the titled passive solar dryer

Element

Temperature /
(°C)

Plastic sheet

55,2

Outlet air

59,7

Absorber sheet

76,0

Insulation

43,0

Bottom sheet

33,2

The air temperature is above 50 °C and below 65 °C which means that the drying is performed in the correct range
of temperatures to ensure the quality of the drying product, as shown on Figure 4. Less than 15 % of the collector
length is necessary for the different elements to reach 80 % of the outlet temperature.
The value measured on-site for the ambient relative humidity is 34,4 % and is the one used in simulations. The
calculations done by COMSOL show that at the outlet of the collector, the relative humidity drops to 10,1 % at
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the center of the air outlet surface.

4.3 Model validation
In order to validate Model 1 (resp. Model 2) for the tilted passive (resp. flat active) solar dryer, the temperatues
values and the relative humidity value of the air obtained through COMSOL calculations are compared to the
measurements of the same values, done on-site.

Figure 5 : Temperature of the different elements along the tilted passive solar dryer

For Model 1, the relative error for the temperatures given in Celsisus degrees varies from 2,6 % to 29,2 %. The
average relative error for each element of the collector is given in Table 3 below, showing that the temperatures
calculated by the model can be considered as accurate, except for the plastic sheet. For the relative humidity, a
relative error of 8 % is obtained when the outlet air relative humidity measured is compared to the estimation from
the computer model.
Tab. 3 : Relative errors for the temperature and relative humidity values – Model 1

Element

Average temperature
measured on-site
(°C)

1950

Average
temperature
calculated by the
model (°C)

Relative
error on
temperature

Plastic sheet

46

34

24 %

Outlet air

58

52

10 %

Absorber sheet

61

67

10 %

Insulation

61

55

11 %

Bottom sheet

40

41

3%
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The same is done with Model 2 and the relative error for the temperature values varies from 2,7 % to 33,2 %. The
average relative error for each element of the collector is given in Table 4 below, showing again that the
temperatures calculated by the model can be considered as accurate, except for the plastic sheet. For the relative
humidity, a relative error of 8 % is obtained too when the outlet air relative humidity measured is compared to the
estimation from the computer model.
Tab. 4: Relative errors for the temperature and relative humidity values – Model 2

Element

Temperature measured
on-site

Temperature measured
on-site

Relative error on
temperature (°C)

(°C)

(°C)

Plastic sheet

41

28

32 %

Outlet air

49

43

12 %

Absorber sheet

44

51

17 %

Insulation

45

43

4%

Bottom sheet

38

35

8%

4.4 Parametric studies
The influence of the following parameters is studies through parametric studies in which all the parameters are
fixed except the one studied.
The first parameter studied is the airflow velocity, which is constant in the solar dryer. The influence of the airflow
velocity on the outlet temperatures, the internal convective heat transfer coefficient and the energy losses is
studied. Six values of airflow velocity are studied : 0,1 ; 0,5 ; 1,0 ; 1,5 ; 2,0 ; 2,5 m/s. The higher the velocity, the
lower the air temperature will be at the outlet. The same is observed for the absorber temperature at the outlet.
This is due to the increased convection effects when increasing the airflow velocity. The air circulates faster in
the absorber sheet and the heat will leave it faster. The relative humidity does not vary much as well and remains
at about 10 % varying from 5 % for the lowest velocity to 12 % for the highest. Since the relative humidity depends
on the temperature value, it is normal that a higher speed induces a higher relative humidity rate, because a higher
airflow velocity is responsible for a lower temperature in the air. The internal convective heat transfer coefficient
is affected by a change in the inlet airflow velocity. It is higher when the velocity is higher as shown on Figure 5.
2

The range of values for this coefficient remains around [0,5; 2,0] W/m /K.
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Figure 6 : Internal convection coefficient depending on the airflow velocity - Tilted passive collector

Then, the influence of the internal convection coefficient on the absorber plate is studied. The internal convective heat
transfer coefficient on the absorber has a major influence on the outlet air temperature, the relative humidity and the
outlet absorber temperature. When increasing the internal convective heat transfer coefficient on the absorber, the air at
the outlet is at a higher temperature. For a constant velocity, increasing the internal convection coefficient on the
absorber results in a lower relative humidity for the outlet air. The graph of the evolution of the outlet air temperature
depending on the internal convective heat transfer coefficient is shown on Figure 6.

Figure 7 : Evolution of the outlet average air temperature depending on the internal convection coefficient for the tilted passive
solar dryer

The radiative properties such as the transparency of the plastic sheet and of the absorptance and the emissivity of
the absorber are some other important parameters which influence is studied. Simulations were run with the
following values for the absorber emissivity : 0,1 ; 0,3 ; 0,5 ; 0,7 ; 1. The value of 1 corresponds to an ideal black
body. The lower the emissivity, the higher the absorber temperature will be and thus the higher the air will be. A
low emissivity means that the absorber is loosing less heat by radiation since it emits less thermal radiation (visible
and infrared). This parameter is material-dependent.

1952

J. Chaignon / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Finally, the last parameters which influence is studied is the insulation thickness. The insulation thickness values
tested are: 0.1 cm, 1 cm, 3 cm, 5 cm, 10 cm, 15 cm, 20 cm. Increasing the insulation thickness allows to get higher
outlet air temperature to a certain point as shown on Figure 7. After 15 cm, the gain in the outlet air temperature
is less perceptible. The temperature of the bottom part of the solar dryer is highly impacted by the insulation
thickness.

Figure 8 : Evolution of the outlet average air temperature depending on the insulation thickness for the tilted passive solar dryer

4.5 Design optimization
Some design optimization can be deduced from the previous parametrics. First of all, the insulation thickness
needs to be chosen carefully. A too thick insulation layer is not useful but 5 cm seems to be a minimum value to
limit the heat losses and keep the bottom part of the solar dryers at a reasonable temperature. Increasing the
thickness of the insulation layer also increases the absorber temperature and in this case, even if more heat is
transferred by convection to the air, the temperature difference between the absorber and the plastic sheet is higher
and so are the radiative losses from the absorber to the plastic sheet. Finding the minimum thickness needed for
the insulation layer allows also to reduce the price of the material needed.
The absorber material should be chosen carefully with the highest absorptance possible and the lowest emissivity. For
this, low emitting coating absorbers would of course provide better drying performances. However, the quite high
emittance of the absorber (0,8) used to build the solar dryers is sufficient to ensure an air temperature between 50°C and
65°C and thus food safety regarding the drying product. Since the solar dryers will be built and used in Mozambique,
the emittance of the absorber is not a prior concern given the price difference between a classic corrugated metal sheet
and a low-emitting coating. The plastic sheet material choice could be improved by choosing a more transparent material
to increase the fraction of solar radiation transmitted to the absorber.
Then, increasing the convection on the absorber plate is a way of transferring more heat to the air. It can be done by
increasing the surface of contact between the air and the absorber. Then, a better way of increasing the convective heat
transfer is to increase the convective heat transfer coefficient, which means increasing the Nusselt number or the
hydraulic diameter (the effective surface of the absorber). It could be possible to increase the natural convection thanks
to a double-pass system with the air entering on the backside of the passive solar dryer and then going around the
absorber plate and exiting the solar dryer on the opposite side to the one the air entered. The
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convection around the bags is also very important. As explained by Phinney and Tivana (2016), the higher the
airflow velocity around the bags, the higher the drying rate. One idea to increase the amount of air passing around
the bags could be to have air passing above and under the bags. In the passive solar dryer, the bags should be put
higher in the drying chamber joined to the collector. However, a balance has to be found because the driest air is
located close to the absorber plate. In the active solar dryer, the fans already provide a good circulation of air
around the bags. The point in this is also to avoid the moisture to stay on the bag so the relative humidity does not
increase too consequently around the bags.

5. Discussion and conclusion
The model validation has been done by comparing measurements to values calculated by COMSOL. However,
the tools used to take measurements are a source of error. In both models (passive tilted and flat active), the plastic
sheet temperature is underestimated. This is an example of the difficulty to measure temperatures on certain
elements of the solar dryer. Also, the model used to represent the solar dryers used an internal convective heat
transfer coefficient based on a Nusselt number calculated using correlations. This is another source of error. One
approximation has been done regarding the absorber plate shape. The material used in the solar dyers is a
corrugated metal sheet. To simplify the problem, it is modeled as a flat sheet which thickness is equal to half of
the height of the bumps of the corrugated metal sheet. When measuring the absorber temperature, it is always the
temperature at the top of the bumps which is collected. A difference of 2,5 to 4°C is observed between the
temperatures on the bumps or the hollows.
The internal convection in the solar dryer is one of the most delicate point in this modeling task. There are several
solutions to do so. One solution is to determine an equivalent conductivity to the convection phenomenon. For the solar
dryer, convection in the fluid would occurs in the case of an "horizontal cavity heated from below". COMSOL requires
to give the dimension of the cavity (distance plastic sheet - absorber) and the temperature difference between the air
and the horizontal plate heating the air. This solution might not be the best, first because knowing the temperatures of
the air and absorber are one of the goal of the study and are not meant to be set. Also, the software uses some correlations
that are not easily accessible. Another solution is to use another module in the software to model the flow behaviour.
Thanks to the Boussinesq approximation for instance, it would be possible to model the natural convection inside a
passive solar dryer (Motte et al., 2011). However, in this case, it is time consuming and it could not have been possible
to carry out parametric studies with such a model. Finally, the chosen solution was to calculate the Nusselt number and
give it as a parameter in the software. COMSOL allows to determine the different elements of the Nusselt number
formula (specific heat at constant pressure, density, etc) depending on the temperature in each cell of the mesh of the
air domain.

Finally, it could have been possible to model the airflow using the Navier-Stokes equations in the Non-Isothermal
Flow Module available in COMSOL. However, this method is time-consuming, even using simplifications such
as symmetry in the geometry. Some models have been built taking into account the fluid behavior. The results for
the temperature and the relative humidity were close to the results given by the model not including the fluid
behavior modeling.
To conclude, the models created in COMSOL Multiphysics give sufficient information regarding the temperatures
and air relative humidity in several parts of both a direct and indirect solar dryer. Even if the exact temperatures
might not be found, the models give correct approximation of it. The main purpose of these models is to study the
effect of different parameters variation. The main conclusions of this work are that:
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•

COMSOL is a sufficient tool to build models. It will also allow to improve the modeling by
including more phenomena (water vapor transport for instance).

•

The models give a sufficient estimation of the temperature and relative humidity in a direct and in
an indirect solar dryer with a maximum relative error of 10% for the outlet air temperature.

•

The calculations of the external convective coefficient can be done with different formulas without
changing the results in a significant way. However, the calculation of the internal convective
coefficient is more important and the formula used to calculate requires to be chosen carefully
depending on the flow characteristics (Reynolds and Prandtl numbers).

•

It is possible to increase the performance of the two solar dryers tested by reducing the space
between the absorber and the plastic sheet and by using an insulation layer of at least 5 cm.
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•

The choice of a low-emissivity material for the absorber is not of prime importance. However, the
plastic sheet could be of higher quality with a higher transparency.
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Abstract
The market for solar pumps is rapidly increasing due to rapidly declining costs and technology improvements
that are replacing traditional manual (hand) pumps, mechanical windmills, and diesel engines around the globe.
They are also reducing the demands on local and national power grids. Solar pumping has become a significant
and growing niche for the solar energy industry. Solar pumps are an important way for smallholder farmers to
increase crop yields through irrigation; fish farmers can increase fish yields through reliable water and improved
aeration; and livestock herders can increase income through a reliable water supply for their animal’s welfare.
This paper details solar water pumping advances and example economic impacts that are making a real difference
in the daily lives of rural Nepali farmers and communities.

1. Modern Solar Water Pumping
Solar photovoltaic water pumping (PVWP) systems are simple, reliable, cost competitive, and low maintenance.
There is typically an excellent match between seasonal solar resource and seasonal water needs, when it is sunnier
and hotter, is precisely when there is more solar energy to pump water (Foster, 2009). Small and medium scale
solar water pumping systems are more econmical to operate than diesel or even many electric grid powered
pumps, and provides a good return on investment. Their positive impact is most significant in rural communities
like those in Nepal where conventional grid electrical power does not exist. Modern PVWP systems are
characterized by their reliability, durability, and low maintenance. These qualities translate into a long-term
lower cost when compared with other alternatives like diesel, not to mention the environmental benefits (they do
not pollute the air or water, and operate queitly). In addition, PVWPs are easily automated and do not require an
operator. PVWPs also provide system modularity, which provides the owner with the ability to flexibly meet
specific need at any given moment.
There have been significant advances with solar water pumping systems over the past decade. PVWP systems
costs have dropped by ~2/3 since 2000. Photovoltaic module prices have decreased by over 90 percent since
2010. As a result, solar water pumping system costs have declined significantly, from a high of over US$25 per
peak Watt 20 years ago, to under US$5 a Watt today. Market estimates are that PV module prices may decrease
by another 50 percent in only the next 5 or so years. There have also been improvements with pump system
controllers using maximum power point tracking. Solar water pumping is now competitive with retail electric
grid pumping costs (Kunen, 2015).

Fig. 1: Typcal solar water pumping system layout for a borehole (well) in Nepal.
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1.1.

Centrifugal Solar Water Pumps

In Nepal, WI has been mostly deploying both DC and AC submersible and surface centrifugal water pumps.
These pumps are readily available and affordable in the Nepalese Market. For a centrifugal pump, water enters
at the center of the pump through a rotating impeller. The impeller spins the water, creating centrifugal force. The
water gains both pressure and velocity as it flows through the impeller and is directed outward. A centrifugal
pump can have multiple stages to increase its lift capacity. Each stage consists of one impeller with the output of
the first stage feeding the input of the next. This is called a multi-stage centrifugal and may use up to about 20
stages to attain higher lifts. Each stage adds pressure, thus greater lift capacity. However, each stage also imposes
friction, resulting in an efficiency loss of about 5 percent per stage.
Centrifugal pumps are especially efficient for higher flows > 40 lpm and for lifts of < 30 m. At lower flow rates
and/or higher lifts, the efficiency is poor even under optimal conditions. To work efficiently, they need to run
close to their full speed. Conventional power sources (grid or generator) provide stable power to maintain
optimum rotational speed. Most solar pumps use variable power direct from a solar array; when power varies
with the weather and the time of day, the speed of a pump will also vary (Foster, 2009). Centrifugal pumps are
easily repairable locally in Nepal.
Any pump will have an optimum peak in its operating range, at which its energy efficiency is highest. Centrifugal
pumps tend to have a narrow efficiency peak. A reduction in solar intensity reduces a centrifugal pump’s
performance disproportionately. This is because pressure is produced by centrifugal force, which is proportional
to the square of the rotational speed. Thus, at half-speed, a centrifugal pump will produce only one-quarter
pressure. Variation in water lift will also cause disproportionate drops in performance, if it falls outside the
pump’s range of efficiency. During late afternoon or early morning, or as cloud shadow appears, the pump may
be spinning but the flow can stop completely.
A submersible pump is often simpler to install than a surface pump. It will not require intake piping or an intake
valve. Nor will it require priming (being filled initially with water). It is less likely to be damaged from running
dry due to pipe or valve leakage. Under ground and under water, it is protected from temperature extremes (e.g.,
freezing) and from human tampering.

Fig. 2: Pedrollo (Italian) surface centrifugal AC solar pump used in Odaltal village of Surkhet District for rice irrigation.

Horizontal submersible centrifugal pump installation (Fig. 3) is fine, but the lack of screen on the pump intake
will cause the pump impellers to eventually clog from gravel and silt buildup that will require frequent cleaning
of the pump stages. Pump intakes should be installed at least 1 meter from the bottom of well or river and with
an intake screen to prevent large debris from entering. The community agreed to improve the pump setup.
Centrifugal pumps are useful for pumping large volumes of water and in situations of low head and are often the
most efficient and economical. For example, in seeking a system to irrigate a large field requiring over 100 m3
per day, centrifugal pumps aer superior to positive displacement pumps.
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Fig. 3: Grundfos submersible centrifugal pump used in a river for Taule village.

Fig. 4: Flood irrigation via a surface centrifugal solar water pump managed by Phattu Tharu of Bansgadhi, Bardiya.

The system above (Fig 4.) includes 8 TrinaSoar PV modules that are 315 Wp each (8 S X 1P configuration),
directly powering a 1,800 W Italian Pedrollo AC surface centrifugal pump. The project irrigates rice and
vegetables was implemented by the Hariyali Krishak Samuha farmer association in Bardiya in cooperation with
the USAID Kisan project.

2. Accelerated Commercialization of Photovoltaic Water Pumping for Nepal
The USAID Accelerated Commercialization Solar Photovoltaic Water Pumping (AC-PVWP) project managed
by Winrock Interational (WI) from 2015-17 is designed to expand the commercialization and adoption of PVWP
systems for irrigation, livestock watering and community water supply in Nepal. The AC-PVWP project has
worked closely with the USAID Knowledge-based Integrated Sustainable Agriculture and Nutrition (KISAN)
Project in Nepal also managed by WI in supporting small scale farmers to transition from subsistence to
commercial vegetable farming by helping implement new techniques and technologies such as solar water pumps,
as well as the use of plastic houses and raised beds that replaced less effective traditional cultivation practices.
Capacity building and market development activities have helped expanded commercialization and adoption of
solar water pumping systems for irrigation, livestock watering, and community water supply. “ Irrigation is a
game changer for agricultural households in Nepal because they can grow during more seasons outside of the
monsoon season and yields can be tremendously higher,” states Phil Broughton, Chief of Party for the USAID
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KISAN project (Warren, 2017).
The AC-PVWP project has been successful in establishing scalable and profitable business models. While higher
upfront initial capital costs are always a barrier for the adoption of PVWP technology for rural communities and
smallholder farmers in Nepal, the AC-PVWP project has worked closely with private suppliers, banks and
financial institutions to develop business models such as credit financing, rent-to-own, water entrepreneurship,
vendor financing to overcome this barrier and scale up installation of the technology. Furthermore, the project
introduced new and affordable product with wide range of technology considering the need and affordability of
the farmers for scaling up PVWP .market.
The first phase of the AC-PVWP project in 2016 installed over 69 pilot PVWP systems with installed capacity of
53.15 kWP benefiting 392 farmer groups in 16 districts as follows: Jhapa, Morang, Siraha, Rautahat, Makwanpur,
Chitwan, Kathmandu, Kapilvastu, Syangja, Dang, Banke, Surkhet, Dailekh, Bardiya, Kailali and Kanachapurt. An
additional ~120 replicated systems will be deployed in the second phase by the end of 2017. The business models
employed and the district wise installations as shown below:

Fig. 5: Number of first phase AC-PVWP system installations by District in Nepal

Fig. 6: Finance models for AC-PVWP projects installed in Nepal

3. Empowering Rural Women and Improving Livelihoods
“I can now earn enough to invest on the education of my children and I feel empowered” - Ms. Dila Gurung
Ms. Dila Gurung, 35 years old from the off-grid Taule village in Surkhet District, was in a difficult economic
situation before acquiring a solar water pump which helped improve her livelihood. Even though she owned 5
Ropani (0.62 acres) of land, she was dependent on intermittent rainfed agriculture with no prospects for irrigation
to increase productivity. WI approached the farmers about the potential to extend their ability to grow crops
during the dry season through solar powered irrigation and that a solar-powered irrigation system would help
transport 10,000 liters of water per day uphill from the nearby river to the fields where it was needed.
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Her land is now green with high value commercial vegetables made possible with a PVWP system in
collaboration with the Sitaram Agricultural Group. The financing for the PVWP was made accessible through
the Small Farmer Saving and Credit Cooperative for commercial vegetable farming. Technical support was from
WI from the USAID AC-PVWP project in collaboration with the Veri-Ganga municipality and USAID KISAN
project.
The 1,260 Wp PVWP system installed at Taule-10 is primarily used for vegetable farming. The system includes
9 PV modules (140 Wp each) installed 9S X 1P. The mono-crystalline solar modules are manufactured by Ningbo
Komaes Solar Technology Co. The system is community-based and owned by Sitaram Krishi Samuha benefiting
11 active farmers out of 16 members. The system pumps 10,000 liters per day of water at a total dynamic head
(TDH) of 60 meters. The PVWP system was installed at a total cost of US$4,766 using a 1.26 kW SQF-3A10
manufactured by Grundfos. KISAN helped surmount that financial hurdle by arranging a cost-sharing agreement
in which eight farmers took out a loan of $3,000 from a local farmers’ cooperative, which would be paid back
thanks to additional income from vegetable sales. In addition, Winrock, KISAN and the local Veri Ganga
Municipal government contributed grants totaling $2,200. With labor supplied by the farmers and technical
expertise from Winrock, the solar irrigation system was installed in May, 2015 (Warren, 2017).

Fig. 7: Solar water pumping array (9s x 1p) rated at 1.26 kWp used for irrigation by the Taule village farmers.

The difference consistent access to water has made in the amount of vegetables Gurung and his fellow farmers
can grow has been dramatic. “After the solar pump the production has increased 70 or 80 percent,” says Gurung.
Household incomes have also risen between $300 and $2,750 annually, allowing the farmers to pay off the loan
for the solar irrigation system (Warren, 2017).
The PVWP in Taule has completely changed Mrs. Gurung’s lifestyle. She appreciates that the PVWP system has
very low maintenance and running costs, quietly and reliably providing daily irrigation throughout the year. Her
traditional subsistence farm was completely changed into a highly profitable enterprise based on using a PVWP
systems for irrigation. She now harvests high value commercial vegetables and has seen a fivefold increase in
her annual income from her former subsistence farming lifestyle. She grows cauliflower, cabbage, and red chilies
and sells to the local markets. She is financially empowered and earned US$1,91451 last year from selling
vegetables. She has better finances, improved self-esteem, and new technical skills attained from KISAN farmer
trainings. “I feel socially, financially and technically empowered after commercial vegetable farming. I shared
my journey of transition and boundless opportunities brought by the solar pump to Haree village to inspire women
to switch to commercial vegetable farming.” She looks forward to the returning of her husband from Qatar and
she believes in their new potential to commercially grow vegetables together with no need for him to return to
Qatar.

4. Case Study: Replacing Diesel Pumps for Solar Pumps for Fish Farming
“We are easily paying off the installation of our solar pump from the savings of diesel fuel costs” - Ms. Bhundi
1
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Chaudhary
Mrs. Bhundi Chaudhary, a 47 year old fish farmer from Maijui village of Chitwan district, whch is populated
with indigenous Tharu residents whose main livelihood is fish farming. Mrs. Chaudhary decided to switch to
solar water pumping system to fill her fish pond and aerate in order to eliminate the expense of her previous diesel
powered water pump. Before installing solar water pumping system in her field, she used to fill the fish pond and
irrigate her 13 Kattha ( 1.08 Acres) of land using an oversized 5 HP diesel water pump set. They used to operate
diesel pump for 3 to 4 hours in every other day to meet their water requirements. They used to spend about US$
81 per month for fuel to operate diesel pump.
Ms. Chaudhary learned about solar water pumping technology through a farmer’s interaction program at Khareni,
Chitwan organized by WI where she learned about a rent -to-own business financing program provided by SunFarmer Nepal. Leveraging the program, Ms. Chaudhary installed a 750 Wp solar pumping system that operates
0.8 HP submersible DC pump which pumps about 20,000 liters of water daily under this affordable financial
model.
The PVWP was installed in December of 2015 at a total system installed cost of US$3,350, which included three
years of vendor post-sales service. Since this was the first pilot in this region, and as incentive to buy down the
technology risk for her as an early adopter, a subsidy of US$1,379 was provided jointly by WI and the Nepal
Government Renewable Energy for Rural Livelihood project. As part of the subsidy agreement, she had to make
her installation available as a demonstration for other area farmers. After providing equity of US$575 as up-front
payment, NPR US$1,398 of the system and service cost was arranged under a rent-to -own business model
through SunFarmer Nepal with a 3 years term. Under this scheme Ms. Chaudhary must pay monthly installment
of US$39. Through productivity gains, she is paying back the installment from the savings of diesel fuel costs
displaced. “Other farmers in the village were struggling to find diesel to run their diesel pump set during the
Indian border blockade and were forced to buy diesel at higher price ranging up to NPR 350 (US$3.35) per liter.
But, we were worry free as our solar water pump operated from the sun which was free from a blockade without
incurring any cost and troubles” is Ms. Chaudhary’s observation.
The 750 Wp Solar Water Pumping is used to draw water from an open-well to a canal to the pond. 3 panels each
of 250 Wp are installed in configuration of 3 Sun-Worth PV models in series and 1 in parallel (3S X 1P). The
pump is 600 W (48VDC submersible pump) from Solar Tech model SPM600C with a water output of 25,000
liters/day at 4.2-meter head for 6 kWh/m2/day solar radiation. The system cost of the PVWP is NPR 350,000
(US$3,350.88). The system was installed under rent-to-model. In this model, the farmers provide a down payment
upfront, and the remaining amount is financed by the company for a 3 years period. During the financed period,
the PVWP vendor will be responsible for system operation and maintenance.

Fig. 8: Mrs. Chaudhary with her 750 Wp PV water pumping system in the background in between her aquaculture ponds

Besides the fish farm, Ms. Chaudhary also used water from solar pump to irrigate her land. She appreciates solar
pump for several benefits such as minimal maintenance, effortless operation, minimal attention and continuous
water supply compared to a diesel pump. The operation of diesel pump was not easy as it required physical
strength to start and she had to look for help every time. She also had to remain standby to check the proper
operation of diesel pump. Now, she is free as her solar pump is automated. The solar pump starts pumping water
with the rising sun and stops as the sunset. She invests her saved time into productive works like vegetable
farming, livestock rearing, and fencing her land. Her field is green with several types of vegetables. She is
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growing green peas, cauliflower and other seasonal vegetables. She made profit of US$718 by selling of fish and
US$287 by selling green peas and vegetables last year.
According to Ms. Chaudhary, “Installation of the solar pump was my sole decision and it feels good to be
appreciated by my husband and family.” She is now a model fish farmer in her village her self-confidence has
been boosted from the interest and visits of other farmers to see her aquaculture operation and how they can also
boost their productivity using a solar pump.

5. Case Study: Replacing Diesel Pumps for Solar Pumps for Fish Farming
“We no longer have to rely on rain to cultivate land. The barren land is now green with commercial vegetable
farming” - Ms. Ganga Garanja
Ms. Ganga Garanja, 44 is a single mother of Pingale village of Pokharikada in Surkhet District who was a
subsistence farmer who grew limited cereal crops to feed her family throughout the year. She owns 6 Ropani
(0.75 acres) of mountain side land that was barren as irrigation was not feasible and she had to depend on
inadequate rainfed agriculture compelling her to take out a loan just to feed her family. She along with her 2
daughters and a son were stuck in grinding poverty. Likewise, 29 other village households in Pingale were faced
with a similar situation.

Fig. 9: Solar analemma near solar noon for Pokharikada (Solar Track App)

Despite owning land, the people of the village had to work as day laborers to survive. However, the money earned
as day laborers was never sufficient to provide a good education and sufficient food for their children. Villagers
intially tried to organize into a group named Milijuli Tarkari Utpadan Samuha to initiate commercial vegetable
farming in 2009, but it was of no help as the group had no means for irrigation and depended on rain-fed
agriculture.
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Figure 10: Solar power array using German made Komaes140 Wp PV modules (9s x 1p) for t
Pokharikada using a Grundfos submersible centrifugal solar water pump.

After 6 years in 2015, in collaboration with the AC-PVWP and KISAN projects, the Pingale village group
installed a PVWP system for crop irrigation. The PVWP system helps farmers to irrigate throughout the year
from a natural spring utilzing a spring catchment reservoir pumping to a higher altitude storage tank from where
the water is distributed for irrigation. The villagers paid NPR. US$ 3,407 for the installation of the system. WI
provided a pilot subsidy of US$1,436 through the AC-PVWP project and KISAN project provided US$192 to
create a regional demonstration for other farmers in the district. Similarly, RISMFP and Pokharikanda VDC also
provided grants of US$ 2,528 and US$ 1,292 for the installation of the system. .The system is managed and
owned Milijuli Tarkari Utpadan Krishak Samuha farmer group.

Fig. 11: Pokharikada main water storage tank for solar water pumping from a spring for irrigation.

The PVWP helped the villagers make the transition from subsistence to commercial vegetable farming. The
results for villagers has been life-changing from subsistence to commercial farming which has increased Ms.
Granaja’s income by 3-fold and enabled her to cultivate tomatoes and boost the quantity and quality of her crops.
Now Ms. Granaja makes an annual profit of more than US$ 478.69 from tomatoes and US$ 287 from selling
other seasonal vegetable and US$ 191 from livestock.
The technical skills provided by the KISAN project on commercial vegetable farming regarding the better seeds,
vitamins, tillage, plant spacing, varieties and scheduling irrigation has been very effective. Mrs. Granaia
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concludes that “The technical assistance from Winrock International has helped us to have received the solar
water pump that requires less attention, effortless operation, and minimal maintenance.” The villagers now have
a better financial status because of solar powered irrigation for commercial vegetable farming.

6. Commercial Rice Irrigation
A solar water pumping system was installed with WI assistance in the village of Odaltal of Surkhet District by
Ghampower Pvt. Ltd. in November, 2016. The farmer group installed the distribution pipes and water storage
tank in mid-2017. The system is managed by Jagaran Krishak Samuha, who is part of a 30 farmer cooperative
group, whose chairperson is Ms. Tej Kumari Sunar.
The system consists of a 2,340 Wp array TrinaSolar modules from China ( 9S X 1 P configuration), each solar
panel is 260 Wp. A 2,300 W Italian Pedrollo 2 HP AC surface pump is used to deliver water to the water storage
tank from the spring reservoir. The total PVWP system cost was US$5,170, which excludes civil works such as
the spring reservoir, storage tank, and distribution pipes. The irrigation system only became operational in mi2017 and economic impacts for rice irrigation season have not yet been determined.

Figure 12: WI technicians measuring solar irradiance for the PVWP installed in Odaltal village of Surkhet District.

6.1. Rice and Vegetable Irrigation
A large solar water pump system was installed in November 2016 in Piparkoti, Valkachuha in Kailali District
using a Trina Solar 3,120 kWp solar power array used for irrigation of rice and vegetables. The farmer group that
uses this system was formed by USAID-KISAN project and has 20 members. The solar power system is owned
and managed by Sirjana Krishak Samuha from the farmer group. The PV system is somewhat unique for solar
water pumpoing in that it charges a battery bank to operate the solar pump and a crop grinder processing unit.
The battery bank is comprised of eight 150 Ah 12 V Asian batteries (made in Nepal) that are wired in a 4S X 2P
configuration for a total capacity of 300 Ah at 48 V. (14,400 kWh). The battery bank is used to power a Chinese
made 4 kW VOP Solar Hybrid Inverter model InfiSolar V 4000-48 operating at 220 V and 50 Hz. The PV power
system operates an AC powered 1.5 HP Pedrollo AC surface centrifugal pump for irrigation. The total system
cost of the PVWP was US$7,430 which includes the balance of system (batteries, inverter, etc.), as well as the
crop grinder; it excludes civil works and power house costs.
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Fig. 13: Piparkoti village inverter and controls for large scale rice irrigation

7. Lessons Learned
Solar water pumping technology ensures sustainable and effective access to water for irrigation, livestock
watering and drinking water supply for smallholder farmers in Nepal. Easy access to water encourages
smallholding farmers to carry out or increase their economic activity graduating them from subsistence farming
to commercial farming. However, the key barriers for generating large scale commercial sales of solar water
pumping systems are related to financial and market access issues, rather than technology which is reliable and
mature. PVWP water pumping systems have dropped dramatically in price over the past decade, but still require
a somewhat higher initial capital investment than diesel pumps. Experience in Nepal has shown that with access
to financing, the challenges can be overcome by taking advantage of relative cost savings, increased reliability
for both electricity and irrigation systems, increasing access to technology and technological assistance, and
reduced greenhouse gas emissions, when compared with diesel pumps. Efforts to commercialize PVWP
technology for irrigation are ongoing, by embedding the technologies in value chain projects which support
farmers to increase income by growing off-season vegetables and fruits, fish, and livestock. Barriers include lack
of awareness about the technology, high upfront costs, and absence of technical repair services can be overcome
through demonstration projects, linkage with finance institutions, and partnerships with technology providers.
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Abstract
Irrigation allows smallholder farmers to increase their yields and to grow two or even three crops of highvalue vegetables and fruits a year, receiving higher commodity prices during the off-season. In Kenya in
2010, 2.5 million smallholders generated 80% of national horticulture production. Inexpensive diesel water
pumps (US $200) are available, but fuel purchase and transport costs are significant (typically US $100–
$300 per 3-month season for one acre); as a result farmers are conservative with, or cannot afford, diesel
irrigation. Return on Investment case studies by Winrock International show an increase in gross profits of
up to 186% within one to two crop seasons after purchase of a solar water pump (SWP). Between August
2015 and December 2016 Winrock demonstrated SWPs to more than 16,000 smallholder farmers in Kenya
and found that despite strong demand, the lack of smallholder credit options for solar irrigation is a key
obstacle preventing SWP sales from increasing rapidly; financial institutions and SWP retailers need
technical assistance to facilitate smallholder access to credit.
Keywords: smallholder, solar irrigation, solar water pump, finance, return on investment, Kenya

1. Introduction
In Kenya in 2010, 2.5 million smallholders generated 80% of horticulture production. 80% of the country’s
land surface is classified as arid and semi-arid; the majority of people living in rural areas depend on rain-fed
agriculture for their livelihoods. Historically, rains occurred in January, February, November and December,
with dry conditions the rest of the year. Climate change is affecting rainfall patterns, which in turn is causing
increased crop failures and lower yields. Expanding irrigation is a key mitigation strategy for smallholders
(Karina 2011). Irrigation can assist in agricultural diversification, enhance food self-sufficiency, increase
rural incomes, generate foreign exchange and provide employment opportunities when water is a constraint
(Ngigi 2002). Irrigation can allow smallholder farmers to increase their yields and grow two or even three
crops of high-value vegetables and fruits a year, receiving higher commodity prices in the dry seasons.
Winrock International is a non-profit organization that works to empower the disadvantaged, increase
economic opportunity and sustain natural resources around the world. Winrock has been working to increase
smallholder productivity and income through affordable on-farm solar technologies, including solar chillers
and solar water pumps.
Solar water pumping is a mature, reliable, and economically attractive solution for off-grid irrigation,
livestock water, and community water supply. A 2008 Rutgers University study showed that vegetable
growing using solar irrigation is cost effective compared to grid-connected drip irrigation. Given that rural
smallholders in Kenya have an increasing need for irrigation but limited access to conventional energy
sources, solar water pumps (SWPs) are a critical tool for ensuring food security and decreasing poverty.
However, smallholder adoption of solar irrigation is hampered by lack of awareness of affordable, highquality solar pump products, and lack of access to finance for solar pump purchases.

2. Solar Water Pumps in Kenya: Supply and Demand
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In mid-2015, when Winrock International began demonstrating solar water pumps (SWPs) in Kenya under
the USAID-funded Kenya Smallholder Solar Irrigation (KSSI) project, there were two high-quality,
affordable small scale SWPs locally available. The US $450 SunFlower pump by Futurepump was designed
to operate up to 10 meters Total Dynamic Head (TDH), and the US $2,200 SunCulture SP-300 pump was
designed to operate up to 50 meters TDH (Kunen, 2015). SWP retailers were receiving individual pump
orders but having difficulty aggregating purchases from smallholder farmers (<2 acres). During farmer field
days attended by more than 16,000 farmers between August 2015 and December 2016, Winrock found very
high interest in SWPs among farmers, but few had the cash needed to purchase a SWP. The most frequent
comments from farmers were that the SWPs should be cheaper, and that financing would greatly facilitate
purchases.
By early 2017 there were four high-quality affordable small scale SWPs locally available, including the new
$350 Majipump MP 400 offered by Chloride Exide, and the $1,500 D3Solar offered by Davis & Shirtliff.
The SunFlower had increased in price to US $650 and the SunCulture SP-300 pump had decreased to US
$1,740. In October 2017 SunCulture launched the US $500 RainMaker pump, which claims to pump 7,000
liters per day at 100 meters total dynamic head, but has not yet been tested by Winrock. Given that the
majority of the 5 million smallholder farmers in Kenya live in areas where TDH is between 10 and 50 meters
(Fig. 1), Winrock estimates conservatively that 2 million smallholders in Kenya could achieve significant
income benefits from the SWPs currently on the market. An efficient way to accelerate commercial sales of
SWPs is through existing aggregation mechanisms targeting smallholder horticulture producers, including
cooperatives, wholesale buyers, exporters, and processors.

Fig. 1: Minimum total dynamic head vs estimated farmer population in Kenyan counties.

3. Smallholder Finance Options
Between August 2015 and May 2016, KSSI facilitated demonstrations of the Futurepump SWP at farmer

1967

J. Holthaus / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

field days hosted by the Kenya Agricultural Value Chain Enterprises project. More than 8,000 farmers
visited the Futurepump booth, yet only 9 SWPs were sold for cash during the events. In late 2015 Winrock
began an effort to facilitate solar pump finance from Kenyan financial institutions (FIs). At the time Winrock
could only identify one FI, Equity Bank Kenya, with an existing solar pump loan product for smallholders.
Equity reported that, because of perceived high credit risk, they had rejected most of the 200 solar pump loan
applications they had received since they created the loan product. Reasons included lack of farming
experience or an alternative salaried income; lack of land ownership; and lack of required collateral.
Interviews with more than 20 Kenyan FIs showed that prevailing loan terms – if solar pumps were classified
as agricultural loans – would be difficult for most smallholders to meet. Annual interest rates were 22% and
up; a 20-30% down payment was required; and some FIs also required credit and crop insurance, which each
added up to 10% in one-off interest fees. However, every FI interviewed by Winrock expressed interest in
solar pumps as a way to mitigate risks of rainfall variability and drought, therefore lowering overall default
rates in their existing agricultural portfolios. FIs acknowledged the high demand for solar pumps from their
clients, but were hesitant to enter the market because of uncertainties about supply, performance, and cost of
solar pump products.
Winrock selected five FIs as potential partners to create solar pump loan products. All five FIs had offices in
areas with high solar pump demand and strong distribution and after-sales support from retailers. Three FIs –
Juhudi Kilimo, ECLOF Kenya (through its affiliate Ecosmart Energy Limited, a renewable energy
distributer), and the Kenya Union of Savings and Credit Co-operatives (KUSCCO) – moved forward with
Winrock-supported loan pilots under the following terms:
x

Commitment to lend to at least 50 SWPs over a period of 3 months;

x Affordability of credit to smallholder farmers, defined as owning less than 5 acres and having limited
financial history and physical collateral;
x

Availability of capital to put toward SWP loans;

x

Willingness to share training costs;

x

Strong senior management buy-in; and

x

Readiness of systems and internal processes to lend into a new product.

Winrock served as a bridge between two FIs and a solar pump retailer, assisting them to negotiate terms for
pricing, target sales volumes, demonstration pump units, distribution and after-sales support. FIs were
reluctant to handle stock (which also results in a Value-Added Tax that they are not able to charge to loan
clients), so an intermediary distributor or stockist was engaged near FI branch offices.
To decrease the risk perception of the FIs, Winrock provided data on farm-level return on investment case
studies (Section 5), which showed payback times of 1.5 years or less; and on typical solar pump warranties
(20 years for solar panels, 2 years for pumps). The warranty and payback periods match well with a 2-year
loan tenor. Winrock advised the FIs to classify solar pump loans as asset financing, typically viewed as less
risky, requiring less collateral and enabling better loan pricing. Winrock also provided solar pump technical
training to FI senior management teams and branch loan officers.
During an initial loan marketing phase, issues that required troubleshooting from Winrock included
miscommunication over pump delivery logistics, and adjustments to the marketing strategy to ensure that
loan officers were targeting savings groups that had the capacity to take on new loans.
After 6 months, results included 5 solar pump loans made by Juhudi Kilimo, and 40 smallholders who had
initiated savings with Ecosmart to qualify for a solar pump loan. One year later, the emergence of two lowercost SWPs on the market has caused Juhudi Kilimo to adjust its SWP product offering, since many of its
clients need a higher-powered pump than the one they had been offering. They plan to incresae the SWP loan
size to include a water tank, piping and drip irrigation kit. Given the 2017 drought in Kenya they are also
assessing other solutions including water conveyance and storage. Ecosmart is also seeking to offer one of
the new lower-cost SWPs, as many of their clients felt the price of the original SWP product was too high.
ECLOF’s members have saved US $3,000 toward SWP loans.
Key lessons learned were:
x Co-guarantees in a group lending arrangement did alleviate prohibitive collateral requirements, but
required a lead time of at least 3 months or more for existing loan groups to build up the required savings
for credit disbursal. For new farmer groups the lead time was nearly double that of existing loan groups.

1968

J. Holthaus / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

x Solar pump products must match smallholder needs in several key ways: the pump must perform at
the required TDH; accessories must also be offered on credit if needed by farmers (e.g. pipes, water tank
and/or irrigation drip kit); and smallholders must perceive that the SWP price is affordable.
x Aggregation mechanisms are an effective next step to gain scale and reduce costs when
commercializing a new technology. Aggregation brings about volumes and bulk pricing discounts that
eventually lead to lower prices for smallholders. For technical assistance providers, aggregation also
offers economies of scale to reach thousands of farmers while minimizing program costs.

4. Pump Technologies Deployed
The KSSI project installed several types of solar water pumps for crop irrigation and aquaculture. There are
two families of pump mechanisms with a range of options depending on water volume needs, pumping
depth, and lift; thus there are two mechanical principles by which a pump can create pressure. Displacement
pumps (also called positive displacement or volumetric pumps) move water by isolating it in sealed
chambers, and applying mechanical action to force it upward. Displacement pumps work efficiently through
wide ranges of speed and head. The KSSI project used mostly positive displacement pumps for small pumpig
systems <2kW in both surface and submersible configurations as described in the following sections.

3.1 Reciprocating Displacement Pump
The SunFlower pump (Fig. 2), sold by Futurepump, is a portable solar irrigation pump manufactured in
India. It raises a close-fitting piston in a submerged pipe to draw water up behind it to fill the vacuum which
would otherwise occur; this works only up to a certain limit of the height water can be pulled by suction (~10
m maximum limit), see Fig. 3. The piston serves to create a vacuum and the water is actually displaced by
atmospheric pressure pressing on its external surface. So water is displaced by "pulling." The KSSI project
facilitated deployment of 172 SunFlower pumps, mostly in the Lake Victoria region of Kenya (Section 5.2).

Fig. 2: Futurepump SunFlower (SF1) is a micro-size piston pump for small-farm irrigation. To reduce
cost and complexity, it uses a two-speed manual transmission instead of an electronic controller, and
manual solar tracking. Photo: Winrock International Kenya.

4.2 D
iaphragm Pumps
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Diaphragm pumps displace water by means of a diaphragm made from a flexible synthetic material
(elastomer). Normally there are three or four pumping chambers, each with a check valve for the intake, and
another for the outlet. Diaphragm pumps supply low volume water needs at high efficiency and low cost. A
diaphragm pump may be used for solar pumping where the initial cost must be minimal, the water volume
requirement is very low, and the future cost of maintenance frequent replacement is acceptable. Diaphragms
normally need to be replaced after a two or three years of continuous use, due to normal material fatigue and
wear. Manufacturers of these pumps provide replacement kits, or the entire pump may be replaced at low
cost. Pumps that provide low lifts (the lower half of their capacity) can last longer than those operating at
higher lifts. Diaphragm pumps are generally not a good choice for communal water pumping systems due to
their higher maintenance requirements.

Fig. 3: As shown by the SunFlower pump manufacturer’s performance curve, it can lift 2,000 lph at 4 m
head at 1,000 W/m2 irradiance using only an 80 Watt PV module. Courtesy: Futurepump

Diaphragm pumps are most appropriate for small volume requirements such as single-family drinking water
or livestock pumping. If the pump is to be run every day, year-round, a HR pump should prove more
economical in the long run.

1970

J. Holthaus / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 4: Winrock technicians inspecting two Ubink PV modules made in Kenya for the Machakos solar
diaphragm pump system. The farmer brings her PV modules in at night for security reasons.

4.3

Helical Rotor Pumps

A helical rotor pump (HR) is a positive displacement pump that offers a wide range of volume and lift
capacities at high efficiency. The pump end has only one moving part lubricated by water that produces
continuous flow, free of pulsation (unlike a diaphragm pump) and requires no preventive maintenance. The
HR pump has the best characteristics of any type of displacement pump due to its simplicity and reliability. It
is optimum for flow ratesup to ~60 lpm for vertical lifts that exceed 20 m.
The HR pump’s rotor is a helix made of stainless steel which fits precisely into a rubber stator (stationary
outside tube), see Fig. 5. The inside surface of the stator is formed of two intertwined helixes, with an ovoid
cross-section. The surfaces of the rotor and stator intersect to form a series of sealed cavities (hollow spaces).
As a cavity forms at the intake end, it draws water in. As the rotor turns, the cavity seals and progresses
upward (also called a progressive cavity pump). The pumped water lubricates the rotor. As with any pump, a
high concentration of abrasive particles will cause premature wear of the rotor and stator.

Fig. 5: Cross-section of typical helical rotor pump end (Foster et al, 2009).
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A check valve at the pump’s outlet prevents possible leakage downward when the pump is stopped. By
relieving pressure, it tends to make the pump easier to start. The check valve closes only when the pump
stops. Electronic controllers for HR pumps supply a boost of current, and precise control during startup. The
KSSI project facilitated the installation of a relatively large solar pumping system in Nyandarua county,
which uses an HR pump (Fig. 6).

Fig. 6: Lorentz helical rotor 8.1 kWp solar water pumping system providing community and
irrigation water supply to 500 farmers in Nyandarua County. The borehole is 230 meters.

5. Solar Pump Return on Investment Case Studies
Winrock conducted detailed farm-level return on investment case studies from 2015 to 2017. The case
studies, which represent different pump price points, show strong returns within one to two crop seasons.

5.1 Solar drip irrigation in Machakos County
Mr. Shadrack Nzioka has farmed since 2006 in Muuani Village, Machakos County. He was using a diesel
pump to transfer water to a pond, from which he irrigated 0.25 acre of onions with a treadle pump. In August
2015 Mr. Nzioka invested US $2,670 in a 27 meter borehole, a water tank, and land clearing. He purchased a
US $2,500 SunCulture SWP and drip kit through a US $2,000 loan from Equity Bank at 18% interest; he will
make a monthly loan payment of US $100 for two years. The helical rotor solar pump, which is powered by
a 300 Wp solar module, automatically fills a water tank connected to drip irrigation (Fig. 7). During the first
season after purchasing the SWP Mr. Nzioka irrigated 0.25 acres of onions. During the second season after
purchasing the SWP Mr. Nzioka increased to a total of 0.875 acre: 0.25 acre of onions, 0.5 acre of passion
fruit and 0.125 acre of tomatoes.
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Fig. 7: Installation of water tank and drip lines at Shadrack Nzioka’s farm.

The solar pump allowed Mr. Nzioka to increase his irrigated acreage from 0.25 to 0.875 acre, eliminate
diesel fuel costs, and grow two crops per year instead of one. Using conservative estimates, he maintains his
gross profit while paying off the two-year solar pump loan. Using conservative estimates, his gross profit is
projected to increase by 100% after he pays off the loan. A profit and loss analysis for Mr. Nzioka is shown
in Table 1.
Table 1: Shadrack Nzioka Profit and Loss Analysis

Year 1 Actual
Season 1 (Pre-SWP) Season 2 (Post-SWP)

Year 2 Actual
Season 2

Year 3 Projected
Season 2 (Post Loan)

Farmer Profit and Loss Statement
Acreage Planted
Total Yield (kg)

Onions 0.25

Onions 0.25

Onions 0.25; PF 0.50; Tomatoes 0.125

Onions 0.25; PF 0.50;
Tomatoes 0.25

3,125

3,500

5,500

8,500

312,500

12%
350,000
12%

57%
475,000
36%

55%
720,000
52%

77,100
11,000
2,000
90,100
222,400
71%
222,400

83,600
500
84,100
265,900
76%
60,000
205,900

158,450
600
159,050
315,950
67%
60,000
255,950

195,150
1,040
196,190
523,810
73%
523,810

Yield change, %
Total Revenues
Revenue growth, %
Operating Costs
Diesel Pump Fuel and Transport
Pump maintenance
Total Operating Costs
Gross Profit
Gross Profit Margin, %
Loan + interest payment (6 months)
Earnings Before Taxes (EBIT)
Debt Coverage and Investment Returns
SWP Total Upfront Investment
financed by own savings
financed by Bank Loan (18%, 2 yrs)

480,500
280,500
200,000

5 Yr Return on Investment (ROI)
5 Yr Internal Rate of Return (IRR)
Incremental Gross Profit/Initial Investment

3.61
36%
3.91x

Loan Principal and Interest due in 2yrs
vs Cash flows generated in 2 years

240,000
892,560

Cash Flow/Total Debt Coverage

3.72x
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5.2 Solar irrigation in Homa Bay county
Ms. Lilian Akinyi rents a farm in Homa Bay County near Luala Kambuya village. She was using a diesel
pump to transfer water from a canal which is fed by the Sondu Miriu River. She hired the diesel pump one
day a week for US $5.50, which included pump rental, petrol and transport. She irrigated 0.75 acre of
tomatoes with the diesel pump and 0.25 acre of kale with a watering can. In September 2016 Ms. Akinyi
purchased a Futurepump solar pump powered by a 80 Wp solar module and a 12-meter pipe (US $36)
through Futurepump’s Pay-As-You-Go program. She paid US $236 down, and will make a monthly loan
payment of US $20 for 22 months. She stopped using the diesel pump as soon as she purchased the solar
pump.

Fig. 8: Lilian Akinyi with her 0.75 acre maize crop, December 2016.

Ms. Akinyi no longer has diesel pump rental, fuel and transport costs, has increased her irrigated area from 1
to 1.25 acres, has added a maize crop (Fig. 8), and is irrigating more frequently than before. We assume she
will increase to 1.5 acres by the second season after purchasing the solar pump. Using conservative
estimates, her gross profit is projected to increase by 186% by her second season after purchasing the solar
pump. A profit and loss analysis for Ms. Akinyi is shown in Table 2.
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Table 2: Lilian Akinyi Profit and Loss Analysis

Lilian Akinyi Farm
Farmer Profit and Loss Statement

Year 1 Actual
Season 1 (Pre-SWP) Season 2 (Post-SWP)
Tomatoes: 0.75; Kale
0.5

Acreage Planted
Total Yield (kg)

Tomatoes: 0.5; Kale
0.5; Maize: 0.5

3,683

6,300

6,900

99,200

46%
144,890
46%

71%
250,600
73%

10%
282,800
13%

29,530
2,500
3,000
35,030
64,170
65%
64,170

38,063
1,000
3,700
42,763
102,127
70%
15,000
87,127

50,246
1,500
51,746
198,854
79%
15,000
183,854

52,700
1,800
54,500
228,300
81%
228,300

Revenue growth %
Operating Costs
Pump Fuel and its Transport
Pump Hire and Maintenance
Total Operating Costs
Gross Profit
Gross Profit Margin, %
Loan + interest payment (6 months)
Earnings Before Taxes (EBIT)

Tomatoes: 0.25; Kale Tomatoes: 0.5; Kale
0.25; Maize 0.25
0.5; Maize: 0.5

Year 3 Projected
Season 2 (Post Loan)

2,517
Yield change, %

Total Revenues

Year 2 Actual
Season 1

Debt Coverage and Investment Returns
SWP Total Upfront Investment
financed by own savings
financed by Vendor Loan (10%, 2 yrs)

78,600
23,600
55,000

5 Yr Return on Investment (ROI)
5 Yr Internal Rate of Return (IRR)
Incremental Gross Profit/Initial Investment

18.14
197%
2.56x

Loan Principal and Interest due in 2yrs
vs Cash flows generated in 2 years

65,000
691,011

Cash Flow/Total Debt Coverage

10.63x
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Abstract
It the current energy context it is necessary to implement highly efficient and cost-effective systems in order
to reach indoor comfort conditions with minimum energy consumption. This paper aims to analyze the
performance of an unglazed transpired solar collector (UTSC), which represents a building envelope
element, and to assess the efficiency of two types of external metal cladding: with circular orifices and with
lobed orifices. Several experimental campaigns were conducted using different approaches and the results
are very interesting: the metal plate with lobed orifices increases the efficiency of the solar collector,
providing an enhanced thermal transfer and higher exhaust temperatures. The use of lobed orifices rises the
outlet air temperature with 10% more than in the case with circular orifices by enhancing the heat transfer
between the metal plate and the air flow due to the more complex dynamic of the lobed flows near the metal
absorber. The rise in temperature in case of using lobed orifices is 22.9°C and the metal plate temperature is
64.5°C. An experimental study regarding the implementation on phase changing materials (PCM) in
transpired solar collectors was also conducted.
Keywords: Transpired solar collector, TSC, solar wall, energy efficiency, lobed orifices, circular orifices,
PIV, phase changing materials, PCM

1. Introduction
Nowadays, the buildings sector is responsible for over one-third of the total energy consumption and CO2
emissions, being the largest energy consuming sector in the world (IEA, 2013), while the requirements
regarding energy use reduction and the CO2 emissions are more and more strict (EU, 2015).
After the COP21 conference all the members of the UN agreed to limit the global warming even to 1.5°C
above preindustrial level in next eighty years (Gütschow et al., 2015) and furthermore all the European
Union states must reduce the CO2 emissions with 20% until 2020 and 40% until 2030, and must reduce the
primary energy consumption with 27% until 2030 (EU, 2014). Therefore, in order to reach these goals it is
necessary to implement highly efficient systems and solutions by using renewable energy sources to obtain
the indoor comfort parameters with minimum energy consumption.
One of the most promising strategies that could be used in this purpose is the use of the solar air collectors
which can represent a cost-effective solution (Dymond and Kutscher, 1997, Gill et al., 2012). There are
many types of solar collectors used in order to pre-heat the air (Shukla et al., 2012). Thermal solar walls can
be classified in several types and categories (Hami et al., 2012) but the two main categories are: glazed solar
collectors (GSC, e.g. Trombe walls) and unglazed transpired solar collectors (UTSC – usually used as façade
elements). Transpired solar collector are more efficient than plane solar collectors (Belusko et al., 2008) and
the efficiency can be even higher with 50% (Chan et al., 2014). According to the literature transpired solar
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collectors have lower investment costs and also lower operation costs, being an excellent cost-benefit,
energy-efficient system (Nkwetta and Haghighat, 2014, Wang et al., 2017).
The UTSC usually presents a perforated metal plate which, together with the building wall, creates a cavity
for the air flow. The metal plate is heated by the solar radiation and the energy is yielded to the air which is
extracted from the top of the wall and afterwards, it is introduced in the building. The operating principle of
the unglazed transpired solar collector which acts as a solar wall for the building envelope is highlighted in
figure 1.

solar radiation
exhaust air
absorbed outdoor air

back wall of the solar collector
transpired metal plate
(absorber)
OUTDOOR

air cavity
INDOOR

Fig. 1: The operating principle of an unglazed transpired solar collector acting as a solar wall

The solar radiation, ambient (outdoor) temperature, air flow, orifices geometry, pitch, collector geometry,
solar absorber material are very important parameters which defines the efficiency of a solar collector
(Zhang et al., 2016). Also in order to assess the impact of a transpired solar collector it is important to
determine the rise in temperature (ΔT, difference between the outlet air temperature and ambient air
temperature), the efficiency of the solar collector (η) and the efficiency of heat transfer or heat exchange
effectiveness (ηt) (Van Decker et al., 2001, Leon and Kumar, 2007).
According to Wang et al. (2017) these parameters can be calculated with the following formula, where: cair is
specific heat capacity of air (J kg-1 K-1), ṁair is air mass flow rate (kg s-1), Tair,out is outlet air temperature (°C),
Ta is the ambient air temperature (°C), Gs is the incident solar radiation on the collector (W m-2), As is
collector area (m2) and Tp is the average absorber plate temperature (°C):
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A very interesting study found in the literature emphasize that if the orifices diameter and the pitch have
lower values, the heat transfer efficiency is enhanced (Leon and Kumar, 2007). An experimental study
(Wang et al., 2017) shows that a transpired solar collector could reach a rise in temperature up to 31.16°C
and an efficiency up to 74.93% depending on the input conditions (tests were made for solar radiation from
400 W m-2 to 1000 W m-2 and air flow between 80 (m3 h-1) and 200 (m3 h-1)).
According the literature a UTSC could reach a rise in temperature between 6°C and 35°C, and an efficiency
between 19% and 75% (Konttinen et al., 2005, Leon and Kumar, 2007, Cordeau and Barrington, 2011, Li,
2013, Perisoglou and Dixon, 2015, Wang et al., 2017). Even if there are many studies regarding the
performance of the transpired solar collectors, very few authors focused their attention on the geometry of
the orifices even if, according to the studies, 28% of the heat is transferred to the air in the orifice (Van
Decker et al., 2001). Usually the metal plate orifices have circular shape. However, the lobed geometries
studied before by researchers could improve the heat transfer because of the complex dynamics of the flows
and streamwise vortices induced (Nastase et al., 2008, Nastase and Meslem, 2010).
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The main objective of the present paper is to assess the impact of the geometry of orifices on the thermal
efficiency of an UTSC in to cases (circular orifices plate and lobed orifices plate) and to determine new ways
to improve the efficiency of the transpired solar collector.

2. Experimental setup and methodology
In order to achieve the objective presented above a physical model was built and tested. The graphical
representation is emphasized in figure 2 and the physical experimental stand is pointed in figure 3 and figure
4.
The unglazed transpired solar collector proposed consists of a rectangular box with the following
dimensions: 116x70x23 cm (figure 2). In addition to the UTSC built, the following materials and equipment
were used for the experimental study (see figure 2, 3 and 4):
x

Fan with variable flow (1)

x

Interchangeable metal plates (2a – with circular orifices and 2b – with lobed orifices)

x

Six halogen lamps (3) in order to simulate solar radiation (800 Wm-2).

Fig. 2: Graphical representation of the UTSC (front and side view, dimensions, location of the temperature sensors)

The cavity formed between the metal plate and the back wall has 20 cm width and the wall is insulated with
5 cm of extruded polystyrene. The solar radiation is simulated by six halogen lamps placed on a stand 50 cm
from the solar wall which generates 800 W m-2 (figure 4). Furthermore, the heat is embodied in the metal
plate which acts as a solar absorber and then it is ceded to the air that passes through the orifices (circular or
lobed). The heated air is extracted from the upper part of the UTSC through a 15cm hole using a fan with
variable flow which forces the ambient air to pass through the transpired metal plate.
2
2

1
3
Fig. 3: Experimental setup of the UTSC during the measurements (temperature and velocity)
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In order to measure the gradient of temperature within the UTSC, five sensors were placed inside the box in
different places at 25 cm distance from each other (1, 11, 2, 12 and 3).
Other three sensors were used in order to assess the impact of the UTSC on the rise in temperature between
ambient air extracted and the air exhausted:
x

Thermocouple placed on the metal plate (sensor 4, T p)

x

Thermocouple located in ambient (sensor 14, T a)

x

Thermocouple placed on the exhaust/outlet duct (sensor 9, Tair,out).

50cm

1
3

Fig. 4: Positioning of the halogen lamps in the experimental setup

All the data was collected using a very precise data logger. We also used the PIV measuring technique
(Particle Image Velocimetry) in order to evaluate the velocity induced by the circular and lobed orifices
(figure 3) and to determine the impact of the lobed geometry on the air flow, air mixing and efficiency of the
solar collector.

3. Results and interpretations
Following the experimental campaigns conducted we have obtained interesting results. The measurements
were made at different air flows and the most representative results are highlighted bellow for 29 (m3 h-1).
Because the ambient temperature has a constant value, we waited for the other values to stabilize (metal plate
temperature and exhaust temperature) and we collected the data which is presented below.

Fig. 6: Temperature variation inside the experimental setup for 29 (m3 h-1)

As it can be observed in figure 6, the metal plate temperature stabilizes after almost 9 minutes of functioning
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at approximately 58.5°C in case of the metal absorber with circular orifices and at almost 64.5°C in case of
the metal plate with lobed orifices. Furthermore, the outlet air temperature stabilizes after 14 minutes of
functioning at approximately 45.7°C in case of the metal absorber with circular orifices and at almost 47.9°C
in case of the metal plate with lobed orifices.
The measurements conducted analyze the behavior of the unglazed transpired solar collector studied from
two points of view: thermal and dynamic.

3.1. Thermal analysis
In figure 6 it is emphasized the variation of exhaust air temperature and also, the temperature on the metal
plate, in both cases (metal plate with circular orifices and metal plate with lobed orifices). It can be observed
that at the same ambient temperature (25°C), the temperature on the metal plate is 58.5°C in the case of using
circular orifices and 64.5°C in case of using lobed shaped orifices. In this case, the temperature on the metal
plate is higher with 6°C (which means almost 9.2% more) when using the plate with lobed orifices which
clearly means that the geometry improves the heat exchange and the efficiency of the solar collector.
Moreover, it can be noticed from figure 6, that at the same ambient temperature (25°C), the exhaust
temperature is with 2.2°C higher when using the plate with lobed orifices (47.9°C unlike 45.7°C), which
means 5% more compared to the use of the metal plate with circular orifices. The rise in temperature in the
case of the experimental study conducted with the plate with circular orifices is approximately 20.7°C and, in
the second case, with the metal absorber with lobed orifices, the rise in temperature is approximately 22.9°C
which means an increase of 10%.

Fig. 6: Metal plate temperature variation and exhaust air variation for 29 (m3 h-1)

Fig. 7: Temperature measured in several points in the UTSC for 29 (m3 h-1)

In figure 7 it is represented the vertical temperature variation inside the UTSC, also in both cases with
circular and lobed orifices. It can be observed that the metal plate with lobed orifices enhances the heat
transfer and air reaches a temperature of 54.3⁰C at the top of the experimental setup (sensor 3), while in case
of the metal plate with circular orifices, the air temperature reaches 47.6⁰C, which means an increase in
efficiency of 14%. Also, in every point where the sensors are placed, the temperature values are bigger in
case of using the lobed orifices. Sensor 1 measures 40.5⁰C in case of using lobed orifices unlike 37.5⁰C in

1981

A.-.S. Bejan / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

case of using circular shaped orifices, sensor 11 measures 42.5⁰C unlike 39.7⁰C, sensor 2 measures 46.2⁰C
unlike 42.1⁰C and sensor 12 measures 49.8⁰C unlike 45.6⁰C.

3.2. Dynamic analysis
Regarding the dynamical analysis, the plate with lobed orifices presents several advantages. From the results
obtained using the PIV methodology, it can be noticed (figure 8) that the metal plate with lobed orifices
provides higher velocities (in longitudinal section) and a uniform velocity variation. In case of using the plate
with lobed orifices the maximum air flow velocity is 0.6 m s-1 and in case of using the plate with circular
orifices the maximum air flow speed is 0.3 m s-1. Moreover, the jet length is bigger for plate with lobed
orifices (with 3.1 mm), resulting a better air mixing.

Fig. 8: Air flow velocity profile along the jets axis for airflow of 29 (m3 h-1)

The difference between the jets and the flows in both cases can be seen in figure 9, which represents the
velocity fields for the airflow of 29 (m3 h-1). As it can be observed, in case of using the lobed orifices it
results a better air mixing and a stabilization of the jet flows inside the cavity determined by streamwise
vortices created by this geometry. Moreover, because of the more complex dynamic of the lobed flows near
the metal plate (absorber) the heat transfer is enhanced which determines a higher air temperature inside the
cavity and a higher outlet air temperature, as it has been presented in the previous chapter.
With all these important results taken into account we can conclude that the lobed geometry provides a better
flow profile and enhances the thermal transfer while increasing the efficiency of the unglazed transpired
solar collector.
circular
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Fig. 9: Velocity fields of the circular and lobed jets extracted from PIV measurements (m3 h-1)
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3.3. Further studies and perspectives
According to the literature, the solar air collectors which are using renewable solar energy could be improved
by adding thermal storage (Goyal et al., 1998, Khadiran et al., 2016). Thermal inertia can increase the
operation time of the unglazed transpired solar collector, could stabilize the outlet air temperature (also
increasing the comfort) and could increase its overall efficiency by overcoming the periods when the solar
radiation is unstable/variable (during the day or during the night-time).
One of the most effective way to store energy is the use of latent heat storage materials or Phase Changing
Materials (PCM) which can store 5 to 14 times more energy than classical materials (Kuznik et al., 2011).
In order to assess the impact of thermal inertia implemented in the solar collector we used the RT-25 phase
change material from Rubitherm, an organic material (paraffin) with the following characteristics:
x

Melting temperature: 22-26⁰C

x

Congealing area: 26-22⁰C

x

Heat storage capacity: 170 kJ kg-1

x

Specific heat capacity: 2 kJ kg-1 K -1

x

Heat conductivity: 0.2 W m-1 K-1

x

Density: 0.88 kg l-1 (solid), 0.76 kg l-1 (liquid).

The PCM was macro-encapsulated in four aluminum recipients with the following dimensions: 200x100x10
mm which were placed on the back wall of the UTSC presented in the previous chapters, with the same
geometry and with the same conditions. For this experimental study we used the metal plate absorber with
lobed orifices and the ambient temperature was 21⁰C.
The study was conducted for two hours, respectively 7200 seconds. The test was divided in two equal steps:
heating (the lamps are on, simulating solar radiation) and cooling (lamps are off, simulating cloudiness or
night-time). As it can be observed in figure 10, the outlet air temperatures are stabilizing very quickly, after
approximately 9 minutes. During the heating phase the outlet air temperature is lower in case of using PCM
(with approximately 7⁰C) which means that the materials store the heat. After the heating phase is over, the
outlet air temperature drops also quickly (almost 15 minutes) but for the remaining time, the outlet air
temperature is higher with 1.3⁰C in case of using phase changing materials in the cavity of UTSC, which
means that PCM are slowly releasing the heat stored.

cooling

heating

Fig. 10: Outlet air temperature variation in both cases: with and without PCM mounted on the back wall

This phenomenon still needs to be investigated and it opens new perspectives regarding the improvement of
transpired solar collector efficiency by storing solar energy. More thermal storage could be added which can
enhance the total capacity and a higher phase changing temperature is needed, near to the average
temperature inside the cavity.
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4. Conclusions
Transpired solar collectors are cost-benefit solutions which can significantly reduce the heating systems
consumptions by heating or preheating the fresh air and could contribute to the reduction of CO 2 emissions
around the world.
This paper is assessing a transpired solar collector performance by comparing and highlighting the
importance of metal plate absorber by means of orifices geometry. Two types of orifices were studied:
circular and lobed, and many interesting results were obtained.
After several experimental campaigns conducted we can conclude that:
x In case of using circular orifices the metal plate temperature is stabilized at 58.5⁰C, while using lobed
orifices the metal plate temperature is approximately 64.5⁰C
x In case of using circular orifices the outlet air temperature is stabilized at 45.7°C, while using lobed
orifices the outlet air temperature is approximately 47.9°C (5% more)
x The UTSC using metal plate with lobed orifices is more efficient, the temperature at the upper side of
the UTSC being higher with 14% (6.7°C)
x

The rise in temperature in case of the metal plate with lobed orifices is being higher with 10% (2.2°C)

x The rise in temperature in case of using lobed orifices is 22.9°C (unlike 20.7°C in the case of circular
orifices)
x After the dynamic analysis we can observe that in case of using the lobed orifices it results a better air
mixing and a stabilization of the jet flows inside the cavity determined by streamwise vortices created by
this geometry
x In case of using the metal plate with lobed orifices the maximum air flow velocity is 0.6 m s -1 and in
case of circular orifices the maximum is 0.3 m s-1 resulting a better air mixing (the jet length is also bigger
with 3.1 mm)
x Because of the more complex dynamic of the lobed flows near the metal plate (absorber) the heat
transfer is enhanced which determines a higher air temperature inside the cavity and a higher outlet air
temperature.
We’ve also conducted studies with thermal inertia materials, such as phase changing materials and the
preliminary results are promising. The thermal storage implemented in the transpired solar collector can
increase the operation time of the unglazed transpired solar collector and could increase its overall efficiency
by lagging the solar energy absorbed during the day-time and using it during the periods when the Sun is not
available. During the heating period the PCM are storing the heat and the outlet air temperature is lower than
in the case without PCM (with almost 7⁰C) and furthermore, in the cooling stage, the heat stored is released
slowly, the outlet temperature being higher with almost 1.3⁰C.
The implementation of the PMC in UTSC needs to be further investigated. Further studies will be conducted
with different types of thermal inertial elements which could improve the effect of the plate with lobed
orifices implemented in a UTSC, with different phase change temperatures, different quantities and different
orifices geometries.
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Abstract
Polypropylene (PP) is increasingly considered as a material choice for pressurized components in solar-thermal
systems. In these systems, the materials are exposed to superimposed mechanical and environmental loads. The
objective of this research is the characterization of the mechanical behavior of three different black-pigmented
polypropylene (PP) grades immersed for up to 750 h in chlorinated water (5 ppm chlorine content) at an elevated
temperature of 60°C. Hence, values for strain-at-break and essential work of fracture were determined by tensile
tests. For the strain-at-break values and for the essential work of fracture values a similar exposure dependence
was obtained. Depending on the PP grade, time-to-embrittlement values of 250 h and 750 h were achieved. For
one PP grade, both testing methods led to an identical time-to-embrittlement value of 750 h.
Keywords: polypropylene, solar-thermal collector, chlorinated water, aging, mechanical properties

1. Introduction
In novel pumped and non-pumped solar-thermal systems, a growing share of polyolefins, especially
polypropylene (PP), is considered for pressurized component applications (Koehl et al., 2012). In conventional
solar-thermal systems, polypropylene is mainly utilized for hot water piping applications, whereas in systems with
overheat control, polypropylene can also be used as an absorber material (Koehl et al., 2012; Lang and Wallner,
2012; Meir et al., 2008; Wallner et al., 2012). In either configuration, all components are simultaneously loaded
with elevated temperatures, mechanical stresses and different environmental media. While the outside of such
components may be surrounded by air, the inside is part of the hot water supply system and is exposed to a liquid
medium. Usually, water is used as the heat carrier fluid in single-loop solar-thermal collector system. In many
regions of the world, water is polluted with bacteria, viruses and parasites. Disinfection of contaminated water is
required as a prevention of waterborne diseases (WHO, 2011). Chlorine is the most widely utilized and the most
affordable water disinfectant. Chlorine is easy to use and highly efficient against different kinds of waterborne
pathogens (Deborde and von Gunten, 2008; WHO, 2011; WCC, 2008). The maximum allowed chlorine content
in drinking water is 5 ppm (mg/l) to ensure no further risk for human health (WHO, 2011). Polyolefins exhibit a
significant degree of aging when exposed to water disinfectants (Cosgriff et al., 2017; Fischer et al., 2016; Ge et
al., 2012; Hassinen et al., 2004; Mitroka et al., 2013; Mittelman et al., 2008; Vibien et al., 2001). Hence, product
lifetimes are substantially reduced and, in many cases, premature failure occurs. The structural performance of
polymeric materials is dependent on the mechanical and environmental loading conditions (DeCoste et al., 1951;
Krishnaswamy, 2005; Lang et al., 1997; Lang et al., 2005; Stern et al., 1998a; Stern et al., 1998b). Therefore, tests
of plastics for solar-thermal applications should consider service relevant loading conditions. In previous research,
polymer properties were investigated by tests of specimens which were affected by various environmental
conditions (Altstaedt and Kausch, 2005; Brown, 1999; Cosgriff et al., 2017; DeCoste et al., 1951; Fischer et al.,
2016; Freeman et al., 2005; Ge et al., 2012; Grabmayer, 2014; Lang et al., 1997; Povacz et al., 2016; Schoeffl,
2014; Stern et al., 1998a; Stern et al., 1998b).
This paper describes the characterization of the effect of aging in hot chlorinated water on the mechanical behavior
of three different black-pigmented PP grades for solar-thermal applications. Micro-sized specimens of two
commercial PP grades and one development PP grade were immersed in a water bath and were removed after
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different intervals. To ensure a constant environment, the temperature, the pH and the chlorine content of the
water bath were controlled. The exposure time dependent values for strain-at-break and essential work of fracture
were determined by tensile tests.

2. Experimental
Three polypropylene (PP) grades were characterized in terms of their aging behavior. While two materials are
commercially available, black-pigmented PP pipe grades from two different manufacturers (PP-B1 and PP-B2),
the third material represents a modified PP-B2 grade (PP-B2 mod) containing additional phenolic-based
antioxidants (see Table 1). To investigate the aging effect of chlorinated water with a chlorine content of 5 ppm
at an elevated temperature of 60°C, micro-sized specimens with a thickness of 0.1 mm (Grabmayer, 2014; Wallner
et al., 2013) were immersed in a water bath with controlled temperature, pH and chlorine content (Cosgriff et al.,
2017; Freeman et al., 2005; Ge et al., 2012). In order to achieve a range of degradation levels, the exposed microsized specimens were removed from the aging device at different intervals (0 h, 125 h, 250 h, 375 h, 500 h, 750 h).

Tab. 1: Material designation and material composition

Material designation

Matrix polymer

Stabilizer system

PP-B1

Polypropylene
blockcopolymer

Basic stabilization

PP-B2

Polypropylene
blockcopolymer

Basic stabilization

PP-B2 mod

Polypropylene
blockcopolymer

Basic stabilization with
additional phenolic-based
antioxidants

Based on tensile tests, the strain-at-break values of the removed PP specimens were determined. The tensile tests
were conducted with specimens with the dimensions 150 mm x 2 mm x 0.1 mm (length x width x thickness) to
achieve the relevant stress-strain curves. The time-to-embrittlement was defined as that exposure time when the
strain-at-break value of the exposed specimen dropped below the strain-at-yield value of the unexposed specimen.
Furthermore, to characterize the aging effect on the fracture behavior, the essential work of fracture (EWF) method
was utilized. Therefore, tensile tests were carried out with specimens with the dimensions 80 mm x 30 mm x
0.1 mm (length x width x thickness). To obtain the EWF values, different ligament lengths (6 mm, 8 mm, 10 mm,
12 mm and 14 mm) are necessary (Bárány et al., 2010) and were realized with a unique cutting device. Based on
the load-displacement curves the total work of fracture values were evaluated. EWF values were obtained by
plotting the specific total work of fracture as a function of ligament length.
All tensile tests were conducted at 23°C using a screw-driven universal testing machine. The gauge length was
20 mm and the test speed was 50 mm/min.

3. Results and Discussion
Exposure of the three PP grades PP-B1, PP-B2 and PP-B2 mod to hot chlorinated water led to an oxidation
induced material degradation indicated by significant changes in the stress-stain curves, which are illustrated in
Fig. 1. The exposure time dependent values for strain-at-break and strength are depicted in Fig. 2.
Due to aging, a significant decrease of the strain-at-break and strength was obtained for all PP grades. The lowest
initial strain-at-break (for the unexposed specimen) of 364 % was determined for PP-B1. After 250 h of exposure,
this material reached the time-to-embrittlement, defined as the exposure time for which the strain-at-break value
of the exposed specimen dropped below the strain-at-yield value of the unexposed specimen. PP-B2 and PPB2 mod exhibit significantly higher initial strain-at-break values of 732% and 1177%, respectively. For both
materials, a time-to-embrittlement of 750 h was measured. Up to an exposure time of 500 h for PP-B2 mod the
highest strain-at-break values were determined, which indicates a positive effect of the additional stabilization
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with the phenolic-based antioxidants. In terms of strength for PP-B1, PP-B2 and PP-B2 mod initial values of
31 MPa, 25 MPa and 30 MPa, respectively, were established. After 750 h of exposure, the strength dropped to
3.8 MPa, 6.1 MPa and 7.4 MPa, respectively. Comparing the strength of the three PP grades, the highest exposure
time dependent values were obtained for PP-B2 mod.
For all three polypropylene grades, the exposure time dependent values of specific total work of fracture are
depicted as a function of ligament lengths in Fig. 3. As alluded to above, exposure to hot chlorinated water led to
oxidation induced degradation of the polymers and thus to a more brittle behavior at higher aging times. Hence,
with increasing exposure times ligament yielding and crack initiation/growth were superposed. Thus, the EWF
preconditions were not fully met. Nevertheless, up to certain exposure times, the EWF concept requirement of
self-similar load-displacement curves was fulfilled (Bárány et al., 2010; Mai et al., 2000). For the EWF tests, the
time-to-embrittlement was defined as that exposure time when no self-similarity of the load-displacement curves
was obtainable. Above this aging time, the EWF preconditions were not met and thus the test conditions and
furthermore the results were not valid.
30
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Fig. 1: Exposure time dependent stress-strain curves for the three PP grades.
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Fig. 2: Strain-at-break and strength as a function of exposure time for the three PP grades.

Based on the curves depicted in Fig. 3, the values for the specific non-essential work of fracture and for the specific
essential work of fracture were evaluated. In Fig. 4, these values are plotted against the exposure times. Again,
for all PP grades, the essential work of fracture decreased with increasing aging times. For the two commercial
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specific total work of fracture (kJ/m²)

PP pipe grades PP-B1 and PP-B2, the time-to-embrittlement was 375 h, for the additionally stabilized PP grade
PP-B1 mod the time-to-embrittlement was 750 h. For PP-B2 and PP-B2 mod exposed up to 250 h, the aging
dependent values of specific non-essential work of fracture and specific essential work of fracture are similar.
However, due to the additional stabilization with phenolic-based antioxidants, the time-to-embrittlement was
greatest for PP-B2 mod (500 h vs. 250 h for PP-B1 and PP-B2)
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Fig. 3: Exposure time dependent curves of specific total work of fracture vs. ligament length for the three PP grades.
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Fig. 4: Specific non-essential work of fracture and specific essential work of fracture as a function of exposure time for the three
PP grades.

Exposure time dependent values for strain-at-break and specific essential work of fracture are illustrated in Fig. 5.
For all PP grades, the strain-at-break curves exhibit similar aging effects as the EWF curves. Nevertheless, in
terms of time-to-embrittlement, only for PP-B2 mod did both methods yield identical values. A comparison of the
time-to-embrittlement data (all below 1000 h) with published data for similar materials tested in hot air and in hot
heat carrier fluid (Povacz et al., 2016) reveals hot chlorinated water as the most aggressive environment.
Due to the simple specimen preparation and test procedure, the strain-at-break method is recommended for
embrittlement tests. To receive further information on the fracture mechanism and the fracture toughness, the
EWF method should be utilized.
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Fig. 5: Strain-at-break and specific essential work of fracture as a function of exposure time for the three PP grades.

4. Summary and Conclusions
Three different polypropylene grades were immersed for up to 750 h in a controlled water bath filled with
chlorinated water (5 ppm chlorine content) at an elevated temperature of 60°C. To detect the extent of degradation
over time, exposed specimens were removed at time intervals. Based on tensile tests on micro-sized specimens
with method specific dimensions, values for strain-at-break and essential work of fracture were determined as a
function of exposure time. The strain-at-break data exhibited a similar exposure time dependence as the essential
work of fracture data. Depending on the PP grade, time-to-embrittlement ranged from 250 h to 750 h. For the PP
grade that included additional phenolic-based antioxidants, the time-to-embrittlement was greatest at 750 h for
both test methods.
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Abstract
In this research, three unreinforced and two glass fiber reinforced plastics for the application in mounting systems
of solar-thermal collectors were investigated comprehensively. Therefore, morphological, thermomechanical,
mechanical and cyclic fracture mechanical tests were performed. Focus was given on the mechanical properties
and the fatigue crack growth (FCG) resistance at service relevant temperatures. In the morphological
characterization, for the five materials primarily homogenous material distributions were detected. However, the
polymer blend ASA/PC showed a limited miscibility. This was confirmed by the separated glass transition
temperatures, which were determined by dynamic mechanical analysis. In terms of mechanical properties,
significantly higher values for Young’s modulus and strength as well as lower strain-at-break values were obtained
for the glass fiber reinforced polymer grades. Increasing temperatures led to decreasing Young’s moduli and
strengths as well as to higher strain-at-break values. The unreinforced plastics revealed an inferior FCG resistance.
For all materials, temperature increase evoked a declining FCG behavior. The FCG resistance of the reinforced
plastics was influenced by the fiber orientation.
Keywords: plastics, solar-thermal collectors, mounting systems, mechanical properties, fatigue crack growth

1. Introduction and scope
Currently, mounting systems of solar-thermal collectors are constructed from aluminum or stainless steel (Erfurth
et al., 2001; Koehl et al., 2012). For the reduction of costs and weight, it is a common practice to replace
conventional materials with advanced polymeric material solutions. For an appropriate material replacement,
various aspects must be carefully considered. Materials for mounting and framing must withstand environmental
loads (e.g., temperatures, environmental media) and mechanical loads (e.g., weight of the mounted solar-thermal
collector, snow weight, wind load, hail) (Erfurth et al., 2001; Koehl et al., 2012). The loading conditions can
adversely affect the structural performance of polymeric materials (Altstaedt, 2005; DeCoste et al., 1951; Fischer
et al., 2016a; Lang et al., 1997; Lang et al., 2005; Stern et al. 1998a; Stern et. al. 1998b). A comprehensive
understanding of the material behavior under service relevant loading conditions is of utmost importance. Thus,
previous research focused on the effect of superimposed mechanical and environmental loads on the properties of
polymeric materials (Bradler et al., 2016; Bradler et al., 2017; Fischer et al., 2016a; Fischer J. et al., 2016a;
Schoeffl and Lang, 2015).
The main objective of this research was the characterization of the morphological, thermomechanical, mechanical
and fatigue crack growth (FCG) behavior of polymeric materials for mounting systems of solar-thermal collectors
under application relevant temperatures. Therefore, infrared spectroscopic microscopy, dynamic mechanical
analysis, monotonic tensile tests and cyclic fracture mechanics tests were performed at three different temperatures
(0°C, 23°C, 60°C) in air environment.

2. Background
The linear elastic fracture mechanics concept was used for the investigation of the fatigue crack growth (FCG)
behavior of plastics (Anderson, 2017; Bradler et al., 2016; Bradler et al., 2017; Fischer et al., 2016a; Fischer J. et
al., 2016b; Lang, 1980; Schoeffl and Lang, 2015). In this concept, the fatigue crack growth rate (da/dN) is plotted
against the stress intensity factor range ∆K. While the crack growth rate indicates the crack growth per cycle, the
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∆KI-value, described in eq. 1, is the difference between maximum and minimum stress intensity factor (KI,maxKI,min) of a cycling loading profile in loading mode I (pure tensile loads). In this equation, “∆σ” describes the
global loading, “a” the crack length and “Y” a factor which is dependent on the geometry of the specimen used.

'K I

'V  a  Y

(1)

In the double-logarithmic fatigue crack growth kinetics curve, region II represents the stable crack growth of the
material. In a comparison of different polymeric materials or of different test conditions, improved fatigue crack
growth resistance is revealed by a shift of the FCG curve to higher ∆K-values. Additionally, also slope decrease
of the FCG curve exhibits improved FCG behavior (Haager, 2004; Lang, 2005).

3. Experimental
Materials
An overview of all investigated materials is given in Table 1, comprising three unreinforced and two glass fiber
reinforced plastics. These materials were characterized with different methods at service relevant temperatures
(0°C, 23°C, 60°C). The unreinforced polymer grades contain an acrylic ester-styrene-acrylonitrile copolymer
(ASA), a polymer blend of ASA and polycarbonate (ASA-PC) as well as a polymer blend of polybutylene
terephthalate and polycarbonate (PBT-PC). The reinforced plastics include a short glass fiber reinforced
polyamide grade with a fiber content of 30 w% (PA-GF30) and a long glass fiber reinforced polyamide grade with
a fiber content of 40 w% (PA-LGF40).
Tab. 1: Material designation and material composition.

Material
designation

Material

Reinforcement
type

Reinforcement
content

ASA

Acrylic ester-styrene-acrylonitrile copolymer

-

-

ASA-PC

Polymer blend of acrylic ester-styrene-acrylonitrile
copolymer and polycarbonate

-

-

PBT-PC

Polymer blend of polybutylene terephthalate and
polycarbonate

-

-

PA6-GF30

Polyamide 6

Short glass
fibers

30 w%

PA6-LGF40

Polyamide 6

Long glass
fibers

40 w%

Infrared spectroscopic microscopy
To analyze the morphology and the fiber orientation within the compounds, the specimens were characterized
with an infrared spectroscopic microscope PerkinElmer Spotlight 400 FT-IR Imaging System (Perkin Elmer Inc.,
USA. Tests were carried out with an attenuated total reflection mode (ATR). The spectral range was 650 cm-1 to
4000 cm-1.

Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) measurements were performed on an Anton Paar Physica MCR 502 (Anton
Paar GmbH, Austria) for determining the temperature dependency of the storage modulus and the loss factor. The
loss factor can be calculated out of the ratio between the storage modulus and the loss modulus. All DMA tests
were conducted in a temperature range of -70°C and 220°C with a heating rate of 3 K/min. The applied frequency
was set to 1 Hz and a torsional loading mode was applied. The samples were cut from the parallel part of the 1B
multi-purpose specimen (ISO 527) with the dimension 40 mm x 10 mm x 4 mm.
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Tensile tests
The mechanical properties (Young’s modulus, strength and strain-at-break) were examined with a universal
testing machine Z020 (Zwick Roell, Germany) equipped with a multi-extensometer and a temperature chamber
for test at 0°C, 23°C and 60°C. Test parameters and multi-purpose specimens were used according to ISO 527
with a traverse speed of 1 mm/min for Young’s modulus determination until a strain of 0.25 % and 50 mm/min
until failure.

Fatigue crack growth
In order to investigate the fatigue crack growth (FCG) behavior, all five materials were tested with an in-situ
testing device (Schoeffl et al., 2014) allowing fatigue tests at different temperatures within service-relevant
environmental environments. Therefore, an electro-dynamic testing machine of the type ElectroPuls E3000
(Instron Inc., USA) was used. Compact type (CT) specimens with an initial crack in mold direction and in cross
direction were utilized for investigations of the crack growth (Fischer et al., 2016b). A sinusoidal loading profile
with a frequency of 5 Hz and an R-ratio of 0.1 was applied. Characteristic double-logarithmic FCG kinetic curves
were plotted providing the relation between the FCG rate, da/dN, and the stress intensity factor range, ∆KI,
describing the local crack tip stress field.

4. Results and discussion
In the morphological characterization via infrared spectroscopic microscopy, for the two blends (ASA/PC and
PBT/PC), a predominantly homogenous color distribution was found (see Fig. 1), with a limited miscibility of the
ASA/PC blend. The reinforced grades revealed in the middle of the specimen a clear fiber orientation in cross
mold direction. Conversely, due to higher shear loads, a fiber orientation in mold direction was found on the
surfaces of the specimens. Fischer et al. reported this effect before (Fischer et al., 2016).

Fig. 1: Infrared spectroscopic map of the morphology of two polymer blends (left) and fiber orientation of two glass fiber
reinforced polymers (right).

Curves of the storage modulus and the loss factor as a function of temperature (see Fig. 2) were attained via
dynamic mechanical analysis (DMA). For the unreinforced materials, the highest storage moduli were exhibited
for ASA and the lowest storage moduli for the PBT-PC blend. The glass transition temperature is depicted as a
maximum of the loss factor curve. The ASA grade shows a peak at 124°C, for the ASA-PC compound two peaks
are detectable, one for the ASA component at about 115°C, and a second at 149°C for the PC component. Hence,
the limited miscibility obtained by infrared spectroscopic microscopy was assured. For the PBT-PC blend, a glass
transition temperature of 140°C was found. The DMA data of the reinforced grades exhibit higher modulus values
for the PA-grade PA6-LGF40 with 40 w% glass fiber reinforcement compared to the PA-grade PA6-GF30 with
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30 w% glass fiber reinforcement. The glass transition temperatures of both PA-grades are similar (60°C for PA6GF30 and 63°C for PA6-LGF40).
3

3

2
ASA
ASA-PC
PBT-PC

10

1
1

0

0.1
-50

0

50

100

150

100

2

PA6-GF30
PA6-LG40

10

1
1

0

0.1

200

loss factor (-)

100

storage moduls (MPa)

1000

loss factor (-)

storage moduls (MPa)

1000

-50

temperature (°C)

0

50

100

150

200

temperature (°C)

Fig. 2: Curves of the storage modulus and loss factor against temperature for unreinforced (left) and reinforced (right) plastics.

Storage moduli at the three application relevant temperatures 0°C, 23°C and 60°C are depicted in Fig. 3. Within
each grade, highest moduli were obtained at 0°C. In the material comparison, at each temperature, the highest
storage moduli were detected for the grade PA6-LGF40. At 60°C, the moduli of the grades ASA and ASA-PC are
only moderate decreasing compared to 23°C. The PBT-PC compound shows a higher decrease, which is also
visible in the DMA-curve (storage modulus against temperature) starting with diminishing storage moduli at 50°C.
The reinforced grades PA6-GF30 and PA6-LGF40 exhibit a significant reduction of storage moduli between 23°C
and 60°C. This is related to the immediate vicinity to the glass transition region of PA6.
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Fig. 3: Storage moduli at three different temperatures for three unreinforced and two reinforced plastics.

Temperature dependent stress-strain curves for the five plastics are plotted in Fig. 4. Based on the stress-strain
curves, the values for Young’s modulus, strength and strain-at-break were evaluated (see. Fig. 5). For all
temperatures, the reinforced polymeric materials revealed significantly higher Young’s moduli (factor 3 to 6) and
strengths (factor 3 to 4). In contrast, the obtained strain-at-break values were much lower (factor 2 to 27). An
increase in testing temperature led to declining Young’s moduli and strengths. While the lowest values were
determined for the polymer blend PBT-PC, for PA6-LGF40, the highest values were achieved. With a higher glass
fiber content, an increase in Young’s modulus was determined. Increasing temperatures led to higher strain-atbreak values. The highest strain-at-break values were obtained for PBT-PC. For the glass fiber reinforced grades,
a brittle failure and small strain-at-break values were received due to the dominating fiber influence.
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Fig. 4: Temperature dependent stress-strain curves for the three unreinforced and the two glass fiber reinforced plastics.
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Fig. 5: Temperature dependent values of Young’s modulus (top), strength (middle) and strain-at-break (bottom) for the five
plastics.

In Fig. 6, the fatigue crack growth behavior of the five plastics for each testing temperature is depicted.
Furthermore, the influence of different fiber orientation on the FCG resistance is revealed. For all materials,
temperature increase led to a declining FCG resistance. In terms of the material comparison, for all temperatures,
the glass fiber reinforced plastics revealed a significantly improved fatigue crack growth behavior. Conversely,
the FCG resistance of ASA was inferior. In terms of fiber orientation, PA6-LGF40 and thus the PA grade with
the long glass fiber reinforcement and the higher fiber content revealed an enhanced FCG behavior in the tests
with the initial crack in mold direction. Nevertheless, tests with the initial crack in cross direction showed
comparable FCG resistances for both glass fiber reinforced plastics.
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Fig. 6: Temperature dependent fatigue crack growth kinetics for the three unreinforced and the two glass fiber reinforced plastics
tested with the crack in (a) mold direction and (b) cross direction.

5. Summary and conclusions
Three unreinforced and two glass fiber reinforced plastics for the application in mounting systems of solar-thermal
collectors were characterized with regard to their morphological, thermomechanical, mechanical and fatigue crack
growth (FCG) behavior. The three unreinforced polymeric materials included an elastomer-modified copolymer
(acrylic ester-styrene-acrylonitrile, ASA) and two polymer blends (acrylic ester-styreneacrylonitrile/polycarbonate, ASA/PC and polybutylene terephthalate/polycarbonate, PBT/PC). In the category of
the reinforced materials one short glass fiber reinforced polyamide grade with a glass fiber content of 30 w%
(PA6-GF30) and one long glass fiber reinforced polyamide grade with a glass fiber content of 40 w% (PA6LGF40) were investigated. The morphological characterization revealed homogenous material distributions for
all material grades. However, the polymer blend ASA/PC showed a limited miscibility leading to separated glass
transition temperatures. For the three unreinforced plastics, significantly lower values for Young’s modulus and
strength were determined. A comparison between the strain-at-break values of the unreinforced and the reinforced
plastics revealed higher values for the former materials. Decreasing Young’s moduli and strengths as well as to
higher strain-at-break values were detected with higher testing temperatures. At all temperatures, the reinforced
plastics showed a superior FCG behavior. Increasing temperatures led to a diminishing FCG resistance. In order
to investigate the effect of fiber orientation on the fatigue crack growth of the reinforced plastics, tests were carried
out with specimens containing the initial crack in mold direction and in cross direction. While tests with the initial
crack in cross direction revealed a similar FCG resistance, tests with the initial crack in mold direction showed a
significantly better performance for the polymer with the higher fiber content.
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Abstract
This paper represents an advanced methodology for the detailed modeling of the heat transfer and fluids
dynamics phenomena in Linear Fresnel receivers. The present work aims at modeling Linear Fresnel elements
(e.g. insulation material, glass cover, tube, pipe, etc.) by proposing a parallel modular object-oriented
methodology. The heat conduction, natural convection, single & two-phase flow, and solar & thermal radiation
are solved and coupled in an adequate manner. The Navier-Stokes 3D equations with incompressible and
turbulent fluid hypotheses are used to solve the fluid inside the cavity by means of a CFD&HT coupling with
thermal and solar radiation. The heat flux incident on the tube is analyzed by a 3D conduction model to
determine the temperature distribution, single or multiphase models can be used for the HTF. A Monte Carlo
Ray-tracing method is applied to obtain the estimated solar radiation source as a function of the altitude and
azimuth solar angles. This work presents a comparison of three configurations, their optical behavior, the effects
of the receiver height, the orientation of the mirrors and the shadows, temperature, velocity and thermal flow
profiles are analyzed and presented hereafter.
Keywords: Linear Fresnel Receivers, CFD&HT, Numerical Model, TermoFluids.

1. Introduction
Many authors have carried out experiments on several prototypes with innovative design concepts and studied
the performance characteristics of LFR for different optical and geometric parameters (Barale et al., 2010 [1];
Beltagy et al., 2017 [2]; Bernhard et al., 2008 [3]; Häberle et al., 2001[4]; Negi et al., 1989 [5]; Singh et al.,
1999 [6]). Linear Fresnel reflectors usually employ a secondary concentrator that enlarges the target área for
primary mirrors, and also acts as protective cover to reduce convective losses. A number of authors have been
studied different types of receivers such as trapezoidal cavity with multiple absorber tubes (Facão and Oliveira,
2011 [7]) triangular, rectangular, arc-shaped and semi-circular cavity receivers (Lin et al., 2014 [8]), modified
V-shaped cavity. Qiu et al. (2015) [9] investigated the thermal performance of LFR that employs a compound
parabolic concentrator (CPC) with an evacuated absorber. They concluded that uniformity of flux distribution
can be improved by choosing a proper slope error, but with a small sacrifice in the optical efficiency.
The present work develops an advanced model of LFR, through a modular platform that works each part of the
system as a unique element with the capacity to transfer information between one element and another, this
union is realized by coupling heat flow and temperature, which provides numerical stability. This modular
system allows to apply different models for the various heat transport mechanics (solids are treated with a 3D
conducting solver, the fluid inside the cavity is treated with a CFD & HT coupled with a solver of thermal and
solar radiation, the HTF you can apply a single/two phase model depending on an industrial oil, molten salt or
water vapor).
A scheme of the Linear Fresnel Collector (LFC) is given in Fig 1. The cavity receiver of LFC consists of an
absorber tube and a secondary concentrator. The Fresnel cavity profile is defined by an equation from the
literature [13]. The absorber is usually protected with glass cover at the bottom of the cavity to reduce heat
losses. The primary mirror field reflects the direct normal radiation into the cavity and due to astigmatism and
optical inaccuracies only part of the reflected radiation hits the absorber directly. A fraction of the radiation
interacts with the secondary reflector and is redirected onto the absorber. While the absorber is being heated, it

2000

 
       
  !"  # $  "%  % &''
( ))*!$  + ,#  "(!!"    

E. Guadamud / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

loses heat by long wavelength radiation and convection to the surroundings.

Fig. 1: NEST scheme of the modular system and Fresnel receiver

Nomenclature
cp
Specific heat capacity, J kg-1 K-1
Greek letters
Din
Internal diameter of the tube, m
LM
Width of mirror
İ
Thermal emissivity
fM
Maximum deflection of the mirror
Į
Sup. heat transfer coefficient, W m-2 K-1
HR
Receiver height
ȕ
Thermal expansion coefficient, K-1
dR
Aperture of the receiver
Ș
Smallest turbulent scales of the flow, m
dM
Distance between rows of mirrors
ț
Thermal diffusivity, m2 s-1
dF1F2
distance between focal points
Ȝ
Thermal conductivity, W m-1 K-1
PF
The focal parameter of the parabolic portions
dT
External tube diameter
µ
Dynamic viscosity, kg m-1 s-1
PT
Position of the tube in the cavity
Ȟ
kinematic viscosity, m2 s-1
eg
Thickness of the transparent glass
ȟ
Turbulent kinetic energy dissipation rate, m2 s-3
Șopt
Optical efficincy
ȡ
Density, kg m-3
H
Height, m
ı
Stefan-Boltzmann constant, 5.67x10-8 W m-2K-4
g
Gravity vector, m s-2
īȞ
Stress tensor, m-2 s-2
I
Identity matrix
ȍ
volume, m3
-1
݉ሶ
Mass flow rate, kg s
ȍ
Surface which enclosed the volume ȍ, m2
Nu
Nusselt number
ǻ
Magnitude increment
n
normal direction vector
Pr
Prandlt number, Pr = µcpȜ
Subscripts
Prt
Turbulent Prandlt number, Prt Ȟsgsțsgs
ܳሶ
Heat losses, W
conv
Convection
ݍሶ
Specific heat flux, W m-2
rad
Radiation
Ra
5D\OHLJKQXPEHU5D Jȕǻ7+3Ȟț
cond
Conduction
S
Surface area, m2
ins
Insulation
Sij
Rate-of-strain, m2
gc
Glass cover
ܵҧij
Mean rate-of-strain fluctuations, s-1
amb
Ambient conditions
T
Temperature, K
ref
Reflectors
t
time, s
tube
Tube
z
extruded direction, m
in
Inlet conditions
f(t)
Function of the time
out
Outlet conditions
u
velocity vector, m s-1
sgs
Subgrid scales
gk
Irradiosity on surface k, W m-2
dir
Direct Radiation
jk
Radiosity on surface k, W m-2
max
Maximum
<u>
Average velocity u, m s-1
DNI
Direct Normal Irradiance
A modular object-oriented methodology for the design and optimization of Linear Fresnel receivers is proposed
(NEST platform [10]). This methodology considers the different parts of the Linear Fresnel receiver as
independent models and the coupling between global models and advanced computational fluid dynamic and
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heat transfer (CFD&HT) mainly based on large-eddy simulation (LES) techniques (TermoFluids[11]).
TermoFluids [11], a general purpose unstructured and parallel object-oriented CFD code developed to solve
industrial flows, is used to optimize the optical and thermal performance of a defined system (geometry, optical
and thermal properties of the materials).
The presented methodology was explained by Guadamud et al (2014), [12]. For each element of the receiver
more than one model approach is considered depending on the desired accuracy. The use of a modular
simulation allows that for the same element one-, two- or three-dimensional models can be used. At the same
time, each element can receive a special treatment from the physical point of view.
The implementation of the Fresnel receiver methodology has been made within the existing NEST platform
which allows the linking between different elements to perform a specific system or configuration. In the
present implementation, Fresnel receiver is considered as the sum of different parts, e.g. insulation, glass cover,
air inside the cavity, tube, pipe, etc., such as shown in Fig 1.

2. Geometry configurations and optimization
Three different configurations were selected; table 1 shows all the parameters.
Table 1. Different configurations for the Linear Fresnel receivers
Parameters

Configuration 1

Configuration 2

Configuration 3

LM

12.5% HR

5% HR

10.5% HR

dF1F2

8.5% dR

0% dR

0% dR

pF

10.2% dR

15% dR

12% dR

The HR represents the height of the receiver, for optical analysis, this value will vary to determine its effect on
optical performance, in the thermal analysis will set this value constant for all three configurations to a value in
which its optical behavior is the most optimum. The dR (aperture of the receiver) will be fixed constant in both
analysis, based on this, various aspect ratios are obtained as shown in Table 1.
The procedure of the optimization consists in fixing certain parameters (taking into account some technical
criteria) and calculating the others parameters by maximizing the optical efficiency (considered as the objective
function).
The variation of the DNI during the day is simulated by a cosine expression:
గ

ܫܰܦ = )ݐ(ܫܰܦ௫  כcos ൬ቀെ ቁ  ݐ כ+ ߨ൰
ଵଶ

(eq. 1)

)RUWKHRSWLFDOHIILFLHQF\ Șopt) is evaluated by the total energy received by the tube during the day between the
GLUHFW QRUPDO LUUDGLDQFH ZLWK WKH UHIOHFWRUV VXUIDFH WKH VHFRQG RSWLFDO HIILFLHQF\ Ș¶opt) is the total energy
received by the tube during the day between the direct normal irradiance with the total surface of the land
requirements.

3. Mathematical Model
3.1 Heat conduction in the solid elements of the Fresnel receiver (tube, glass cover and
insulation).
Transient conduction heat transfer can be solved directly from the governing equation. For the case of the
transient heat conduction without volumetric sources, the energy transport equation can be written in integral
from as:

ߩܿ

డ்
డ௧

= )ܶߣ( · 

(eq. 2)

ZKHUH7UHSUHVHQWVWHPSHUDWXUHWLVWKHWLPHȡLVGHQVLW\Fp LVWKHVSHFLILFKHDWDQGȜWKHWKHUPDOFRQGXFWLYLW\
In this work, a non-structured mesh and a uniform distribution has been used in some elements like the tube and
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the glass cover, but due to the geometric singularity in the element insulation the mesh has been adapted to this
form.
In TermoFluids, for the integration of the governing equations the finite volume method has been used. A
modified least-square method has been chosen for the calculation of the gradients. The resulting system of
equations is solved by means of the Conjugate Gradient method [15].

3.2 CFD&HT of the air inside the cavity receiver
The objectives for using a CFD&HT object for modeling the air inside the cavity are twofold: (i) due to the
complex geometry of the cavity, there are not specific correlations for the heat transfer inside irregular cavities,
thus results of such modeling would be used for proposing new correlations to be used in the global model for
the convective process and (ii) it would shed some light into the complex physics presents in this kind of
receivers. The CFD&HT air cavity object calls TermoFluids CFD&HT code [11] which is an object-oriented
parallel and unstructured CFD&HT code for the resolution of industrial flows. In this object, the threedimensional Navier-Stokes equations are spatially filtered. Therefore, some level of modelisation for the filtered
non-linear convective terms is required. This approach is known as large-eddy simulation (LES) of the turbulent
flow. In LES, all temporal scales of the flow together with the largest spatial scales are solved, and only the
small scales of the flow are modeled by means of a sub-grid scale model (SGS).
The discretised continuity, momentum and energy filtered equations, assuming constant thermophysical
properties and negligible viscous dissipation effects in the energy equation read,

ݑܯ
ሬԦ = 0
ȳ
ȳ

ሬԦ
డ௨
డ௧
ഥ
ப
ப୲

(eq. 3)

തതതതതതതത ൎ െܯȞ
+ ݑ(ܥത)ݑത + ݑܦݒത + ߩିଵ ȳpത െ ݂ = ݑ(ܥത)ݑത െ ݑ)ݑ(ܥ
+ ݑ(ܥത)ܶത +

ఔ


തതതതതതതതതത
ܶܦത െ 
· ݍௗ = ݑ(ܥത)ܶത െ ܥҧ ( ܶ)ݑൎ െܯȞ்

(eq. 4)
(eq. 5)

where ݑ
ሬԦ ܴ אଷ , ҧ ܴ א and ܶത ܴ א are the filtered velocity vector, pressure and temperature, respectively
(here m applies for the total number of control volumes (CVs) of the discretised domain). ȳ ܴ אଷ is a matrix
with the cell control volumes. ݂ are the body forces, ݂ = ߚ൫ܶ െ ܶ ൯ࢍ. Convective and diffusive operators are
ሬԦ) = (࢛
ሬԦ · ܴ א )ଷ× ,  = ܦെଶ ܴ אଷ×ଷ respectively. Gradient and divergence (of a vector)
given by ࢛(ܥ
operators are given by ܴ א = ܩଷ× and ܴ ·  = ܯ×ଷ respectively.
The last term in Eqs. (6) and (7) indicate some modelisation of the filtered non-linear convective term. ܯ
represents the divergence operator of a tensor, and Ȟ is the sub-gird scale (SGS) stress tensor, which is defined
as[4],

Ȟ = െ2߭௦௦ തܵതതపఫത + (Ȟ: I)ܫ/3

(eq. 6)

ሬԦ)], and  כ ܩis the transpose of the gradient operator. Ȟ் term is evaluated as in Ȟ
ሬԦ) + ࢛( כ ܩ
where തܵതതపఫത = 1/2[࢛(ܩ
term, but ߥ௦௦ is substituted by ߥ௦௦ /ܲݎ௧ , where ܲݎ௧ is the turbulent Prandlt. To close the formulation, a suitable
expression for the subgrid-scale (SGS) viscosity, ߥ௦௦ , must be introduced. The QR-model based on the
invariants of the rate-of-strain tensor [15] has been used.
The governing equations used in TermoFluids CFD&HT code are discretised on a collocated unstructured grip
arrangement by means of second-order conservative schemes [15], i.e. they preserve the kinetic energy equation
which ensures stability and conservation of the kinetic-energy balance even at high Reynolds numbers and with
coarse grids.
In the context of the large-eddy simulation of turbulent flows, the time advancement algorithm should be
capable of solving all the relevant temporal scales while, at the same time, it should be kept within the stability
domain. Different temporal schemes have been proposed in the literature to deal with time marching algorithm
for turbulent flows (see for instance [16-18]). In this work, a two-step linear explicit scheme on a fractional-step
method proposed by Trias and Lehmkuhl [19] is used. Its main advantage relies on its capacity of dynamically
adapt the time step to the maximum possible value while at the same time it is kept within the stability limits.
This strategy reduces the computational time required without lost accuracy. The method has been successfully

2003

E. Guadamud / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

tested in different flows in [20-22].

3.3 Single phase flow
In this work, a one dimensional model has been chosen to represent the forced convection in the tube, solved by
step by step method. The fact that this code is one dimensional makes difficult the communication between the
fluid flow and the code for the tube heat conduction element. This problem has been solved by heat coupling
between the tube and the pipe elements, evaluating the average heat flux of each n volume controls of the 3D
tube element per plane of extrusion and passed to the pipe element, this average heat flux has been used to solve
the fluid flow and a new temperature profile has been obtained, then this new temperature field has been used to
evaluate the heat flow that has been send to the tube. A heat transfer coefficient has been calculated each time
iteration considering the convective heat flux between the tube and the pipe in the extruded direction as:
గ
ݍԦ௧௨ି,௩ = σ ߙ ൫ܶത௧௨ െ ܶ ൯ 
௭

(eq. 7)

ZKHUH Įf is the HTF convection heat coefficient at Ttube and is evaluated as a function of the Nusselt number
NuDin, the Nusset number and the properties are evaluated at medium temperature between the temperature of
the tube and the temperature of the fluid inside the tube. Due to the lack of specific correlations in literature for
evacuation the Nusselt number taking into accont the temperature distribution of the tube, correlations for
isothermal cylinders are considered. Specifically, the Gnielinski correlation [23] is used for turbulent and
transitional flow (Re>3200) in circular ducts, which reads,

ܰݑ =

(/ଶ)ቀோವ ିଵቁ

ଵାଵଶඥ/଼൫ మ/య ିଵ൯

ቀ



ೢ

ቁ

.ଵଵ

(eq. 8)

with C = (1,82log(ReD)-1,64)-2.
A silicone HTF(Syltherm800)has been used, this fluid is normally used in CSP due to a highly stable at high
temperature liquid phase operation. The thermo-physical properties of the syltherm 800 have been obtained
from the datasheet [24], and the approaches have been made by a polynomial correlation, these properties
correlation are presented in Table 2.
Table 2. Thermo-physical properties correlation of the Syltherm 800.
Property
ȡ
cp

Polynomial correlation
1.269 · 10 െ 1.52ܶത + 1.8 · 10ିଷ ܶത ଶ െ 2 · 10ି ܶത ଷ
1.109 · 10ଷ + 1.7014ܶത + 1 · 10ିହ ܶത ଶ െ 9 · 10ିଽ ܶത ଷ
ଷ

µ

0.6527 െ 6.451 · 10ିଷ ܶത ଷ + 2.552 · 10ିହ ܶത ଶ െ 5.023 · 10ି଼ ܶത ଷ + 4.905 · 10ିଵଵ ܶത ସ െ 1.9
· 10ିଵସ ܶത ହ

Ȝ

1.907 · 10ିଵ െ 2 · 10ିସ ܶത + 1 · 10ି଼ ܶത ଶ െ 8 · 10ିଵଶ ܶത ଷ

3.4 Radiation
3.4.1 Solar Radiation from mirrors to receiver
The estimation of the incident solar energy was done by means of the Monte-Carlo Ray-tracing method, where a
lightning sweep is performed on the various mirrors, the amount of energy incident on the tube is analyzed, and
this amount of energy is saved for the different positions and is treated as a source term for the simulation of the
system. The different matrixes obtained in the method will be loaded one by one each time it is considered
suitable for which there has been a change of solar position and it is verified how it affects the Fresnel System.
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a

b

Fig. 2. Ray-tracing model obtained. (a) without a secondary reflector; (b) with a secondary reflector

Figure 2 shows the flux distribution of the incident solar radiation, comparing it qualitatively between a receiver
without reflector (Fig. 2a) and with secondary reflector (Fig. 2b). In the first receiver the energy concentrates at
lower part of the tube, losing many rays that go towards the upper part of the interior of the cavity, while having
a secondary reflector distributes better the rays that do not directly affect the tube, and suffer second reflections
increasing the optical performance of the system.

3.4.2 Thermal radiation inside the cavity
A Radiosity-Irradiosity method [25] has been applied to solve the non-participating media inside the cavity. The
radiosity and the irradiosity can be expressed as:

݆ = ߝ ܧ, + ߩ ݃

(eq. 9)

݃ = σே
ୀଵ ܨ՜ ݆

(eq. 10)

For N surfaces, equations (11) and (12), define a linear system with N unknowns, the radiosities jK. Once this
system is solved, the toal heat flux, per unit area, is simply qK=jK-gK. Considering the total heat flux QK=AKqK.
A Monte-Carlo Ray-tracing tool is applied to obtain the specular view factors needed, this factors are
implemented on a Radiation model to solve a combined case with natural convection phenomena inside the
cavity and their effects between the surfaces of the cavity and their surroundings.

4. Results
The need to analyze the behavior of a Fresnel Linear Receiver allows us to identify two important criteria, from
the optical and thermal points of view.
The following is an intensive analysis of the various configurations, the parameters that determine its sensitivity,
and has been compared with a commercial code such as OPSOL, obtaining very close results between those
proposed by the RT-method of the CTTC and OPSOL [26]
Table 3. Optical efficiency comparison between this work and OPSOL code.
Parameters

Configuration 1

Configuration 2

Configuration 3

Șopt

55%

57.5%

62.4%

Ș¶opt

39.5%

45.9%

48.4%

Șopt (OPSOL)

55%

60%

63%

Ș¶opt (OPSOL)

38.32%

46.8%

47.6%

4.1 Optical performance of Linear Fresnel configuration
The instantaneous optical efficiency for the three configurations proposed was calculated for some day in April
2016 and based in Taroudant, Morocco. The analysis of the solar field behavior consisted on calculating the
instantaneous power received by the tube during a whole day, from sunrise to sunset. The criteria to be
optimized will be the effect of the receiver height, orientation of the mirrors, distribution of power in the
symmetry plane, shadows basically.

4.1.1 Effect of receiver height.
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It has been observed that increasing the height of the receiver results on a slightly higher performance. The
reasons identified were: the orientation of the heliostats becomes more favorable, and the receiver being at a
larger height casts less shadow on the mirrors.

4.1.2 Shadows
The shadows play a role in the efficiency of the system in two different ways. For the first and last hours of the
day, when the sun altitude is low, some mirrors cast shadows onto other mirrors, thus decreasing the mirror
surface area that reflects solar radiation to the receiver. On the other hand, when the sun is high in the sky, the
receiver successively cast shadows one mirror by one mirror, thus also decreasing the effective area of the
mirror. These two effects are illustrated in Figure 6.

Fig. 6 Shadows cast on the mirrors are shown in black. Left: mirrors casting shadows on other mirrors when the sun is low in the
sky. Right: receiver casting shadows on two mirrors when the sun is high in the sky.

It can be observed that the shadow casted by the receiver has less impact the higher the receiver is placed,
because the shadow lasts for less time and covers less area of the mirrors. The fraction of the mirror that is
illuminated during the course of the day, for several heights of the receiver, can be seen in Figure 7. The dents in
the graphs correspond to the shadow of the receiver crossing the mirror, while the linear decrease at the end of
the day (for outer mirror) and at both the beginning and end of the day (for the inner mirror) are due to the
shadows cast by other mirrors. It is apparent from the figure that the effect of the shadows cast by the receiver is
more detrimental for the configurations where the receiver is placed at lower a height. The effect of the shadows
cast by other mirrors is (nearly) independent of the receiver height.

Receiver shadow
Other mirrors
shadows

Receiver
shadow
Other mirrors
shadows

Other mirrors
shadows

Fig. 7 Illuminated fraction of outer (top) and inner (bottom) mirrors, for several receiver heights.As the receiver height increases,
both the size and duration of the shadow cast by the receiver decrease, making the mirror more effective.

4.1.3 Orientation of the mirrors
The orientation of the mirrors has an effect on the total power that can be reflected by the mirrors to the receiver
and to the tube. Ideally, the mirrors should be facing a direction perpendicular to the direct solar radiation, but
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there is a constraint that the orientation of the mirror is in fact determined by the point where it is supposed to
focus the incoming solar radiation. Therefore, for a given receiver height and sun position, the orientation of the
mirror is fixed. Looking at Fig. 3 one can expect that the orientation is more favorable the higher the receiver is
placed, because the mirror will present a larger cross section to the solar radiation.

Outer mirror

Inner

Fig. 3 Orientation of mirrors at noon. Blue mirrors: receiver height of 2m. White mirrors: receiver height of 8m. Taking into
account that solar radiation at noon comes in Y direction (with some amount of Z component), clearly the higher the receiver
height, the more effective area the mirrors present to the solar radiation. This effect is more important for the outer mirrors.

The influence of the orientation of the mirrors throughout the day is plotted in Figure 4. The inner mirror is the
closest to the receiver, and the outer mirror is the furthest. The power reflected by the inner mirror due to its
orientation is nearly independent of the receiver height. On the other hand, for the outer mirror the power
reflected varies significantly with the receiver height.

F

F

Fig. 4 Fraction of available solar power reflected by mirrors during the day. Geometric considerations only, i.e., the surface
reflectivity of the mirror is not considered in these plots. Left: outer mirror (the higher the receiver, the more solar radiation is
reflected). Right: inner mirror.

The daily integrated energy is shown in Figure 5. The closer the mirror is to the receiver (higher mirror index),
the less influence the receiver height has on the power it can deliver. Note that the power reported is all of the
power that is going to be reflected by the mirrors, without taking into account the distribution of this power in
the zone near the receiver and the tube. In fact, not all of this power is going to be absorbed by the tube.

Fig. 5 Daily integrated energy for every mirror as a function of the receiver height. Inner mirror (6) is almost independent of HR,
while for outer mirrors (lower mirror index) the influence of HR becomes noticeable.

4.1.4 Combination of all effects
To summarize, the receiver was collocated as high as possible so as to get less shadowing and higher cross
section of the mirrors with respect to the incident solar radiation, but less power to the tube could available.
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In Figure 8 the instantaneous power transferred to the tube is plotted for several heights of the receiver. It can be
seen that the most optimal height roughly corresponds to that of the focal length of the parabolic mirrors. Also,
the passage of the shadow of the receiver over the mirrors lasts less for higher heights (the wiggles start later
and end before, and the time between two successive maxima is also shorter), and blocked area is smaller (the
peak of variation is less pronounced).

Fig. 8. Instantaneous power received by the tube in configuration “Cas 2” for several receiver heights.

4.2 CFD&HT modelling of the Fresnel receiver
4.2.1 CFD&HT modelling of the Fresnel receiver with radiation
The simulations were carried out with a direct intensity of variable radiation throughout the day. Similarities in
the behavior and certain differences are presented in the different configurations. Due to the aspect ratio,
visually there are differences, as shown in Figure 9. The first configuration has a double curve since there is a
distance dF1F2 different from zero, whereas in the other two configurations only a single curve is presented. In
the first configuration, the tube is situated at the vertical center of the cavity, in the second one is closer to the
glass cover and in the third configuration; the tube is slightly higher than the vertical center of the cavity. At the
energy level, the differences in position of the absorber tube, as well as the fact that there is a double parabola or
only one, affect the temperature distribution. Higher values are observed in C1, than in the other two.
Configurations 2 and 3 show similar temperatures.
Configuration 1

a

Configuration 2

b

Configuration 3

c

Fig. 9. Average air temperature (a) configuration 1; (b) configuration 2; (c) configuration 3

In the three configurations the tube with a higher temperature than its surroundings is observed, in configuration
3 there is a more closed concentration in the upper part of the cavity due to its closed curve, while in the two it is
the more open, it is better distributed the temperature profile in this zone. In configuration 2, as the tube is
closest to the glass cover, the Nusselt number is slightly higher, but the profile that reaches a higher peak is that
of the first configuration. Figure 10 shows the distribution of the Nusselt number averaged in the air-tube
absorber contact zone (Figure 10a) and in the air-insulation contact zone (Figure 10b). There is a change of
trend in the Nusselt between the air and the insulation, because at the ends it is glued to the glass, where the air
is at a lower temperature than that reached by the insulation, thus reversing the heat flow.
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b

a

Fig. 10. Profiles of the average Nusselt number (a) boundary with tube; (b) boundary with insulation

Fig. 11. Average profiles at middle of the cavity, plane z=1.0 (a) Velocity u profile from horizontal axis; (b) Velocity v profile from
horizontal axis; (c) Temperature profile from horizontal axis.

Figure 11 shows the velocity profile for the various configurations at 12:00 solar time and ate the middle plane
of the geometry (located at z = 1.0) in a horizontal line (parallel to the x-axis). In Figure 11a., it can be observed
that the horizontal velocity u has a symmetrical but inverted behavior due to the geometry. In configuration 2, a
more pronounced peak of horizontal velocity (u) is shown in the zone of contact with the tube. The accelerated
decay of the value of u is due to the boundary layer conditions. The other two configurations show a lighter
decay but with the same tendency. Figure 11b- shows the vertical velocity profile (v), where the symmetry of
the case is visualized with respect to the center of the cavity. It is observed that, for this component of the
velocity, the configuration with the highest peak is in the first. Moving away from the center, the downward
tendency of the air is observed, reaching 0 at the contact end with the insulation. Figure 11c shows the
temperature profile across the cavity from the zone of contact with the tube towards the insulation. It can be
seen that the temperature is higher in the area close to the tube and decrease as it moves away towards the
insulation. These values of temperatures could enhance the thermal wear of the system configurations 2 and 3
are more interesting.

4.2.2 Heat Conduction (Tube, Insulation and Glass Cover) and HTF inside the tube.
Configuration 1

a

d

Configuration 2

b

e

Configuration 3

c

f
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g

h

i

Fig. 12. Instantaneous distribution of the temperature, from top to bottom: insulation element, tube and glass cover. (a), (d), (g)
configuration 1; (b), (e), (h) configuration 2; (c), (f), (i) configuration 3.

Figure 12 shows the instantaneous temperature profiles for each configuration and for each element of the
system (insulation, absorber tube and glass cover). It is observed that the insulation has similar temperatures in
the three configurations, even in the first case where a higher temperature is reached; it remains very similar,
thermal expansion wear in this configuration must be taken into account. The absorber tube also has a high
gradient between the inlet and the outlet, so it should be properly sized to withstand these temperatures and
avoid thermal expansions that punish the element, configurations 2 and 3 exhibit similar behaviors with a
variation of less than 2% of temperature in the tube and somewhat higher in the profile of the glass cover.

5. Conclusions
An advanced global model of a Fresnel linear system with couplings between natural convection, solar and
thermal radiation, and its simultaneous multi-physics resolution allows us to estimate, study and analyze, the
behavior of these systems in order to determine how is affected by the variation of the various parameters such
as the height of the receiver, the shadows between mirrors, the orientation from the optical point of view. From
the thermal point of view allows simulating diverse scenarios, to know maximum permissible temperatures. The
coupled resolution also helps to determine the outlet temperature of the carrier heat fluid with a correct estimate,
to test new materials, lighter or with lower optical properties, but to meet the energy requirements of these
systems with the aim of reducing costs and making them more competitive with respect to other technologies of
solar concentration.
The implementation of the system through a block where it can be varied of physical properties, the fluid carrier
heat and the different models that are applied for its resolution, hypothesis, numerical approximations, etc.,
make this multidimensional model a versatile tool with many applications at industrial and energy sector level.
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Abstract
Solar Chimney Power Plant (SCPP) is guided through natural draft utilizing solar radiant energy to impart ascending
thrust to the flow of air and therefore, transforming the radiant energy to run the turbine. A simplified model for a
solar chimney power plant aided with reflectors is developed and a comparative study is conducted with an SCPP
model without reflectors. This paper presents the enhanced performance analysis of the SCPP model with the aid of
reflectors by increasing the radiant energy incident onto the floor and presents its performance for Dhahran, Saudi
Arabia. For solar radiation data of 2016, the reflector aided SCPP model can produce on average, around 331kW
during daytime and has an average air mass flow rate of around 432 kg/s, when compared with traditional SCPP of
same geometry which produces 123kW. The energetic efficiency and power output are found to increase by 40%
and 167%, respectively. Moreover, power produced, energy efficiency, the variation of temperature for the floor, the
variation of mass flow rate and inlet velocity of the turbine for each month of the year are reported.
Keywords: Solar Chimney Power Plant (SCPP), Reflectors, Energy, Efficiency.

1. Introduction
SCPP is an agglomeration of three traditional mechanisms: the green house, the lengthened chimney at the center,
and the wind turbine seated within the chimney. This setup fulfills the effort of transformation into electrical energy
from the radiant energy of sun. This transformation involves two steps. During the first step, air flowing radially
inwards under the collector transforms the radiant energy into thermal energy and this stride is fulfilled by the
greenhouse effect. During the next step, the chimney transforms the developed thermal potential into kinetic energy
and finally into electricity through the generator connected to the wind turbine.
In the simple model, the collector is built with the film of glass or plastic cover drawn out evenly and advanced on
the top of the ground, thus the cover fulfills the objective of trapping the heated air, and in turn allows the radiation
of the smaller wavelength from sun and on the other side below arresting the radiation of smaller wavelength
emanated from the ground. Consequently, temperature above the ground rises up, which in turn heats the air flowing
beneath the film. The elevation of the collector cover, just above the ground increases evenly towards the middle of
the SCPP. This accommodates continuous smooth passage of the hot air flowing through the long tubular chimney
and therefore, downsizing the disturbance within the flow and thereby diminishing the eddy loss. A flat collector of
these characteristics can transform a considerable fraction of the radiant energy into thermal energy.
The idea of SCPP was conceived by (Schlaich Jorg 1995) and (Haaf et al. 1983) in the 1970s. The very first
operational 36 kW pilot plant was constructed in Manzanares which is near Madrid in Spain. The concept of SCPP
was developed gradually over the years, several research issues argued distinct facets of the SCPP, in which intricate
mechanism of heat transfer and fluid mechanics appear. But a very few attempts have been reported to enhance the
performance of the system.
One of the technique was to introduce water filled tubes for thermal storage as reported by (Kreetz, H. 1997), water
filled tubes are placed on the ground upon which radiation is incident, thermal energy is stored during day time and
during night time when there is no solar radiation, temperature of air in the collector drops. Then water inside the
tubes releases the heat that is stored during the day. But in the extended study of (Bernardes 2004) it is reported that
the power produced during the peak hours of sunshine is decreased as the heat is absorbed by the water filled tubes.
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Anyhow, uniform power output is produced throughout day and night i.e., approximately 40% of the peak power of
a traditional SCPP without water tubes is produced depending upon the depth of water stored.
Later (Pasumarthi and Sherif 1997, 1998a, 1998b) developed mathematical model, performed theoretical and
experimental analysis. They suggested two designs, one is to elongate the sloped collector and the other was to
introduce absorber plate in between ground and glass cover, both the designs were found to enhance the energy
output by 10-15% compared with previous designs. Considering the first design suggested by (Pasumarthi and Sherif
1997, 1998a, 1998b) with the increase in the elongated sloped collector would surely increase the area subjected to
solar radiation, but due to geometric constraints owing to negative draft it will also increase the height of chimney
which is not desirable from construction and functioning aspect of SCPP.
(Bilgen and Rheault 2005) designed sloped SCPP for hills at high latitudes and evaluated its performance. As natural
hills are used as collector field, the chimney height is reduced by 90%, which reduces the construction and
maintenance cost. But construction of sloped collector increases the cost as it involves much civil work. Anyhow the
authors claimed the efficiency of 0.48%, which is slightly better than the traditional SCPP. (Zhou et al. 2009)
proposed a novel concept for producing energy by integrating a solar collector with a man-made mountain hollow.
The mountain hollow, formed by excavation in a large elevation mountain, can avoid the issues of concrete chimneys
which could reduce the usage of material and construction cost.
(Islamuddin et al. 2013a, 2013b) proposed a new idea of providing an external heat source to the SCPP by placing
the hollow rectangular channels beneath the collector cover and passing the exhaust gases (flue gases) through it.
They developed the mathematical model and investigated the numerical simulation, they validated their result with
the analytical model of (Petela 2009c). But increase in overall efficiency of the system is found to be 1.14%. Anyhow,
short coming of this hybrid technique is that flue gas is to be transported to the location of SCPP or thermal power
plant should be in the vicinity of SCPP.
It can be observed from the literature review that no technique is able to enhance the efficiency of SCPP by more
than 1.5%. In this article, study on new technique is emphasized, keeping the geometric parameters of SCPP same
as that mentioned in the literature, an effort has been made to increase the radiation incident on solar collector with
the aid of reflectors. Enhancement in the performance of SCPP was observed which is described in detail by
performing energy analysis for Dhahran, Saudi Arabia. The results of the current research will be a valuable reference
for researchers extending their studies for enhancing the efficiency of SCPP.

2. System Description
Air enters the collector through (point 0) via a gap of H e. The floor of the collector is of diameter Df, which is under
the transparent cover which rises proportionally to ensure a constant radial cross-section area of flow for the radially
directed air. The assumption of a constant radial cross-section implies

Sܦݔ ܪݔ  ൌ Sܦݔଵ ܪݔଵ  ൌ Sܦݔଵଶ ȀͶ

(eq. 1)

The values of He and Df allows to determine inlet turbine diameter and height.
భ

ܦଵ  ൌ  ൫Ͷܪݔ ܦݔ ൯మ
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(eq. 2)
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(eq. 3)

The Collector floor heats the air from state 0 to a state 1. Heated air expands in the turbine to state 2. The inlet and
outlet diameters of the turbine are D1 and D2, respectively. Height of the turbine is HT; (H1 + HT = H2). Air after
expansion leaves the SCPP through the top of chimney of height H 3. Fig. 1 depicts the schematic representation of
the SCPP taken into consideration for the present study.
Tab. 1: Dimensions of SCPP considered for present study

Geometric Parameter

Dimensions in Meter

Df (Diameter of floor surface)

240

H3 (Height of Chimney)

195

He (Height of Deck at Point 0)

0.3
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The above dimensions from Tab.1 are substituted in afore mentioned geometric correlations to obtain overall
dimensions of SCPP, owing to the fact to keep constant radial cross sectional area throughout the flow.
3

SUN

D2

R1

Chimney
H3

α
L

2

Turbine
Deck
d

HT

D1
0

Floor

1

He

H1

Df
m
Fig. 1: Schematic Diagram of Solar Chimney aided with reflector

Once the geometric parameters of SCPP are determined then the location of reflectors is set such that the radiation
incident on the mirror is reflected on to the collector field. Here, m denotes the distance of mirror from the center of
SCPP, d, denotes the height between lower edges of mirror to the ground, L, denotes the length of mirror placed at
an angle α. Since the mirrors are placed around the deck in concentric pattern, in our analysis, we consider the
location of mirror along the mean position of the mirror field.
The ratio of reflection of mirror on deck to each mirror area is assumed to be one, which implies total area of mirrors
required is equal to area of deck.
்௧ௗ

ܰ ݏݎݎݎ݂݅݉ݎܾ݁݉ݑൌ  

(eq. 4)

The dimensions of SCPP and positioning of mirror with respect to SCPP evaluated in this study are provided in
Tab.2.
Tab. 2: The dimensions of the SCPP aided with reflectors under evaluation

Geometric Parameter

Dimensions

Area of each mirror

4 m2

Number of mirrors

11260

m

150 m

L

2m

d

10 m

Alpha

700

3. Mathematical Modeling
First geometric modelling of SCPP is performed which is followed by energy analysis of the SCPP. The
thermodynamic equations are derived by obtaining the correlation between the solar input energy, energy losses at
various locations, and final output power. Then, it is followed by analyzing SCPP model for Dhahran conditions
depending up on the solar irradiation data. Once all the correlations between energy input and final output are
obtained, all the equations are solved simultaneously using EES.

2014

F.M. Hussain / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

3.1. Energy Analysis
Energy conservation principle using control volume approach is applied to each part of the SCPP. The energies are
represented by E and the six energy balance equations are used considering the floor surface, collector (includes
floor, air and deck), turbine, air in collector, chimney as presented by (Hussain and Al-Sulaiman 2016).

ܧ௦ି  ܵோ ൌ ܧି  ܧିௗ

(eq. 5)

ܧି  ܧௗି ൌ ܧଵ  ܧ௪ଵ  ܧଵ

(eq. 6)

ܧௌି ൌ ܧଵ  ܧ௪ଵ  ܧଵ  ܧௗି௦௬  ܧௗି  ܧௗି

(eq. 7)

ܧଵ  ܧ௪ଵ  ܧଵ ൌ ܧଶ  ܧ௪ଶ  ܧଶ  ܧ௪

(eq. 8)

ܧଶ  ܧ௪ଶ  ܧଶ  ܧௗି ൌ  ܧଷ  ܧ௪ଷ  ܧଷ 
ൌ  ܧି  ܧି௦௬  ܧି

(eq. 9)

ܧି  ܧௗି ൌ ܧି  ܧି௦௬  ܧି

(eq. 10)

Subscripts used in the above equations have the following definitions:
Tab. 3: Definition of subscripts in the above equations (5)-(10).

Subscript

Definition

Subscript

Definition

S-f

The solar radiation reaching the floor.

SR

Radiant energy obtained by reflectors.

f-a

Heat transfer by convection from floor
to air.

ch-sky

Heat transfer by radiation from
chimney to sky.

.
f-d

Heat transfer by radiation from floor to
deck.

ch-gr

Heat transfer by radiation from
chimney to ground.

d-a

Heat transfer by convection from deck
to air.

a-ch

Heat transferred from the air in
chimney to the surface of chimney.

d-ch

Heat transfer by radiation from deck to
chimney.

a1, a2, a3

Enthalpy of air at different points.

d-sky

Heat transfer by radiation from deck to
sky.

w1,w2, w3

Kinetic energy of air at different points.

d-amb

Heat transfer by convection from deck
to atmosphere.

p1, p2, p3

Potential energy of air at different
points.

ch-amb

Heat transfer by convection from
chimney to atmosphere.

P

Power generated by turbine.

The Kinetic energies are calculated using the well-known formula:

ܧ௪ ൌ ݉ ൈ  ݓଶ Ȁʹ

(eq. 11)

The mass flow rate m is calculated as:

݉ ൌ ͲǤʹͷ ൈ Ɏ ൈ ܦଵଶ ൈ ݓଵ ൈ ߩଵ

(eq. 12)

Where, w represents velocity and ρ represents density.
Enthalpy of air is calculated using the formula:

ܧ ൌ ݉ ൈ ܿ ൈ ሺܶ െ ܶ ሻ

(eq. 13)

The potential energies of air are calculated using the formula derived by (Petela 2009b):
ଵ





ܧ ൌ ݉ ቄെ ቂ ሺߩ െ ݁ሻଷ  ሺߩ െ ݁ሻଶ ቃቅ
ఘ ௗ
ଶ

(eq. 14)

Where, a, b, d and e are constants having a particular value, given by (Petela 1964, 2003, 2008a, 2008b, 2009a).
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The solar energy received by the floor of the collector is given as:

ܧௌି ൌ ߬ௗ ߝ ܣܫௗ

(eq. 15)

Where, I is the incident solar radiation on the earth surface, ߬ௗ is the transmissivity of deck, and ߝ is the emissivity
of the collector floor, ܣௗ is the floor surface area, which receives the solar radiation and defined as:

ܣௗ ൌ ߨሺܦଶ െ ܦଵଶ ሻȀͶ

(eq. 16)

The additional solar energy SR received by the floor with the aid of reflectors is defined as:

ܵோ ൌ ݎଵ ߬ௗ ߝௗ ܣܫௗ

(eq. 17)

Where r1 represents the reflectance of reflector R1, and was assumed to be 0.9, ߬ௗ is the transmissivity of deck, and
ߝ is the emissivity of the collector floor reflectors are assumed to be of same area as of floor surface area.
The energy radiated by the deck to chimney is calculated as:
గ

ସ
ସ
ܧௗି ൌ ߝௗ ൣܦଶ െ ሺܿ ܦଶ ሻଶ ൧ߪሺܶௗா
െ ܶ
ሻ
ସ

(eq. 18)

ܶௗா is the effective temperature of the deck, ܿ is factor which is used to account for the thickness of the chimney
wall. The shape factor for radiation from the deck to the chimney߶ௗି can be calculated as:
గ

߶ௗି ସ ൣܦଶ െ ሺܿ ܦଶ ሻଶ ൧ ൌ ߶ିௗ ߨܿ ܦଶ ሺܪଷ െ ܪଶ ሻ

(eq. 19)

Where, ߶ିௗ can be determined from
߶ିௗ ൌ ͲǤͷ ൈ ሺͻͲ െ βሻȀͻͲ, the value for ߚ is found from  ߚ ൌ ʹ ൈ ܪଷ Ȁܦ
Energy radiated from the floor to the deck is given by:
ସ
ସ
ܧିௗ ൌ ܣௗ ߪሺܶா
െ ܶௗா
ሻ

(eq. 20)

Where, ܶா is the effective temperature of the floor.
Energy transfer from the floor to air by convection is given as:

ܧି ൌ ܣௗ ݄ି ሺܶா െ ܶா ሻ

(eq. 21)

Energy transfer from the deck to air by convection is given as:

ܧௗି ൌ ܣௗ ݄ௗି ሺܶௗா െ ܶா ሻ

(eq. 22)

Energy transfer from the deck to ambient by convection is given as:

ܧௗି ൌ ܣௗ ݄ௗି ሺܶௗா െ ܶ ሻ

(eq. 23)

Energy transfer from the chimney to environment by convection is given as:

ܧି ൌ ܣ ݄ି ሺܶ െ ܶ ሻ

(eq. 24)

Energy transfer from air inside the chimney to the chimney wall by convection is given as:
்ೌమ ା்ೌయ
ଶ

ܧି ൌ ߨܦଶ ሺܪଷ െ ܪଶ ሻ݄ି ቀ

െ ܶ ቁ

(eq. 25)

In the above equations h is the convective heat transfer coefficient for the respective pair of the surfaces, and the
chimney surface area is defined as:

ܣ ൌ ߨ ൈ ܿ ൈ ܦଶ ൈ ሺܪଷ െ ܪଶ ሻ

(eq. 26)

The convective heat transfer coefficient ݄ି can be determined as, ݄ି ൌ ܰ ݑൈ ݇Ȁܦଶ . The Nusselt number is
calculated fromܰ ݑൌ ͲǤͲʹ͵ ൈ ܴ݁ Ǥ଼ ൈ ܲ ݎǤସ . Here Reynolds number is calculated as ܴ݁ ൌ ݓଶ ܦଶ Ȁߥ, and the Prandtl
number (Pr) is taken as constant for air, Pr=0.7.The convective heat transfer coefficient ݄ି is determined
considering forced convection. The calculations for ݄ି is made using Reynold’s Number, instead of Grashoff
Number. For this the average flow velocity of the air is assumed. Energy radiated from the deck to the chimney is
given as:
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ସ
ସ
ܧௗି ൌ ߶ௗି ܣௗ ߪሺܶௗா
െ ܶ
ሻ

(eq. 27)

Energy radiated from the deck to sky is given as:
ସ
ସ
ܧௗି௦௬ ൌ ߶ௗି௦௬ ܣௗ ߪሺܶௗா
െ ܶ௦௬
ሻ

(eq. 28)

Energy radiated from the chimney to sky is given as:
ସ
ସ
ܧି௦௬ ൌ ߶ି௦௬ ܣ ߪሺܶ
െ ܶ௦௬
ሻ

(eq. 29)

Energy radiated from the chimney to the ground which is not a part of the collector is given as:
ସ
ସ
ܧି ൌ ߶ି ܣ ߪሺܶ
െ ܶ
ሻ

(eq. 30)

The shape factor relations are as follows:

߶ௗି௦௬  ߶ௗି ൌ ͳ

(eq. 31)

߶ି௦௬  ߶ିௗ  ߶ି ൌ ͳ

(eq. 32)

Where, ߶ି௦௬ ൌ ͲǤͷ.
Temperature ܶଶ is calculated using the equation for isentropic expansion in turbine, which is defined as
ഉ

்ೌమ
்ೌభ

ൌ

 ഉషభ
ቀమ ቁ
భ

(eq. 33)

Where ߢ for air is 1.4. Internal efficiency of turbine is ߟ ் . Energy is converted into electric power at an overall
efficiency ߟ , which also includes mechanical and electrical efficiencies of the turbine generator. Further as
mentioned in (Petela 2009b, 2009c), the temperature drop in the chimney can be estimated using eq. 34.

ܶଶ െ ܶଷ ൌ ͲǤͳͷͶ ൈ ܦଶ ൈ ܪଷ Ȁ݉

(eq. 34)

Air distribution inside the collector was assumed to be linear. Therefore, the average temperature of air inside the
collector was calculated as:

ܶா ൌ ሺܶ  ܶଵ ሻȀʹ

(eq. 35)

Relative pressure drop across the chimney for maximum fluid power was given by (Backstrom and Fluri 2006) as:
భ ିమ
భ ିయ

ൌ

ଶ
ଷ

(eq. 36)

The energetic efficiency of an SCPP aided with reflectors is described as below.
ா

ߟ௬ ൌ  ா ೢೝ
ͲͲͳ כ
ାௌ
ೞ

(eq. 37)

ೃ

The following assumptions are used:
ܶ ൌ ܶ , ܿ ൌ ͳǤͲͳͷ , ܿ ൌ ͳͲͲͲ
ͷ

ௐ
మ

ܭ,




 ܭ, ߢ ൌ ͳǤͶ , ߟ ் ൌ ͲǤ,  ்ܪൌ ͳ݉, ݄ି ൌ 

ௐ
మ

ܭ, ݄ௗି ൌ

ܪ ൌ ͲǤ͵݉

4. Results and Discussion
All the above formulated energy equations have been solved using sufficient and necessary assumptions with the
help of EES software simultaneously, considering all the losses into account which eased in determining the
theoretical final power output and hence forth the theoretical efficiency as well. Taking monthly average data into
consideration, energy output and efficiency were determined for the SCPP model with and without reflectors for
Dhahran, Saudi Arabia. The direct relationship between the energy output and the efficiency could not be drawn as
they are dependent on many inter-dependent parameters, such as solar insolation, wind speed, atmospheric
temperature. Furthermore, the geometry of the solar chimney model plays a vital role, which was clearly depicted in
the results below. All the required data such as average insolation, wind speed, and atmospheric temperature for
Dhahran, Saudi Arabia, was taken from NASA metrological website for the year 2016 which has a record of data for
past 22 years.
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From Fig. 2(a). With the aid of reflectors it is evident that there was increase in amount of irradiation incident on
collector surface area by 90.25%, maximum intensity is found during the summer months vice versa along the winter
months it is found to be minimum. It followed the same pattern as that of the available solar radiation over a period
of one year. Fig. 2(b). Depicts the temperature of the floor upon which solar radiation is incident. The average
ambient temperature for Dhahran is 297K, average floor temperature for SCPP model with and without reflectors
are found to be 423K and 387K. Increase in floor surface temperature when aided with reflectors is found to be 9.3%,
the higher floor temperature causes the density variation in air which in turn moves air towards the center i.e., low
density area which helps in driving the turbine. The maximum temperatures were found to be for the summer months,
which also correspond to maximum power generated. Across the winter months the temperatures were observed to
be lower which corresponds to a lower power output as well.

2 (a)

2 (b)

Fig. 2: (a) Variation of incident radiation on SCPP model at Dhahran, Saudi Arabia. (b) Variation of floor temperature.

Variation of Mass flow rate and velocity at the inlet of the turbine are summarized in Fig. 3. The highest velocity
and greater mass flow rate are observed for the month of July and August which has the highest incident solar
radiation, as well as, higher energy output. With the aid of reflectors, average increase in velocity and mass flow rate
are found to be 180% and 172% respectively.

3 (a)

3 (b)

Fig. 3: (a) Variation of mass flow rate. (b) Variation of velocity at the inlet of turbine.

Theoretical power output and efficiency of SCPP model for both the cases are determined and summarized in Fig. 4.
Increase in power output due to reflectors is found to be 167% whereas efficiency was increased by 40%, which is
much higher than the design suggested by Pasumarthi and sherif (Pasumarthi and Sherif 1997, 1998a, 1998b).
From Fig. 2(a). Fig. 4(a). Fig. 4(b). an important conclusion can be drawn though the energy output was found to
be less for the months of January and December, but SCPP model is found to have a maximum efficiency during this
period, it is because of the fact that the velocities obtained are less which increases the duration of contact between
air and floor in which air absorbs more heat from floor, when compared with summer months; thereby making the
system more efficient for the winter months but less energy output because of lower solar irradiation.
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4 (a)

4 (b)

Fig. 4: (a) Variation of efficiency. (b) Variation of energy output of the SCPP model.

5. Conclusions
This paper presents the enhanced performance analysis of the SCPP model with the aid of reflectors by increasing
the radiant energy incident on to the floor and presents its performance for Dhahran, Saudi Arabia.
x

It can be concluded that, the energy output is nearly directly dependent on the mass flow rate, which in
turn is dependent on the geometry of the model, wind speed, and density.

x

The reflector aided SCPP has an average air mass flow rate of around 432 kg/s, when compared with
traditional SCPP which has an air mass flow rate of 158 kg/s.

x

The SCPP aided with reflector is found to increase floor temperature by 9.3%.

x

The reflector aided SCPP can produce on average, around 331kW during daytime when compared with
traditional SCPP of same geometry which produces 123kW.

x

The energetic efficiency found to increase by 40% and energy output is increased by 167%.
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Abstract
The low-temperature-caused freezing of outdoor pipes and solar collectors in winter night is one of the most
serious problems in solar thermal system. Studying the heat loss characteristic of the solar connector groups in
nighttime is greatly significant for solar collector groups anti-freezing and maintaining system safety. In this paper,
a heat loss mathematical model was established and validated through on-site measurement, to investigate the
heat loss characteristic of the flat plate solar collectors (FPC) groups. Furthermore, the anti-freezing critical flow
rate was analyzed when outdoor temperature and inlet water temperature vary. As an illustrative example, the antifreezing analysis for Harbin, a northern city in China, was conducted. The results show that, the front heat loss
and connecting pipes constituted the main heat loss of the solar collector group in nighttime, which accounted for
63.32% and 15.53% respectively. Besides, making anti-freezing flow rate equal to daytime working design flow
rate is not suitable. Hence, the flow rate should be reduced through the water pump frequency conversion methods.
Moreover, winter minimum temperature in China severe cold area can be 28.7ć. On that occasion, a single set
of solar connector group should keep the inlet temperature higher than 15ć, while the flow rate larger than
0.5L/min.
Keywords: flat plate solar collectors, nighttime heat loss, heat loss mathematical model, anti-freezing

1. Introduction
With the extensive use of fossil fuels, global pollution problem is getting increasingly serious. The use of
renewable energy has been paid more and more attention to by many countries around the world, in which the
solar energy is promoted for the similarity to that of traditional energy maneuverability and adaptability (F. Dinter
and Mayorga Gonzalez, 2014; Xiaolei Li et al., 2017) . Solar energy utilization can be either photovoltaic or
photothermal. While the hot water system, which is a kind of photothermal, is of high working stability and easy
for thermal energy storage, making it suitable for heating in winter (BillyAnak Sup et al., 2014; CJ Porras-Prieto
et al., 2014; L.M. Ayompe et al., 2011). However, in severely cold areas, the freezing of outdoor pipes and
collectors is one of the most serious problems, which, to a certain degree, limits the utilization of solar energy and
decreases the system economic performance (Huifang Liu et al., 2015). As a result, studying the heat loss
characteristic of the solar connector groups at night to avoid frost crack and maintain the system working safe and
stable really makes a great difference.
According to available literatures, many scholars studied the solar connector anti-freezing. The conventional
measures include the use of antifreeze fluid, electric tracing tapes, draining water from the collectors and using
the hot water in a thermal storage tank to heat the outdoor pipes by circulation (BV Bourke, 1995; HMS Hussein
et al., 1999; M Smyth et al, 2001; PW Cronin et al., 1997; R.H. Lewis and JB Carr, 1981). For FPC, KLEINS
(S.A. Klein, 1975) proposed a method to calculate the heat loss coefficient, and respectively, put forward the top,
bottom and side heat loss coefficient calculation method. Gao Liuhua (Gao Liuhua et al., 2014) proposed a onedimensional steady state mathematic model of single FPC. He took overall heat loss coefficient of collector as a
variable quantity. And absorber plate thickness and tube spacing of copper-aluminum FPC were optimized based
on efficiency factor and metal consumption of collector. Th Beikircher (Th. Beikircher et al., 2014) studied heat
loss measurements without insolation and a novel conversion towards daytime conditions. This research thought
a broader application and test of the new method for further types of solar collectors by independent researchers
is desirable. Fan Zhou (Fan Zhou et al., 2017) did experimental and numerical study of the freezing process of
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FPC, finding that narrowing the pipe space, increasing the pipe diameter or header diameter and reducing the
emissivity of absorber and glass-cover are the effective ways of enhancing the antifreeze performance of flat-plate
collector. But the reported studies rarely analyze the influence of the environment temperature, the inlet
temperature, and the flow rate to a FPC group anti-freezing.
In this paper, a heat loss mathematical model was established and validated through on-site measurement, to study
the heat loss characteristic of the FPC groups. Furthermore, the anti-freezing critical flow rate was analyzed when
outdoor temperature and inlet water temperature vary. And we had an anti-freezing analyze of Harbin as a typical
case. This study can provide meaningful references for practical engineering.

2. Experimental System
In order to study the heat loss characteristic of FPC groups in nighttime, we built a test bench at Sichuan University,
which is at east longitude 30.67° and north latitude 104.06°. Fig.1 is the schematic diagram of the experiment
system. From the figure, the test bench includes two FPC groups, which can control the flow rate independently.
Besides, each FPC group is set up by two pieces of 2000mm×1000mm×700mm FPCs in parallel. The FPCs is
facing south while the installation angle is 40°. Within each FPC group, the connecting pipes between two FPC is
74mm long and is made of copper.

Flow out

Flow in
Fig.1 experiment system diagram

Fig.2 is the FPC configuration diagram, which shows the PFC comprises glass cover-plate, sheet absorber, pipe,
insulating layer and housing. The sheet absorber is made of pure aluminum anodic oxide film plating. The
insulating layer is made of polyurethane foam. And the pipe is made of copper. The heat loss of FPC can be
divided into front heat loss, bottom heat loss, and side heat loss. Tab.1 shows detailed parameters for the FPC and
connecting pipes.

Side heat loss

Side heat loss

Front
heat loss

Bottom heat loss
Fig.2: FPC configuration diagram
Tab. 1: Detailed parameters for the FPC and connecting pipe

2022

Item

Value

Item

Value

FPC length /mm

2000

Connecting pipe number

2

FPC width/mm

1000

Connecting pipe length/m

0.074

FPC thickness/mm

70

Connecting pipe thermal

386.4
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conductivity/W灄(m灄K)-1
FPC lighting area /m2

1.85

FPC pipe outer diameter / mm

8

Sheet absorber length/mm

1940

0.5

Sheet absorber width/mm

950

FPC pipe wall thickness /mm
FPC pipe thermal conductivity / W灄(m灄K)-1

386.4

Sheet absorber thickness/mm

0.4

Glass cover-plate emissivity

0.9

Sheet absorber emissivity

0.09

1

Sheet absorber absorptivity

0.95

Glass cover-plate number
Insulating layer thermal conductivity /
W灄(m灄K)-1

Sheet absorber thermal conductivity
/W灄(m灄K)-1

202.8

Bottom insulating layer thickness /mm

20

Connecting pipe outer diameter / mm

22

Side insulating layer thickness /mm

20

Connecting pipe wall thickness /mm

0.6

0.023

The pipe between temperature measuring point and inlet or outlet water gates for FPC group is short and has a
good thermal insulation, so it is assumed that the tested temperature is the temperature of water inlet or outlet
gates for FPC group. T-type thermocouples (with accuracy of 2%) were used to measure the inlet temperature and
outlet temperature of each groups, as well as the ambient temperature. All measurement data is collected by a
JTRG-II building thermal temperature automatic tester. And flow meters (with accuracy of 5%) were used to
measure the flow of every FPC group. Testing started from 20:15 Mar. 11 to 7:00 Mar. 12, with 1 min recording
interval.

3. Heat Loss Mathematical Model
In this paper, one group of FPCs in Fig.1 is the studying object for the heat loss mathematical model, which
includes two pieces of FPCs and two pieces of connecting pipes.

3.1 Heat Loss Mathematical Model for the FPC
In nighttime, the total heat loss of FPC group equals the FPC heat loss plus the connecting pipes heat loss plus the
FPC group heat storage change. The heat loss equation can be written as Eq. (1):

Qu

Qlh  Qp +ƸQs

(eq. 1)

Where  is the total heat loss of FPC group, W;  ,  and   denote the FPC heat loss, the connecting
pipes heat loss, and the FPC group heat storage change, W. The FPC group heat storage is negligible, so we make
an assumption that   0.
The FPC heat loss can be calculated by the FPC lighting area, the total heat loss coefficient, the sheet absorber
temperature and environment temperature (Eq. (2)).

Qlh

AaU L (Ta  Te )

(eq. 2)

Where the
is the FPC lighting area, m2. The
is the total heat loss coefficient, W/m2·K. The  and 
are the sheet absorber temperature and environment temperatureˈKǄ
The total heat loss coefficient is a comprehensive and equivalent value that integrate the front heat loss coefficient,
the bottom heat loss coefficient, and the side heat loss coefficient (Eq. (3)).

U L =U t  U b 
Where the  ǃ
side area, m2.
The



Ae
Ue
Aa
ǃ 

(eq. 3)
denote the front, bottom and side heat loss coefficient, W/m2·K. The



denote the FPC

is calculated by the formula (Eq. (4)-Eq. (7)) put forward by Klein (S.A. Klein, 1975), which has
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considered the heat loss caused by cold radiation of the sky. And the error of the formula can be controlled in f
0.3W/(m2gK)Ǆ
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(eq. 4)
(eq. 5)
(eq. 6)
(eq. 7)

Where the  is the glass cover-plate number. The  is the convective heat transfer coefficient between the air
and the surface. The  and  are the sheet and glass cover-plate absorber emissivity. The  is the installation
angle of FPC.
and

can be calculated by Eq. (8) and Eq. (9).
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Where the  ,  and  are bottom, side, and radiation heat loss heat transfer coefficient, W/ m ·K. We made
the assumption that hr≈0 (Y. Lu et al., 2013). The  can be achieved by outdoor wind speed (Li Ming, 2004),
which is 1m/s according to Chengdu Tianqi net (Chengdu weather net, 2017).
2

hw
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(eq. 10)

Because the sheet absorber is too big and has a non-uniform distribution of temperature, we introduce efficiency
factor F’ for modification (JA Duffie et al., 1980), in order to use the inlet and outlet average temperature instead
of the sheet absorber temperature (Eq. (11)).

Qlh'

AaU L F '(T f  Te )

(eq. 11)

Where the  is the inlet and outlet average temperature (Eq. (12)).

Tf =

T fi  T fo
2

(eq. 12)

Where the  and the  denote the inlet and outlet temperature.
FPC pipe and sheet absorber has three kinds of welding method, welding way adopted in the experiment are
shown in figure 2. The F’ for this kind of welding can be got through Eq. (13).
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Where the W,  and  denote the sheet absorber width, the FPC pipe inner diameter and outer diameter, m.
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The  is the convective heat transfer coefficient between the water and the FPC pipe wall, W/ m2·K. The F is
the sheet absorber efficiency. And the  has a connection with the inlet and outlet average temperature, the flow
velocity, and the FPC pipe inner diameter (Eq. (14)) (Badescu V, 2006).

hi

1430  23.3T f  0.048T f2 vw0.8 Di0.2

(eq. 14)

Where the  is the flow velocity for FPC pipes, m/s. The F can be got through Eq. (15).
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Where the  is the sheet absorber thermal conductivity, W/m·K . The  is the Sheet absorber thickness.

3.2 Heat Loss Mathematical Model for the connecting pipes
The two connecting pipes are symmetrical in the PFC group, so it is assumed that the inlet and outlet average
temperature is equal to the average temperature for connecting pipes. The connecting pipes heat loss can be
calculated by Eq. (16)

Qp

ql l

(eq. 16)

Where the  is the heat loss of unit length, W/m. The l is the length of connecting pipes. The
the formula of thermal conductivity for a cylindrical wall (Eq. (17)).
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Where the
and
denote the connecting pipe inner diameter and outer diameter, m. The
denote the
flow velocity for connecting pipes, m/s. The  is the connecting pipe wall thermal conductivity, W/m·K. The hi’
is the convective heat transfer coefficient between the water and the connecting pipe wall, and can be obtained by
Eq. (18).

hi'

1430  23.3T f  0.048T f2 vw' 0.8 Di0.2

(eq. 18)

3.3 Heat Loss Mathematical Model for the working fluid
The heat loss for working fluid circulating within the FPC group can be calculated by the flow rate and the inlet
and outlet temperatures (Eq. (19)), which are obtained directly by the experiment.

Qu'

U cV (T fi  T fo )

(eq. 19)
3

Where the ρ and c are the density(kg/m ) and specific heat capacity of water(J/(kg·K)). The V is the flow rate of
the connect pipe.

3.4 Anti- freezing Analysis Method
According to the energy conservation law, the heat loss for heat carrying fluid flowing through the FPC group
is equals to the total heat change of FPC group (20).

Qu'

Qu

(eq. 20)

From the Eq. (1)-Eq. (20), We can get the relationship among all the major parameters, which include the  , the
 , the  , and the flow rate of FPCs. If we set outlet temperature equal to 0 as the critical condition of pipe
freezing, we can obtain the critical flow rate in different environment temperature and inlet temperature.
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4. Results and Discussion
4.1 Experimental Results
During the experiment, the flow rate for FPC group 1 and 2 were 3.09L/min and 1.67 L/min. The  and 
for each group and the  are showed in Fig. 3. The Fig. 3 indicates that the inlet temperatures for the two group
were similar, while the outlet temperature for FPC group 1 was higher than that for FPC group 2. It was because
the flow rate for FPC group 1 was higher than that for FPC group 2, making heat transfer time shorter for every
unit of fluid.

Fig. 3: Environment temperature, inlet temperature, and outlet temperature for every minute

In general, heat storage water tank has a limited capacity. With the operation of the anti-freezing working at
nighttime, the inlet temperature become lower and lower, calling for a higher flow rate. So, it makes a difference
to investigate the critical flow rate, which leads to the system antifreeze, in different environment temperature and
inlet temperature.
Fig.4 shows the proportions of the PFC group front, bottom, side heat loss, and the connecting pipe heat loss. The
front part of the PFC group occupied 62.32% of the heat loss, which constitutes the dominant part, because the
cold radiation was large at night, and the top surface was large and has no heat insulation layer. The side part of
the PFC group accounted for 3.57% of the heat loss, which serves as the smallest part, because the side surface
was small and had a good heat insulation layer. The bottom part of the PFC group accounted for 18.57% of the
heat loss, which was much smaller than the front part but had the same surface area as the front part. It was because
of the bottom surface had a good heat insulating, substantiating the importance of heat insulating measures. The
connecting pipes of the PFC group accounted for 15.53% of the heat loss, which was higher than the side part but
lower than underside part. It was because of the connect pipe has no heat insulating layer, and was made by copper
which had a high absorber thermal conductivity. In summary, reducing the heat loss in front part and making
insulation layer for connecting pipes in practical engineering are very important, otherwise, the high heat loss of
PFC groups will cause the outlet temperature too small, inevitably increasing the risk of system freezing.

Fig. 4: The proportions of the PFC group front, bottom, side heat loss, and the connecting pipe heat loss

4.2 model verification
To verify the aforementioned heat loss mathematical model, we use Eq. (20) to compare the total heat loss of FPC
( ) with the heat loss for heat carrying fluid flowing through the FPC group (! ).
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Fig. 5 is the minutely variation of the  and the ! for the two groups. The  and the ! decrease
gradually along the process of FPC groups dissipating heat at night. While the " is higher than # in most
time, implying that the flow rate will be higher with the increase of the heat loss of the FPC group. Besides, since
!
!
, so does the # to #
, the heat loss mathematical model can well
the " is always close and fit well to "
describe the FPC group cooling process.

Fig. 5: The minutely variation of the $% and the $!% for the two groups

Fig. 6 is the cumulative variation of the  and the ! for the two groups. The ∑" for one time is the
!
!
!
!
cumulative  before the time, so does the ∑# , ∑"
, ∑#
to # , "
, #
. The ∑" and the ∑#
increase gradually along the process of FPC groups dissipating heat at night. While the ∑" is higher than
∑# in most time, implying that the flow rate will be higher with the increase of the heat loss of the FPC group.
!
!
with an error of only 1%, so does the ∑# to ∑#
,
Besides, the ∑" is always close and fit well to ∑"
so the heat loss mathematical model can well describe the FPC group cooling process, and the model can be used
to study the heat loss of FPC group anti-freezing process.

Fig. 6: The cumulative variation of the $% and the $!% for the two groups

4.3 Anti-freezing analysis for FPC group
In practical engineering, when the PFC group outlet temperature is lower than 0ć, the water in the system will
be frozen. We define the flow rate of the system leading to 0ć outlet temperature as the anti-freezing critical
flow rate. When the inlet and ambient temperatures are constant, the heat loss increases with increasing flow rate,
so the outlet temperature will be higher than 0ć when the flow rate is higher than the anti-freezing critical flow
rate.
Fig. 7 shows the anti-freezing critical flow rate varies with the ambient temperature and the inlet temperature.
When the ambient temperature is constant, with the increase of inlet temperature, the anti-freezing critical flow
rate is decreased fast when the inlet temperature is lower than 15ć and is decreased slowly when the inlet
temperature is higher than 15ć. When the inlet temperature is constant, with the increase of environment
temperature, the anti-freezing critical flow rate is decreased fast when the inlet temperature is small and is
decreased slowly when the inlet temperature is large. When the inlet temperature is 5ć, the anti-freezing critical
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flow rate is decreased by 0.2L/min when the environment temperature is increased by 5ć. While when the inlet
temperature is 30ć, the anti-freezing critical flow rate is decreased very slow when the environment temperature
is increased.

Fig. 7: The anti-freezing critical flow rate varies with the environment temperature and the inlet temperature

According to the standard (Hu Hanxin, 2016), the flow rate of the FPC group in daytime working is 4.8L/min,
which is three times higher than the maximum anti-freezing critical flow rate in Fig. 7. In other words, the antifreezing critical flow rate at night is much lower than the flow rate in daytime, so making anti-freezing flow rate
equal to daytime working design flow rate is not a reasonable and desirable choice. By contrast, the flow rate
should be reduced through the water pump frequency conversion methods.

4.4 Illustrative Example
We choose Harbin as a case of typical anti-freezing analyzing city, which is located in severe cold area of China
and has the minimum temperature of -28.7ć (U.S. Department of Energy and Lawrence Berkeley National
Laboratory, 2017) in winter. Studying the anti-freezing critical flow rate in the winter extreme temperature of
Harbin can provide meaningful references for practical engineering.
Fig.8 is the outlet temperature varies with the inlet temperature and flow rate in the winter extreme temperature.
When the outlet temperature equals 0ć, the flow rate is the anti-freezing critical flow rate. Firstly, when the inlet
temperature is constant, as the flow rate is increased, the outlet temperature is increased faster. Besides, when the
flow rate is constant, as the inlet temperature is increased, the outlet temperature is increased. And when the flow
rate is 1.5L/min, the outlet temperature is increased by 8ć when the inlet temperature is increased by 5ć.
Furthermore, when the inlet temperature ranges from 5ć to 15ć, the anti-freezing critical flow rate is increased
very fast when then inlet temperature is decreased, which is unfavorable for the anti-freezing flow rate control.
So, in that situation, the inlet temperature should be higher than 15ć, and the anti-freezing flow rate should be
higher than 0.5L/min.

Fig. 8: The outlet temperature varies with the inlet temperature and flow rate in the winter extreme temperature
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4. Conclusion
This paper studied the heat loss characteristic of the solar connector groups in nighttime through a heat loss
mathematical model. A test bench which included two FPC groups has been built and solved analytically. The
measured data well validated the analytical model. And main conclusions of this paper are as follows:
Firstly, when the FPC groups is anti-freezing working at night and the inlet temperature is constant, the outlet
temperature increased when the flow rate increased, which keeps the system from freeze. But heat loss of FPC
groups also increased when the flow rate increased. Secondly, the front part of the PFC group and connect pipes
respectively accounted for 62.32% and 15.53% of the total heat loss, so reducing the heat loss in front part and
making insulation layer for connecting pipes in practical engineering can make sense. But there is a pity that the
front heat loss coefficient (Eq. (4)) did not independently show the radiant heat loss and the heat conduction,
which is worth a further study. Besides, making anti-freezing flow rate equal to daytime working design flow rate
is not suitable. By contrast, the flow rate should be reduced through the water pump frequency conversion methods.
Furthermore, in the winter extreme temperature of Harbin, where the minimum temperature is -28.7ć, the input
temperature should be higher than 15ć, and the anti-freezing flow rate should be higher than 0.5L/min.
This study can provide meaningful references for practical PFC groups anti-freezing engineering.
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Abstract
The present work addresses a flat plate solar collector with transparent insulation material (TIM) and high
temperature protection system. The design and optimization of the collector have been numerically carried out by
means of a parallel object-oriented simulation tool which is capable of simulating all the entities constituting the
system as a whole, using efficient coupling between the elements. Three variants of the design are chosen to first test
them under laboratory conditions. These collectors then are mounted in the roof of a hospital building, where their
performance are comparatively tested along with a conventional flat plate solar collector, under real meteorological
conditions and during long periods of time. Thus, due to long term exposure of the collectors, aspects such as
reliability, durability, energy performance, correct functioning of the protection system will be analyzed, with the
objective of improving the detected shortcomings for the future generations of the present design.
Keywords: Flat plate solar collector, thermal insulation material, thermal protection system, collector testing

1. Introduction
Flat plate solar collectors are generally designed for working temperatures between 40 and 60 ºC, which makes them
ideal for their application in domestic hot water systems. Despite the variety of the products which have appeared in
the market dedicated to the solar energy capturing, flat plate solar collectors have a privileged share in the market
due to their simplicity, relatively lower cost, ease to manufacture, and the capability to collect radiation being
stationary in any roof. By using highly selective absorbers, these collectors can work at temperatures up to 80 ºC
with good efficiency (Kalogirou, 2003). To extend the application of these devices to higher working temperature,
thus making them more available for applications such as food, drying of wood, crops, fruits, distillation,
desalination, solar cooling (Nkwetta and Smith, 2012; Sharma et al., 2017), the transparent insulation materials (TIM)
between two transparent covers or between absorber and outer glazing were used (Rommel and Wagner, 1992;
Platzer, 1992). In some of these works, glass capillary tubes were considered, which despite their good resistance to
temperature, increased the cost and weight of the collectors considerably. For commercial solar collectors, plastic
TIM is potentially a good solution due to its advantage over glass capillary tube solution in terms of cost and weight.
The main drawback is its vulnerability under the stagnation conditions. To overcome this problem, different solutions
were proposed. Martínez et al. (2013) proposed a thermoelectric self-cooling system designed to dissipate the excess
heat. A flat plate collector with plastic TIM and passive overheating system based on closed loop heat-pipe was
recently introduced to the market showing good thermal performances (Adel, 2013).
In the present work, a flat plate solar collector with transparent insulation material is addressed. The scheme of the
collector is shown in Fig. 1. The collector aims at delivering heat at the range from 80 to 110 ºC. The losses due to
natural convection between the absorber plate and the cover glass is expected to be reduced due to employment of a
layer of cellulose triacetate honeycomb TIM. According to the TIM manufacturer, this material can typically
withstand a temperature of 140ºC, which can easily be reached under stagnation conditions. Indeed, yellowing and
embrittlement can already be observed at temperatures above 100°C, well below the expected temperatures according
to manufacturer’s data. Moreover, outgassing, which affects both the optical efficiency and the appearance of the
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collector, may occur at temperatures below 100 °C (Giovannetti et al., 2011). Thus, to protect TIM, the collector
involves a ventilation channel between the absorber and back insulation, which operates thanks to a thermally
actuating door which uses a shape memory alloy. When the system reaches high temperatures, the door opens, thus
ventilating the collector to safer temperature levels. The collector is designed by means of a numerical model based
on the numerical resolution of different components of the collector in the framework of a modular, object-oriented
platform. The design is first tested in laboratory conditions, where the correct functioning of the system is tested and
the characteristic curve of the collector is obtained. During the laboratory tests, different issues related with TIM and
overheating protection system are identified and improved. The tested prototypes are then installed in the roof of a
hospital building, where they are used along with the conventional flat plate solar collectors to cover the domestic
hot water and space heating demand of the building. The site is properly instrumentalized so as to compare both
developed and commercial collectors in terms of energy performance. Moreover, the prolonged exposure of the
prototype under real climatic and working conditions constitutes a useful test for the reliability and durability of the
design.

Fig. 1 Schematic view of the flat plate solar collector with TIM and ventilation channel.

2. Mathematical and numerical method
A mathematical model was developed (Kessentini et al., 2014b) where the flat plate solar collector with TIM and
thermal protection can be numerically studied. In this model, the thermal and fluid dynamic phenomena taking place
in each of the components that make up the prototype, i.e., glass cover, TIM, air gap, absorber plate, working fluid,
ventilation channel, opaque insulation material, are numerically resolved considering different levels of complexity.
In Figure 2, the detail of the mathematical model and the heat flux terms considered in the cross-section of the
prototype and the absorber are schematically depicted.

Fig 2. Detail of the heat flux terms. A cross section of the collector with TIM (left) and heat transfer at the absorber (right).
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The object-oriented platform, called NEST (López et al., 2012), enables proper interaction between related
components. The components, which can be treated as independent objects, can be linked with other related
components through a global resolution algorithm. The numerical platform allows for efficient communications
between the components (see Figure 3). Depending on the desired level of detail in the resolution of a particular
element, even a high-level CFD object can be employed in the resolution of parts of the system. Given the
computationally demanding nature of such a system composed of one or more CFD objects, the NEST framework
provides parallelization to distribute the available computational power depending on the demands of each
component, thus reducing computational time. Besides the active solar energy systems, like flat plate solar collectors
(Kessentini et al., 2014a), this framework was also employed in the study of passive systems (Kizildag et al., 2014).
Further details of the mathematical and numerical model used in this study are presented in Kessentini et al., 2014b.

Fig. 3 Representation of the system composed of different components and their communications between each other.

3. Lab-scale testing and improvements
In line with the outcomes of the predesign performed using the numerical tool, prototypes with different TIM layer
thicknesses were initially considered to observe their influence on the overall performance. In order to perform the
characterization of the optical properties of the selected options, a set of preliminary glass-TIM configurations were
initially tested under real outdoor conditions, as shown in Figure 4.

Fig. 4 Transmittance test set-up for different glass-TIM configurations under real climate conditions

As a result of previous analysis, and considering the numerical results, prototypes with four different TIM layer
thicknesses (40mm, 50mm, 60mm, and 75mm) were manufactured to observe their influence on the overall
performance. These prototypes were tested in the CTTC Solar Cell (see Figures 5 and 6), where tests up to 150 ºC
and 8 bars can be performed using pressurized water. This experimental infrastructure allows for a comparative test
employing two collectors in a parallel configuration.
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Fig. 5 Schematic view of the CTTC Solar Cell.

The main elements of the CTTC Solar Cell are the heater, water pump, filter, visor, expansion vessel, regulation and
mixing valves, Coriolis flowmeter, storage tank, water treatment unit, heat exchanger, pyranometers for total and
diffuse radiation in the plane of the tested collector, cup anemometer, 2D ultrasonic anemometer, temperature
sensors, air vents. Some of these elements can be visualized in Figure 6. The experimental data is gathered using a
data acquisition system, composed of a PC, an HP 3852A and two Agilent 34970A data acquisition units.

Fig. 6 Pictures of the key elements constituting the CTTC Solar Cell.

The manufactured prototypes are first subjected to the stagnation test, which is carried out to determine the maximum
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temperature the collector can reach in the absence of mass flow. As no heat is transferred to fluid, the internal energy
of the solar collector gradually increases, finally rising the temperature of the system up to an elevated temperature.
It has been observed that the collector reached at the temperature of approximately 108 ºC when the thermally
actuated door opened and started to cool down the collector. At that moment, TIM temperature was observed to be
approximately 95ºC, which is well below the maximum temperature this element can resist. Visually inspecting the
collector, TIM apparently was not damaged during the stagnation test, confirming that the effectiveness of the
overheating protection system. In Figure 7, different temperatures registered during the stagnation test of a first
generation prototype is depicted.

Fig. 7 Temperatures corresponding to different locations of TIM, absorber plate, sma spring, outdoor and total radiation on the tilted
plane of collector registered during the stagnation test for an initial prototype.

After confirming that the prototypes are stagnation-proof, the outdoor steady-state efficiency test was performed
following the recommendations of the international standard procedure described in ISO 9806-1. Accordingly, the
prototypes were exposed to outdoor conditions for prolonged periods of time, assuring a constant temperature of the
collector at the inlet. A mass flow rate of 0.042 kg/s was employed considering the collector absorber area. The
collector is tested at 35, 50, 70, 90, and 110 ºC. The measurements obtained in periods close to solar midday are
selected in order to fulfill criteria related with the angle of incidence. Other criteria regarding the amount of total
solar radiation, the percentage of diffuse radiation, permitted variations in outdoor temperature and collector inlet
temperatures throughout the test period are carefully attended. As the test were carried out under real climatic
conditions in outdoors, it was not always possible to obtain favorable conditions for the collector testing. This caused
requiring an important period of time to conduct the experiments and having to repeat the tests at different inlet
temperatures.
The manufactured prototypes are tested in lab-scale where some of the shortcoming of the design were detected and
improved, such as the condensation phenomenon observed due to the humidity absorbed by the plastic TIM material
(see Figure 8). This problem was solved by means of introducing small ventilation holes, thus improving the
ventilation and reducing the differences between the micro-climate of the collector and the outdoor ambient
conditions. During the lab-scale tests, the emphasis is given to the influence of TIM material
Functioning of the thermally actuating door system is adjusted, with the objective of improving the phenomenon of
premature opening of the channel. An experimental trial-error procedure was followed in order to determine the
location and configuration of different elements constituting the overheating protection system, to make sure that
thermally actuated spring is able to activate the ventilation channel under stagnation conditions while the channel
can effectively be deactivated as the system is cooled down as a result of the heat evacuation by means of the
ventilation channel.
Attachment of the TIM layer to the glass has been secured by more effective mechanisms, avoiding detachment of
the cheap transparent insulation material under extreme conditions.
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Fig. 8 Condensation phenomenon observed in a preliminary prototype

Fig. 9 Numerical (left) and experimental (right) steady-state efficiency curves of the prototype with 60mm TIM compared with
solutions in the market.

In Figure 9, both numerical and experimental results during lab-scale tests are presented. The experimental curve
corresponding to a first generation of prototypes is depicted in this graph. Note that these results anticipate an
improvement with respect to the standard flat plate solar collector, at only slightly higher cost, since both TIM and
overheating protection system use low-cost materials. The prototype achieves a somewhat lower performance with
respect to the evacuated tube collector, though this type is expected to be approximately twice as costly as the
manufactured prototype. In order to achieve the theoretical expected performance, improvements were implemented,
especially affecting the insulation of the whole collector.
After the improvements with respect to the first generation of prototypes, a second generation was manufactured. In
this second generation, a TIM layer of 75mm was used. This collector was also tested in laboratory conditions,
obtaining finally the following steady-state efficiency curve given in eq.1:

ߟ = 0.698 െ 0.985

(் ି்ೌ್ )
ீ

െ 0.025

(் ି்ೌ್ )మ
ீ

(eq. 1)

This curve is depicted comparatively in Figure 10, together with the curves of the previous generation of prototypes
and commercial flat plate solar collector with TIM (TIGI LTD., 2011).
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Fig. 10 Steady-state efficiency curves of different prototypes, compared with commercial flat plate solar collector with TIM.

Considering that the prototype involves a layer of TIM, it is of interest to the analyze the influence of the angle of
incidence on the performance. Note that the steady-state efficiency curve is obtained for irradiation at or near normal
incidence conditions. To that end, the prototype with TIM75mm is tested in outdoor conditions for a set of days in
summer and autumn, always in clear sky conditions. In Figure 11, the results of the incidence angle modifier test are
depicted. The experimental results reveal that the optical effects penalize the collector of the order of approximately
7 %, 10 %, and 32 % for the angles of incidence of 30º, 45º, and 60º, respectively. The methodology followed was
to obtain the efficiencies for steady-state periods of 15 minutes, for symmetric intervals of time before and after solar
midday, assuming an average angle of incidence of the given interval, and comparing it with the normal incidence
efficiency for that particular conditions.

Fig. 11 Incidence angle modifier of the Prototype with TIM75mm, obtained by outdoor testing using a stationary test rack.

4. Long-term performance in demo site
Three prototypes, only differing in the TIM layer thickness (40mm, 50mm, and 60mm) are installed in the roof of a
hospital building close to Barcelona (see Figure 12), where they are being tested comparatively with a commercial
flat plate solar collector under real working and meteorological conditions during prolonged periods of time. The
commercial collectors installed in the roof of the demo building do not have a layer of TIM. The steady-state
efficiency curve provided by the manufacturer is given in eq. 2:

ߟ = 0.739 െ 3.706

(் ି்ೌ್ )
ீ

െ 0.017

(் ି்ೌ್ )మ
ீ

(eq. 2)
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The site is instrumentalized by means of mass flow, temperature, and radiation sensors. The long-term performance
test in demo site provides realistic data for the functioning of the solar collectors, especially considering the solar
heat delivered to the system and the reliability of the prototypes during prolonged periods of time. In the present
work, demo site performance of the collectors are analyzed for winter and spring conditions.

Fig. 12 Solar energy capturing field of the Albada Building in Parc Tauli Hospital. The three prototypes are tested alongside the
conventional flat plate solar collectors without TIM.

4.1 Winter Performance:
The prototypes, due to the employment of TIM are expected to have improved performance with respect to the
standard flat-plate solar collectors, especially under the winter conditions where the losses to the ambient are
pronounced as a result of important temperature gradient between intermediate collector working temperatures and
outdoor conditions. In Figure 13, the ambient temperature and the total solar radiation on the plane of the collectors
are depicted for a typical sunny day in the demo site location. Considering that the temperature in the inlet of the
collectors was between 65-70ºC for this period, which is optimized considering the domestic hot water and space
heating system installed in the hospital services building, important losses to the ambient can be anticipated.

Fig. 13 Ambient temperature and solar radiation in the plane of the collectors for a sunny day in January 2017, mesured in Parc Tauli.

Fig. 14 Mass flow through the prototype and commercial flat plate collector without TIM for a representative sunny day in January
2017.
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Note that the solar energy capturing circuit is activated only when a critical solar energy availability is reached. See
Figure 14 for the registered mass flow through a prototype and a conventional flat plate solar collector without TIM.

Fig. 15 Delivered useful heat for a representative day in January 2017 for the compared collectors.

In Figure 15, instantaneous useful heat delivered to the system is depicted both for the prototype and conventional
flat plate collector without Tim for the day represented in Figure 14. This figure indicates a substantially better
performance of the prototypes with TIM with respect to the conventional flat plate collectors, especially in winter
conditions, when the losses from the collectors to the ambient are naturally enhanced, and the demand for space
heating and domestic hot water is relatively higher.

Fig. 16 Accumulative energy delivered to the system by the prototype and conventional flat plate collector without TIM for
consecutive days in winter.

The trend captured in Figure 15 can be observed for other days during winter period of dissimilar solar availabilities,
as shown in Figure 16, where the accumulative energy delivered to the system by the two compared collectors are
depicted.
The steady-state efficiency curves of the collectors give valuable information on the thermal behavior of the collector
under steady-state conditions with near-to-normal solar angle of incidence, together with some other additional
conditions. However, a daily average collector efficiency can be defined, based on the energy delivered during the
whole day by a collector and the solar energy available on the collector surface. Note that, this daily average
efficiency will naturally have lower values with respect to the corresponding efficiencies indicated by the
characteristic curve of the collector, as the curve is obtained by considering only the optimum conditions. Using the
average data obtained in the vicinity of these days, which indeed are close approximation of the average day of the
month considering the declination angles of the sun for this month, the daily average efficiencies for the prototype
and conventional flat-plate collector are found as 41% and 16%, respectively.
In the absence of continuous readings due to technical problems in the demo site, these observed daily average
efficiency values can be employed to obtain an approximation of the energy savings by both collectors for the winter
meteorological conditions of the demo site. In Table 1, the total solar radiation in the vicinity of the demo site is
provided, using the database of Meteonorm © software. The present estimation anticipates important savings as the
high efficiency solar thermal collectors are employed for the given working conditions of the demo site.
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Tab. 1: Total radiation on the inclined surface of the collectors and the estimated delivered heats during winter months.

Total Radiation on
Titled Plane

Energy Delivered by
Commercial Collector

Energy Delivered by
Prototype

(kWh/m2)

(kWh/m2)

(kWh/m2)

December

111

17.76

45.51

January

123

19.68

50.43

February

131

20.96

53.71

Winter Total

365

58.40

149.65

Month

4.1 Spring Performance:
During the months of Spring, some experimental data could also be gathered in the demo site. Note that, due to
relatively increased ambient temperatures, general losses of the collectors are reduced with respect to those in the
winter season. Collectors are expected to work at higher efficiencies, which, especially in the case of the conventional
collector, is expected to close the gap with the prototypes employing TIM.

Fig. 17 Mass flow through two prototypes (TIM40 and TIM50) and commercial collector without TIM for two days with solar
avaliability in March 2017.

In Figure 17, mass flows passing through the analyzed collectors are depicted for March 2017. Note that, due to
requirements of the installer of the hydraulic circuit, the mass flow was not set to zero during periods of insufficient
solar radiation. In the calculation and comparison of the accumulated energy delivered to the system by the analyzed
collectors (see Figure 18), the effect of the nighttime flow was not taken into account, as it is considered as a
temporary practice.

Fig. 18 Accumulative energy delivered to the system by the prototypes (TIM40 and TIM 50) and commercial flat plate collector
without TIM for two representative days with solar availability in March..

Note that the commercial flat-plate collector improves its performance with respect to the winter period, even though
it still delivers less amount of energy per area when compared with the prototypes. 40mm TIM layer prototype was
observed to show better performance. Following the previous approach for defining an average efficiency for the
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collectors based on these two test days, daily average efficiencies of 43% and 31% are obtained for 40mm layer TIM
collector and commercial flat-plate collector, respectively. This information is used to estimate the delivered energies
per area for both collectors during the tested spring period, as shown in Table 2.
Tab. 2: Total radiation on the inclined surface of the collectors and the estimated delivered heats during spring months.

Total Radiation on
Titled Plane

Energy Delivered by
Commercial Collector

Energy Delivered by
Prototype

(kWh/m2)

(kWh/m2)

(kWh/m2)

March

165

51.15

70.95

April

168

52.08

72.24

May

173

54.68

73.40

Spring Total

506

157.91

216.59

Month

5. Conclusions
It has been demonstrated that different variants of the designed prototypes are capable of delivering higher amounts
of heat to the domestic hot water and space heating system of a specific hospital building when compared with the
conventional flat plate solar collector. The employment of the designed novel collector is especially interesting for
the present application, as the practical working temperatures give rise to important losses during winter periods.
The visual inspection of the prototypes does not present any issues related with ageing of TIM, problems with TIM
adhesion, any damage of TIM due to stagnation conditions, which indicate a proper functioning of the overheating
protection system. It is worth noting that due to the faults registered in different elements of the circuit, not necessarily
related with the solar energy capturing field, the hydraulic circuit of the system did not function during prolonged
periods of time in spring and summer. Thus, it can be stated that, this circumstance provided the necessary exposure
of the designed prototypes to the stagnation conditions, building confidence in the reliability of the prototype
collectors.
Thus, although the tested period does not yet cover a representatively long time span, the initial outcomes indicate
promising results in terms of both energy efficiency and reliability of the present design.
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Abstract
In the project solar flat-plate glass collector, a new type of solar collector will be developed which, simplified,
consists of four glass plates. As part of the project, the full volumetric flow in the fluid layer and the convective
heat transfer in the insulating gas layer were investigated by using experimentally and numerically methods.
Regarding to the fluid layer, an optimal fluid layer structure has been found which distributes the fluid well and
ensures an optimal collector efficiency factor of nearly 99%. With the numerical simulation of the convective
flow in the isolation gas layer it was shown, that the most used equation by Hollands (1976) presumably needs
to be extended by the aspect ratio of the gas volume and other boundary conditions. These results are currently
being validated experimentally. In addition, the filling/drainback process was examined for a potential
drainback application.
Keywords: glass collector, fluid distribution, convective losses, CFD, validation

1. Collector construction and operation
In context of the research project “Nurglas-Solarflachkollektor” a collector with lower production costs is
developed which consists primarily of glass. Due to the simplified construction, cost intensive production steps
such as the absorber welding are unnecessary and enable an automated production process with fewer
production steps. Manufacturing costs can thus be reduced by approximately 20% compared to conventional
standard flat-plate collectors. Another advantage is the reduced collector thickness of < 40 mm which allows an
simplified installation and collector field connection, so that other application areas (especially in facade) can
be opened up.
The glass collector consists of four planar glass plates, which are glued and sealed by a frame and a fluid layer
structure. As shown in Fig. 1, the heat transfer medium (yellow) passes directly through the middle rectangular
space. The coatings on the glasses ensure optimal radiation absorption in the fluid layer and minimize the
radiation losses due to reflection and emission, see also Leibbrandt et al. (2014). The heat transfer fluid has to
be distributed full volumetric through the flow channel to ensure an optimal heat transfer coefficient hfl in the
fluid to optimize the collector efficiency factor. The fluid layer structure should also be able to absorb
inner/outer forces from/to the fluid layer. Insulating gas layers (green) minimize convective heat losses to the
front (higf) and back (higb).
energy flow
frame
3mm

solar glass

coating – AR
insulating gas

higf

~10mm

standard glass

hfl

fluid inlet
standard glass
fluid layer
structure

insulating gas

coating – low e

3mm

higb

standard glass
sealing

2mm
3mm
~10mm

Z

bonding

X

coating – absorption
coating – low-e

3mm

Fig. 1: Construction of the glass collector
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2. Fluid layer: full volumetric flow and heat transfer
With an optimal collector efficiency factor Ԣ, the overall collector efficiency is ensured. Ԣ is the theoretical
ratio of the useful energy gain to the useful gain that would result if the absorbing surface would be at the fluid
temperature, Duffie Beckman (2013). The collector efficiency factor is at its maximum if the flow would be full
volumetric. For flat-plate collectors with a fin width of 90-120 mm, the collector efficiency factor is about 8894%, Wesselak et al. (2017). The internal heat transfer ܷ௧ is at its maximum when the flow is fully
homogeneous (without flow areas with no/low flow velocity) and turbulent. It is
ܨԢ ൌ

ܷ௧
ܷ௧  ܷ௦௦

(eq. 1)

Fluid layer full volumetric flow
The flow channel with size L x B sf = 2000 x 1000 2 mm should be flowed through full volumetric in the ideal
ሬሬሬԦప consist of local
case. In flow channels without internals, a flow like in Fig. 2 - A results. The flow field ݑ
velocity components in each direction. The ideal homogeneous velocity field (Fig. 2 - B) consists only of
velocity components in x-direction and is equal in any position of the flow channel. It is
ݑ ሺݔǡ ݕǡ ݖሻ
ǣݑ
ሬሬሬԦప ൌ ቌ ݒ ሺݔǡ ݕǡ ݖሻ ቍ
ݓ ሺݔǡ ݕǡ ݖሻ

X

(eq. 2)
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Ͳ

X
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Fig. 2: Fluid Layer velocity fields

First 2D CFD simulations are able to model the flow in the fluid layer sufficiently precisely so that a further
optimization of the fluid layer structure is carried out with CFD simulations. Results of the optimized version
from a detailed 3D CFD model (flow channel 2000 x 1000 x 2 mm) with different fluid layer structure are
illustrated in Tab. 1. The fluid layer structures with rectangular flow channels in meandering shape led to the
best results in terms of flow distribution.
In addition to the local scalar velocities (row 1) in the fluid layer (at z = 1 mm), the volume uniformity of the
local velocities ݅݊ݑ௨ over the flow volume ܸ was used to determine the homogeneity of the flow (row 2). It is
݅݊ݑ௨ ൌ ͳ െ

2044

σȁݑ െ ݑതȁ ܸ ڄ
ʹȁݑതȁ σ ܸ

(eq. 3)

P. Leibbrandt / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Tab. 1: Flow results for different fluid layer structures

Structure 0
no inner web

Structure 1
web with narrow
bars (1 mm)

Structure 2
web with wide bars
(10 mm)

Structure 3
web with wide bars
(10 mm)
and end gaps

Structure 4
web with wide
bars (10 mm)
and end roundings

uniu = 0.723 m/s
(reference)

uniu = 0.812 m/s
(+12,4%)

uniu = 0.817 m/s
(+13,0%)

uniu = 0.799 m/s
(+10,5%)

uniu = 0.823 m/s
(+13,9%)

1

2

An appropriate fluid layer structure, which distributes the heat transfer fluid almost full volumetric in the 2 mm
fluid layer results of the detailed 3D CFD model. Experimental investigations of fluid layer prototypes confirm
the simulation results and the flow behavior. In Fig. 3, an optical measurement of the flow field (left) is
compared with 3D CFD results (right), see also Leibbrandt et al. (2017).

~0,19 m/s

0,203 m/s

~0,16 m/s

0,168 m/s

flow

Fig. 3: Experimental and 3D CFD velocity field

At the same time the pressure drop and the filling/drainback performance is determined by experiments for a
potentially drainback system application.

Fluid layer heat transfer
After the optimization of the fluid layer structure, the influence on heat transfer is investigated. The fluid
layers’ dimension is set to L x B x sfl = 2000 x 1000 x 2 mm, the inclination of the layer is 45°.
For the simulations two fluid layer structures, similar to structure 0 and 2 are analyzed. The backside of the
fluid channel is set up with a constant heat flow density ݍሶ ௦ ൌ ͲͲܹȀ݉ଶ , which corresponds to the absorbed
solar radiation power. At the front convective heat transfer with a constant heat transfer coefficient and fixed
ambient temperature is assumed. In reality, the convective heat transfer coefficient depends on the front side
temperature, too. The sides of the fluid channel have been supposed to be adiabatic. The fluid inlet temperature
is 20 °C; the inlet velocity is varied between 0.25 – 1.00 m/s (35 – 140 l/(m² h)).
To rate the quality of the heat transfer coefficient ݄ through the fluid layer the useable enthalpy-flow ݍሶ ௨௦ at
the layer outlet is set into relation to mean fluid and absorber temperature difference. It is:
݄ ൌ

ݍሶ ௨௦
തതതതത
തതതത
ܶ
௦ െ ܶ

(eq. 4)
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To compare the collector efficiency factor of the fluid layer ܨᇱ with standard flat-plate collectors it is assumed,
that the overall loss heat transfer coefficient is ܷ௦௦ ൌ ͶܹȀሺ݉ଶ ܭሻ. ܷ௦௦ describes the collector heat losses
over the sides and the back of the collector which are not part of the presented CFD simulations. The efficiency
factor of the fluid layer ܨᇱ is:
ܨᇱ ൌ

݄
݄  ܷ௦௦

(eq. 5)

Tab. 1: Influence of fluid layer structures on heat transfer (3D CFD results)

uin in m/s

Structure 0

Structure 2

0.25

0.50

1.00

ݍሶ ௨௦ in W/m²

565.95

630.53

657.35

୪ in W/m²/K

372.86

365.07

360.68

ࡲᇱࢌ

98.9%

98.9%

98.9%

ݍሶ ௨௦ in W/m²

556.11

617.33

651.18

୪ in W/m²/K

343.25

421.14

625.53

ࡲᇱࢌ

98.8%

99.1%

99.4%

The useable enthalpy-flow ݍሶ ௨௦ of structure 2 is less than in structure 0 because the heat loss to the front side is
greater due to higher internal heat transfer and higher fluid temperatures.

Fig. 4 shows the temperature field inside the flow channels. A temperature inhomogeneity can be seen
especially at the end of the individual fluid channels. They are formed due to the lower flow velocity and lead
to local temperature maxima (hot spots). They should be minimized by a suitable flow guidance. At these
hotspots the heat transfer reduces and high temperature gradients occur which also lead to stresses in the
glasses.

Fig. 4: Fluid Layer temperature fields (3D CFD results)
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3. Insulating gas layer heat transfer
To ensure an optimal collector efficiency the convective front losses through the insulating gas layer is
investigated. The gas volume, filled with insulating gas has a length , a width  and a glass distance , see
Fig. 5. The resulting aspect ratio  ൌ Ȁ is about 80 at standard flat-plate collectors (distance between
absorber and front glass) and about 200 at the presented glass collector. The most used approach to calculate
the convective heat transfer was investigated by Hollands et al. (1976).
s

L

g
insulating
gas

higf
T1

Z

T2

X

Fig. 5: Problem definition insulating gas layer

The internal heat transfer coefficient ݄ is at its minimum at the point where the gas flow velocity is low and
the conductive isolating behavior of the gas is at its maximum.
The boundary conditions (e.g. temperature difference, homogeneity and level) and the geometric relationships
(aspect ratio and vault of glasses) of the glass collector do not match those by Hollands et al. (1976). The
deviations, when using the Hollands equation, for varying boundary condition were demonstrated, for example,
by Föste (2013) by investigating an insulating glass flat-plate collector experimentally. Eismann (2014) showed
the influence of the temperature inhomogeneity on the basis of collector simulations. The data in Tab. 2 show
the wide range of geometry and boundary conditions. The error in calculating the heat transfer, as mentioned
above, presumably results in these deviations.
Tab. 2: Geometry and boundary conditions

Glass collector

Standard
collector

Hollands et al.
(1976)

2,000

2,000

610

Glass distance s in mm

10

25

12.7

Aspect ratio AR

200

80

48

argon

air

air

Tin C

70

120

26.67 (80 F)

Tin C

35

20

15.56 (60 F)

ȟT in K

35

100

11.1

Length L in mm

Insulating gas

The internal heat transfer is calculated with
ܳሶ ൌ ݄ ڄ ܣ  ڄሺܶଵ െ ܶଶ ሻ.

(eq. 6)

The heat transfer coefficient ݄ is calculated from the Nusselt number ܰݑ, which depends on the Rayleigh
number ܴܽ. The Rayleigh number describes the internal free convection.
ܰ ݑൌ ܰݑሺܴܽሻ

(eq. 7)
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The Rayleigh number depends on the Grashof number ( ݎܩratio of lift forces and internal viscous friction
forces) and the Prandtl number (material data).
ܰ ݑൌ

݄ ݏ ڄ

ߣ

ܴܽ ൌ   ڄ ݎܩൌ

(eq. 8)

݃  ڄ ߚ ڄȟܶ  ݏ ڄଷ
ߥܽڄ

(eq. 9)

Hollands et al. (1976) developed the following Eq. from experimental measurement. The Eq. is split in three
parts, depending on the Rayleigh number of the problem. The part ሾǥ ሿା activates the terms in brackets for
different Rayleigh numbers.
ଵ

ଵ

ା

ା
ͳͲͺሺሺͳǤͺ ߮ ڄሻሻ
ͳͲͺ
ܴܽ  ڄሺ߮ሻ ଷ
ܰ ݑൌ ͳ  ͳǤͶͶ ͳ െ
 ͳ െ
൨  ቆ
ቇ െ ͳ
ܴܽ  ڄሺ߮ሻ
ܴܽ  ڄሺ߮ሻ
ͷͺ͵Ͳ

Three different flow types, regarding to ܴܽ  כൌ ܴܽ  ڄሺ߮ሻ are illustrated in Fig. 6. For ܴܽ כ൏ ͳͲͺ, the flow
is quasi-conductive because the heat transfer media does move with very slow velocity. In the transition area
ܴܽ כൌ ͳͲͺ ǥ ̱ͷͺ͵Ͳ, the flow topology is characterized by a mono-cellular base flow. A multi-cellular flow
regime arise for ܴܽ כ ͷͺ͵Ͳ. The optimal point of minimum heat transfer is at about ܴܽ כൎ ͳͲͺ, where the
isolating behavior of the gas is at its maximum.

s

s

s

base flow
Mono-cellular

quasi-conductive
regime
1.708

flow
Multi-cellular
~ 5.830

Ra*

Fig. 6: Flow regimes

Based on intensive literature research, see Leibbrandt et al. (2016), the following conclusions for internal free
convective flows in inclined cavities are known until now:
x Hollands et al. (1976) developed the correlation (see above) from experimental measurement and based
on earlier theoretical research. The gas volume was captured between two nearly isothermal copper plates in
a vacuum vessel. The change in Rayleigh number was set with varying pressure inside the vessel. So the
aspect ratio  ܴܣwas constant because of constant distance ݏ. Also the humidity of the captured air was not
documented, which led to an uncertainty in the heat transfer coefficient up to 6%. The correlation from
Hollands et al. (1976) is based on an evaluation of the heat transfer in a central area (130 x 130 mm)of the
copper plates. Later investigations show that the total heat transfer is significantly influenced by higher local
heat transfer coefficients at the ends (top and bottom) of the gas volume, too.
x Bartelsen et al. (1993) and Föste (2013) showed that measured data from flat-plate collectors led to
higher heat transfer coefficients about 10% regarding to Hollands et al. (1976). Measurements by Föste
(2013) on isolating glass collector showed a deviation up to 32%. Yiqin et al. (1991) also investigated mean
differences up to 10% in the heat transfer.
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Insolating gas layer CFD simulation and validation
In this project, a CFD model is used to check the influence of varying boundary conditions and geometry.
Numeric discretization and physics models are checked first in a simplified 2D CFD model and are validated
with a 3D CFD model. Based on the experimental setup from Hollands et al. (1976) a detailed 3D CFD model
calculates the internal flow and the heat transfer. The geometry, boundary conditions and report area (central)
are the same as in Tab. 2 (Hollands). The Rayleih number is set with varying pressure from 70 Pa up to
700,000 Pa to capture the range of the setup from Hollands et al. (1976).

8

8

7

7

6

6
higf in W/m /K

5

2

2

higf in W/m /K

In Fig. 7 (left) the influence of varying discretization of the 3D CFD model is shown. For normal (cell size
1.0 mm) and coarse discretization (cell size 2.0 mm), the flow topologies and the heat transfer phenomena are
captured unsatisfactory. Just the fine discretization (cell size 0.5 mm) is able to capture the behavior of the flow
well. The discretization accuracy confirm the former 2D CFD results. An even finer discretization would lead
to a disproportionate simulation time with no appreciable increase of the accuracy. Fig. 7 (right) shows the
simulation results with two different flow models. The chosen one (LowRe: Reynolds-averaged Navier-Stokes
model, coupled energy and flow with standard K-Epsilon Low-Re formulation) is able to model the flow well.
The maximum deviation in ݄ is about 6.5% at 400,000 Pa.
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Fig. 7: Discretization influence (left) and flow model influence (right) of the 3D CFD model

Tab. 3 gives an overview of the different flow regimes. These results are scalar velocity- and temperature fields
from a central section (bottom end) of the mentioned setup by Hollands et al. (1976) for fine discretization and
LowRe flow model. The above-described flow regimes can clearly be seen in Tab. 3: for  ൌ Ͳܲܽ
semiconductive behavior dominates, for  ൌ ͳͲͲǡͲͲͲ a mono-cellular flow topology is visible, for
  ʹͲͲǡͲͲͲ turbulent multi-cellular flow cells are visible.
Tab. 3: Velocity- and temperature fields

p in Pa

Ra

70

0.001134

100,000

2,313

200,000

9,253

300,000

20,820

400,000

37,013

500,000

57,832

600,000

83,278

700,000

113,351

Velocity field

Temperature field
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CFD simulation with varying boundary conditions
In the next step, the validated 3D CFD model is used to check the influence of heat transfer for varying
geometry and boundary conditions. For this purpose all models and CFD setups are used, but for the first
appraisal a 2D geometry is applied.
As mentioned above, the aspect ratio AR seems to have an influence on the flow regimes and so on the heat
transfer phenomena. For this, simulations with varying  ܴܣൌ ͶͲ ǥ ʹͲͲare presented in Fig. 8. It is obvious
that the variation of AR results in an a difference of ݄ and ܰݑ. ܰ ݑdiffers up to 11.6% for high
Rayleigh numbers.
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Fig. 8: Influence of varying AR (total area)

Another influence factor is the curvature of the glass plates. By default, the glass plates are considered as planar
without any curvature. Due to varying temperatures while the collector operation, the resulting change in the
density of the filling gas leads to a volume change of the gas and so to a curvature of the glasses. In the first
step the glass planes are set to be parallel, so  ݏൌ ܿݐݏ݊Ǥ and ݀ ݏൌ ݂ሺݔሻ, ݀ݏሺܮȀʹሻ is varied with
݀ݏ ǥ ݀ݏଶ ൌ Ͳ ǥ ʹ ǥ Ͷ݉݉. Results are presented for  ܴܣൌ ʹͲ ǥ ͺͲǤ For  ܴܣൌ ʹͲ, ܰ ݑdiffers up to 1.0% for
݀ ݏൌ Ͷ݉݉ and for  ܴܣൌ ͺͲ, ܰ ݑdiffers up to 0.7% for ݀ ݏൌ Ͷ݉݉, see Fig. 9.
2.8

AR = 20, ds0
AR = 20, ds1

2.6

AR = 20, ds2
AR = 40, ds0

2.4

AR = 40, ds1
2.2

AR = 40, ds2
AR = 60, ds0

2
Nu

AR = 60, ds1

s

s

AR = 60, ds

1.8

AR = 80, ds1

1.6

L

L

AR = 80, ds

g

ds
T2

T1

T2

T1

1.4
1.2

s = const.; ds = 0

Z

Z

1
X

X

s = const.; ds = f(x)

0

2

4

6
Ra

Fig. 9: Influence of varying ds (total area)

2050

2

AR = 80, ds0

8

10

12
x 10

4

2

P. Leibbrandt / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Last, the influence of a linear temperature profile ܶଵ ൌ ݂ሺݔሻ is shown. In real collectors the fluid temperature
increases over the collector length  ܮdue to the radiation absorption by a given flow direction. This effect is
modeled by an linear temperature profileܶଵ ൌ ݂ሺݔሻ, while the mean temperature ܶഥଵ is constant. The influence
of the linear temperature profile ݀ܶȀ݀ ܮൌ Ͳ ǥ ʹ ǥ Ͷ ܭin ܰ ݑis maximum about 1.1% for  ܴܣൌ ʹͲ and 0.5%
for  ܴܣൌ ͺͲ.
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Fig. 10: Influence of varying T1(total area)

With CFD simulations, it is shown that the heat transfer coefficient ݄ depends on the boundary conditions
mentioned above. This results for different AR in variation of ݄ up to 11.6%. The influence of AR is not
component of the equation by Hollands et al. (1976), so that an extension of that equation should be carried out.
For inhomogeneous temperatures and vaulted gas volumes, the influence is lower but not negligible.

Experimental investigations
To validate the simulation results, an experimental setup is under construction at the moment. A heating mat
generates a one dimensional heat flux ݍሶ ሺݔǡ ݕሻ field, which is determined by a measurement layer and allows to
measure the heat transfer trough the insulating gas layer. With temperature sensors, a spatially resolved heat
flux field is used to calculate a spatially resolved heat transfer coefficient field ୧ ሺݔǡ ݕሻ. The measurements are
used to validate the simulation results and should allow to extend the present calculation approaches.
4. Outlook
In continuation to the project collector prototypes will be investigated experimentally. Target will be to increase
the flow homogeneity, heat transfer and stability of the fluid layer. The pressure loss, manufacturability and
long term stability must also be considered. The performance of the entire collector will be checked during
QDT-testing. Mechanical load tests with internal and external forces will also take place.
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Solar Cooker Green Cooking
Md. Abdul Mozid
Orbit Solar Energy, Dhaka, Bangladesh

Abstract:
Food is one of the fundamental needs of mankind. Food preparation requires fuel which may be wood,
coal, cow dung, liquid petroleum gas, and electricity consuming induction heaters or microwave oven.
Availability of these non-renewable sources is a burning task. Moreover, it produces pollution which leads
to the imbalance in nature. Solar cooker shall be a solution for cooking food. Solar Cooker is used for
cooking food by sunlight only. No need fuel. Only sunlight is enough to cook a day's required food for an
average family of Bangladesh. Bangladesh is situated underline of cancer as a result whole year has
enough sun to cook the meal for a family by using Solar Cooker. There is a huge opportunity to use solar
cooker in a village, suburban even some time in urban also.

Introduction:
Bangladesh is a highly populated country. We have around 170 million people in Bangladesh out of the
60 percent live in a village. The main food of our people is rice and curry. Village people are used to using
wood, leaf, residual of crops and some time Bottled LPG for their cooking. There are very few Bio Gas
plants are in village areas. Most people do not know about Co2 emission and environmental effect but
they understand the cost. Now the above-discussed fuels are costly and emit CO2 gas which is
hampering environment. They also lose their working hour and money to collect the fuel and the mothers
lose their health to cook with the above fuels because that creates a lot of smoke which contaminate with
air and hit their lungs directly.
We Orbit Solar Energy introduce a solar cooker considering food quantity of a family by using Solar
Evacuated tube thermal cooking. We have two types of tube cooker with different quantity of food cooking
at once.
Type OT-170:
The diameter of the tube is 170mm and the length is 900mm, there are three equal pots which capacity
are 1.8 liters each. It can cook 5.4 liters foods at one time. This is portable and enough for a family
contain 6-10 people
Type OT-125
The diameter of the tube is 125mm and length 800mm. there are three pots which capacity is 1x1.6 liter
one and 2x0.8 liter. It can cook 3.2-liter foods at one time. This is portable and enough for a family of 4-5
people.

Technology& Design:
Solar cookers utilize the simple principles of reflection, concentration, absorption, glazing, insulation and
the greenhouse effect to produce heat. Solar Oven Evacuated Tube works as the same principle of
solar cooking. The evacuated tube style solar cookers are somewhat new on the market and in the solar
cooking world, though they have been used for solar cooking by tinkerers and inventors for a few short
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years they have not been largely available to the commercial market until now. The older style box
(ovens) cookers panel cookers and parabolic cookers have been around for much longer, some as long
as fifty years, but now there is a new and very effective method of solar cooking in the form of the
compact and very fast evacuated tube solar cookers.
We know that in a sunny day the sunlight energy per square meter is around 1KW, here we use the
technology that direct light and reflected light is trapped (Greenhouse technology) in an evacuated tube
which has very high thermal insulation, the trapped light turned into heat and this heat can cook food. The
temperature rises up to 300 Degree centigrade.

Tube Glass
The tubes are made from a type of glass called Borosilicate. Borosilicate glass has the characteristic of
being very strong and also has excellent light transparency (>92% @ 2mm thick).

Efficiency
The combination of the highly efficient absorber coating and the vacuum insulation means that the
coating can be well over 200oC / 392oF and the outer glass is cool to touch. In strong sunlight, each
evacuated tube can provide over 60 Watts / 204 Btu of water heating output.

Vacuum Insulation
The name "evacuated" is used to describe the process that expels the air from within the space between
the glass tubes, forming a vacuum. A vacuum is an excellent insulator against heat loss, and so
evacuated tubes are able to operate very efficiently

Evacuated Tube Oven Design:
The Stove showed here
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Tube:

The evacuated tube design has an advantage in that it holds and retains its heat better than any other
style of solar cooker, and it will heat up quite well even in less than optimum conditions.
Tube Dia: 125mm & 170mm
Length: 785mm & 900mm

SS Drum:

Inside the vacuum tube, there is a protection barrel inserted as the cooking chamber, which is made of
stainless steel. Cooking Chamber, protect the tube from thermal shock.

Food Tray & Food Pots:

Made from SS and use for food holding and cooking, it’s easy to load and unload these solar cookers
using a sliding tray to place food inside.
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Frame and Reflector:

One metal frame holds the tube over ground and support to parabolic anodized aluminum mirror reflector.
The material of the reflector panel is the aluminum reflector, hard-anodized.
The material of the backboard for the aluminum reflector is hot dip galvanized sheet.
The material of the support structures is colored MS Bar.

This solar oven tube allows you to cook anything that you can cook in a conventional oven. The inside
and outside tube are nice clean Pyrex type glass with no coatings on it. This makes cleanup a breeze. It
can be washed normally. If you are cooking a roast, you can use either an elongated tray or aluminum foil
to hold the meat and allow you to slide it in and out. If you are boiling water, just fill pots with water and
insert into the tube and put it in the Sun. The same goes for soups, stews, etc. Cooking temperatures
regularly reach up to 120 degrees without reflectors, or if you add a reflector, temperatures can reach
200-300 degrees centigrade.

The Orbit Solar Oven Evacuated Tube:
Highly transportable
Compact
Mid-weight
Easy to set up
Easy to load
Cooks at high and fast temperatures
Retains heat well due to evacuated glass tubes
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Cooking Option:
With the Orbit Solar Oven Evacuated Tube style cooker you can cook almost any kind of food that you
desire, including:
Chicken, Fish, Meat, Breads-rolls and cakes, Soups, Vegetables, Pasta, rice and more.

Cooking Process:
Rice:
Clean rice, put rice in the pot with required water.

Fish and Meat or Chicken:
Clean, Mix with spices and vegetable.
No water or minimum water as per requirement and taste.

Vegetable:
Clean and mix with spices, no water required.

Boiling of Egg/Vegetable:
Clean and put into the pot and insert to a cooker, no water required.

Baking:
You can bake cake, biscuit and etc.

Cooking Time
Cooking Span: Whole day, best time from 8 am to 4 pm
Cooking Time: 1-2 hours depending on load (quantity of food)
Spending Time: 5-10 minutes for one cooking
Cooking days in a year considering Bangladesh weather is 280 days

Benefits:
No Fuel required, Energy from Sun is free
Direct saving Tk 1000-2000/month
Time-saving 2hours /day
No monitoring
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Long Life 10-15 years
Maintenance free
No chance to burn food if there is a delay to take out the food.

Energy Savings:
As we discussed that the energy of sunlight per square meter is 1kw, our covered area is 0.8m square
(appx,), considering 50% efficiency, total trapped power is 400w.
Total trapped Power in a day - 2.4 KWh
Total Trapped power in a year- 672 KWh

Environmental Benefit:
No fuel burn so no Smoke and no Co2 produce at cooking
Co2 emission saving = 0.82kg/KWh (Avg for KWh Electricity Generation)
Considering above calculation total Co2 emission saving is 672*0.82=551kg/ year

Social Effect
No monitoring required for cooking, Women can save their time to other works, it will be honored and
empowered our mothers. Around 2 hours can be saved for cooking per day and 2*280=560 hours per
year.
Around the globe, hundreds of millions of people have limited access to cooking fuels [source: SCI]. In
most cases, electricity and gas are out of the question; only charcoal and firewood are within reach, and
even charcoal can be too expensive. So we're left with wood. The problem is that in many poor, rural
areas in places, trees are scarce. It takes a lot of wood to cook meals for an entire family every day, and
what few wood sources there are continue to dwindle. Families have to walk for hours to collect cooking
wood, and they end up spending what little money they have on their fuel, leaving less money to buy
food.
Solar cookers are useful during times of disaster or power outages. A solar cooker can be used at
any time of the year, any place in the world. They’re great for family camping trips since they’re
lightweight and easy to transport. But solar cookers are also smart to have on hand during disasters.

Nutrition Benefit:
It can result in healthier cooking. Solar cooking doesn’t use smoke that can contain carcinogens or
microwaves that expose your food to potentially dangerous radio waves. When you cook over a campfire,
the smoke can irritate your eyes and respiratory system, and open fires present dangers to children.
Plus, when you cook in a solar appliance, the nutrients stay in the food and don’t leach out. That’s
because you don’t use water in solar cooking. And, the temperatures in a solar oven are moderate –
around 325 F – so nutrients aren’t destroyed during cooking at a high temperature like on a grill or over
an open flame.

2058

M. Mozid / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Health Benefit:
Another problem that can be solved by solar cooking has to do with the simple act of burning wood. Fires
release pollution into the air. This smoke, filled with particulates, is bad for the environment, but it's even
worse for the people who are breathing that air. When people use open fires to cook indoors, they end up
inhaling microparticles that can cause all sorts of health problems, including both lung and heart disease.
One estimate puts the number of people who die from this type of air pollution at 1.5 million per year
[source: Madrigal]. A solar cooker eliminates the need for an open flame, meaning cleaner air.

Geographic Benefit:
Bangladesh is situated under Line of Cancer (23.5 deg north) as a result whole year has enough sun to
cook a meal for a family except disturbance of weather. There is a huge opportunity to use solar cooker in
the village, suburban even some time in urban also.

Prospect:
Bangladesh is a small country by area but in population, it is very big, geographically and weather wise
very much suitable for a solar cooker. There are few units we provide to people and they are happy with
the performance of cooker.

The challenges are as follows:
This is a very new concept for people. It is required huge campaigning. People are used to traditional
cooking habit. The initial price of Solar Cooker is high compared to traditional cookers. People cannot
cook at night and windy day, we made a solution by using an Electric heater inside the tube for the night
and windy days (Evacuated Tube Hybrid Solar Cooker).

Life of Cooker:
Since it is made of glass, it will last virtually forever if it isn’t chipped or otherwise broken.

Safety:
Use gloves or cloth at put on and off the tray from the tube.
Do not put a hand inside the tube because the temperature may rise 300 degree centigrade.

Our Mission:
Our mission is to aware people to use solar cooker all over the country.
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Pilot Cooking:
In a village rice Cooking:

Roof Top at Dhaka City:

In a Fair at Dhaka:
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WHPSHUDWXUHDQGSURWHFWLRQDJDLQVWYDSRUL]DWLRQRIWKHKHDWWUDQVIHUIOXLG7RUHGXFHWKHVWDJQDWLRQORDGVLQIODW
SODWH FROOHFWRUV %UXQROG HW DO   VXJJHVWHG WKHUPRFKURPLF OD\HUV DV D SRWHQWLDO PHWKRG DQG )|VWH HW DO
E LQYHVWLJDWHGLQGXVWULDOO\PDQXIDFWXUHGWKHUPRFKURPLFIODWSODWHFROOHFWRUPRGHOVILUVW'UDLQEDFNVRODU
WKHUPDOV\VWHPVFDQSUHYHQWDQ\YDSRUL]DWLRQLQWKHVRODUORRSDV%RWSDHYVXPPDUL]HG

7KHUPRFKURPLFDEVRUEHUFRDWLQJ
7KHUPRFKURPLF DEVRUEHU FRDWLQJVKDYH D KLJKO\ WHPSHUDWXUH GHSHQGHQW HPLVVLYLW\ IRU WKHUPDO UDGLDWLRQ 7KLV
LQQRYDWLYHVPDUWVHOHFWLYHFRDWLQJLQFUHDVHVLWVHPLWWDQFHİDERYHDSUHGHWHUPLQHG³VZLWFKLQJSRLQW´ T6§&
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DEVRUEHUWHPSHUDWXUH IURPXSWR7KHLQFUHDVHRIWKHHPLWWDQFHDERYHT6FDQEHH[SODLQHGDVDILUVW
RUGHU SKDVH WUDQVLWLRQ ZKLFK FKDQJHV WKH LQWHUQDO FU\VWDOOLQH VWUXFWXUH LQ WKH WKHUPRFKURPLF OD\HU 7KH
HOHFWURQLF EDQG VWUXFWXUH LV DOWHULQJ IURP D VHPLFRQGXFWLYH WR PHWDOOLF FKDUDFWHU ZKHUHE\ WKH HOHFWULFDO
FRQGXFWLYLW\LQFUHDVHVDQGLQIOXHQFHVWKHHPLWWDQFH3D]LGLVHWDO  DQG0HUFVHWDO  LQYHVWLJDWHG
WKDWWKLV³VZLWFKLQJ´LVDIXOO\UHYHUVLEOHSURFHVVDVFDQEHVHHQLQ)LJXUHDDVZHOODVWKHORQJWHUPVWDELOLW\
ZLWK DFFHOHUDWHG DJLQJ WHVWV 7KH OD\HU VWDFN RQ DOXPLQXP VXEVWUDWH FRQVLVWV RI WKH DFWLYH YDQDGLXP GLR[LGH
92 OD\HUZLWKDQDQWLUHIOHFWLYHFRDWLQJ 6L2 RQWRS )LJXUHE 
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$EVRUEHUWHPSHUDWXUH>&@

E





)LJ7HPSHUDWXUHGHSHQGHQWIXOO\UHYHUVLEOHVZLWFKLQJRIHPLWWDQFH D DQG6(0FURVVVHFWLRQRIDEVRUEHUFRDWLQJ E 

7KH WKHUPRFKURPLF FROOHFWRU¶V EHKDYLRU LQ WKH W\SLFDO RSHUDWLQJ UDQJH LV TXLWH VLPLODU WR D VWDQGDUG IODW SODWH
FROOHFWRU ZLWK D FRPPHUFLDOO\ DYDLODEOH KLJKO\ VHOHFWLYH DEVRUEHU FRDWLQJ Į! İ§  %XW LQ WKH
VZLWFKHGVWDWHWKHKHDWORVVHVIURPWKHDEVRUEHUWRWKHJODVVFRYHULQFUHDVHVLJQLILFDQWO\+HQFHWKHVWDJQDWLRQ
WHPSHUDWXUHLVUHGXFHGE\.WKHYDSRUL]DWLRQRIWKHKHDWWUDQVIHUIOXLGFRXOGEHSUHYHQWHGPRUHHDVLO\DQG
WKHWKHUPDOVWUHVVIRUVHQVLWLYHVRODUORRSFRPSRQHQWV HJVRODUSXPSRUPHPEUDQHH[SDQVLRQYHVVHO FRXOGEH
ORZHUHG%HFDXVHRIWKHUHGXFWLRQRIWKHUPDOORDGVGXULQJVWDJQDWLRQWKHFRPSRQHQWVLQW\SLFDOVRODUWKHUPDO
DSSOLFDWLRQVFDQEHUHGLPHQVLRQHGRUVXEVWLWXWHGWRUHGXFHWKHVSHFLILFV\VWHPFRVWVDQGPDLQWHQDQFHHIIRUWV

&ROOHFWRUHIILFLHQF\PHDVXUHPHQW
:HKDYHFDUULHGRXWFROOHFWRUSHUIRUPDQFHPHDVXUHPHQWVRQDQLQGXVWULDOO\PDQXIDFWXUHGWKHUPRFKURPLFIODW
SODWH FROOHFWRU DFFRUGLQJ WR ,62   'XH WR WKH IDFW WKDW RXU LQQRYDWLYH FRDWLQJ FKDQJHV LWV
FKDUDFWHULVWLF DIWHU WKH VZLWFKLQJ SRLQW ZLWK WHPSHUDWXUH T6 WKH FROOHFWRU HIILFLHQF\ FXUYH LV VSOLWWHG LQ WZR
VHFWLRQV WKH ILUVW GHVFULEHV WKH HIILFLHQF\ EHORZ WKH VZLWFKLQJ WHPSHUDWXUH DQG WKH VHFRQG LV YDOLG IRU
WHPSHUDWXUHVDERYHT6ERWKZLWKWKHLUH[SOLFLWFROOHFWRUHIILFLHQF\SDUDPHWHUVȘaDQGa)RUWKHHYDOXDWLRQ
ZHPHDVXUHGVWDWLRQDU\FROOHFWRUHIILFLHQFLHVDWWKUHHGLIIHUHQWDEVRUEHUWHPSHUDWXUHVLQHDFKVHFWLRQDVVKRZQ
LQ)LJXUH

&ROOHFWRUHIILFLHQF\K
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)LJ&ROOHFWRUHIILFLHQF\FXUYHVRIDWKHUPRFKURPLFDQGDVWDQGDUGIODWSODWHFROOHFWRUUHODWHGWRWKHLUDEVRUEHUWHPSHUDWXUH

'XH WR D PDUJLQDOO\ ORZHU DEVRUSWDQFH RI WKH WKHUPRFKURPLF DEVRUEHU FRDWLQJ WKH FRQYHUVLRQ IDFWRU Ș LV
DEVROXWH ORZHU FRPSDUHG WR DQ LGHQWLFDOO\ GHVLJQHG VWDQGDUG IODW SODWH FROOHFWRU Ș   UHODWHG WR
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DSHUWXUHDUHD 7KHFKDUDFWHULVWLFLQWKHXQVZLWFKHGVWDWHLVRWKHUZLVHFRPSDUDEOHWRWKDWRIDVWDQGDUGFROOHFWRU
7KH KLJKHU HPLWWDQFH DQG KHDW ORVVHV DW WHPSHUDWXUHV DERYH T6 UHGXFH WKH FROOHFWRU HIILFLHQF\ ZKLFK FDQ EH
H[SUHVVHG LQ WKH JDLQ RI WKH OLQHDU KHDW ORVV FRHIILFLHQW a IURP  WR :Pð. 7KXV WKH VWDJQDWLRQ
WHPSHUDWXUHZDVPHDVXUHGWR&.ORZHUFRPSDUHGWRDVWDQGDUGIODWSODWHFROOHFWRU & 
7KH VSOLWWHG FROOHFWRU HIILFLHQF\ FXUYHUHSUHVHQWV LWV FKDUDFWHULVWLF VXIILFLHQWO\ DFFXUDWH ,Q V\VWHP VLPXODWLRQV
ZLWK7516<6WKHFROOHFWRUHIILFLHQF\SDUDPHWHUVVZLWFKLQVWDQWDQHRXVO\ ZLWKRXWDQ\K\VWHUHVLV FI)LJD 
LIWKHDEVRUEHUWHPSHUDWXUHH[FHHGVWKHWHPSHUDWXUHT6,QWKH6RODU.H\PDUNFHUWLILFDWHERWKFXUYHVHFWLRQVDUH
GLVSOD\HG DV ZHOO DV WKH ³PL[HG´ FXUYH ZKLFK LQFOXGHV DOO PHDVXUHG VWDWLRQDU\ SRLQWV 7KH DQQXDO FROOHFWRU
RXWSXWV DW PHDQ IOXLG WHPSHUDWXUHV RI & DQG & DUH FDOFXODWHG ZLWK WKH ORZHU TT6  HIILFLHQF\
SDUDPHWHUV

([SHULPHQWDOV\VWHP\LHOGSUHGLFWLRQ
4.1 Dynamic system testing
)RU DQ H[SHULPHQWDO SHUIRUPDQFH DVVHVVPHQW RI WKH LQQRYDWLYH VHOHFWLYH DEVRUEHU FRDWLQJ ZH FDUULHG RXW
G\QDPLFV\VWHPWHVWLQJ '67 DFFRUGLQJWR,62  RQDVRODUGRPHVWLFKRWZDWHU 6'+: V\VWHP
HTXLSSHGZLWKWKHUPRFKURPLFFROOHFWRUV7KH'67GHVFULEHVDG\QDPLFVKRUWWHUPPHDVXUHPHQWPHWKRGIRUWKH
HYDOXDWLRQ RI D 6'+: V\VWHP ZLWKLQ « ZHHNV ZLWKRXW WHVWLQJ HDFK FRPSRQHQW E\ LWV RZQ DQG QR
UHTXLUHPHQWV RI VWHDG\VWDWH FRQGLWLRQV 7R DFTXLUH VXIILFLHQW PHDVXUHPHQW GDWD WKH V\VWHP RSHUDWHV LQ WKUHH
GLIIHUHQWWHVWVHTXHQFHVSUHGHILQHGE\WKHVWDQGDUGL]DWLRQWRLGHQWLI\WKHWKHUPDOEHKDYLRURID6'+:V\VWHP
E\SXUVXLQJLWLQDOOLWVUHOHYDQWVWDWHV7KHUHLVQRQHHGRIPHDVXULQJLQWHUQDOTXDQWLWLHVZK\WKLVPHWKRGLVDOVR
FRPSDUHG ZLWK D ³EODFN ER[´ DSSURDFK 6R RQO\ HLJKW H[WHUQDO TXDQWLWLHV HJ LUUDGLDQFH DX[LOLDU\ HQHUJ\
GHPDQG WHPSHUDWXUH RI GRPHVWLF KRW ZDWHU ZLQG YHORFLW\  KDYH WR EH PHDVXUHG PHDQZKLOH DV D IXQFWLRQ RI
WLPH
0DWKHPDWLFDOO\WKHZKROHV\VWHPLVGHVFULEHGE\VHYHQV\VWHPVSHFLILFSDUDPHWHUVZKLFKKDYHWREHLGHQWLILHG
RQ WKH EDVLV RI PHDVXUHG GDWD E\ G\QDPLF ILWWLQJ ')  DOJRULWKP 7KH VRIWZDUH PLQLPL]HV WKH GLIIHUHQFH
EHWZHHQPHDVXUHGDQGVLPXODWHGV\VWHPSHUIRUPDQFHRIWKHLPSOHPHQWHGSK\VLFDO6'+:V\VWHPPRGHO7KLV
SK\VLFDO PRGHO DQG WKH VRIWZDUH ') DUH GHVFULEHG E\ 9LVVHU DQG 3DXVFKLQJHU   DQG 6SLUNO  
UHVSHFWLYHO\ $ ORQJ WHUP SHUIRUPDQFH /73  SUHGLFWLRQ RI WKH DQQXDO VRODU V\VWHP JDLQ DX[LOLDU\ HQHUJ\
GHPDQG DQG VRODU IUDFWLRQ FDQ EH FDOFXODWHG ZLWK WKH PHQWLRQHGVKRUW WHUP WHVW SURFHGXUH IURP WKH LGHQWLILHG
SDUDPHWHUVXQGHUDUELWUDU\ZHDWKHUFRQGLWLRQV
7KHWZR6'+:V\VWHPVZHUHLQVWDOOHGRQDQRXWGRRUWHVWLQJURRI7KHWKHUPRFKURPLFV\VWHPLVFRPSDUHGWR
DQLGHQWLFDOVRODUWKHUPDOV\VWHPHTXLSSHGZLWKVWDQGDUGFROOHFWRUV%RWKV\VWHPVKDYHDJURVVDUHDRIPð 
FROOHFWRUV SHU DUUD\  HDFK DQG D GRPHVWLF KRW ZDWHU WDQN ZLWK D YROXPH RI OLWHUV $Q HOHFWULFDO LPPHUVHG
KHDWHUZLWKDSRZHURIN:LVXVHGIRUSURYLGLQJWKHDX[LOLDU\HQHUJ\GHPDQG7KHFROOHFWRUDUUD\VDUHVORSHG
E\  DQG IDFHG WR VRXWK 7KH PHDVXUHPHQW DQG WKH LQYHVWLJDWLRQV DUH FDUULHG RXW V\QFKURQRXVO\ XQGHU WKH
VDPHHQYLURQPHQWDOFRQGLWLRQVVRWKDWWKHV\VWHPVFDQEHFRPSDUHGGLUHFWO\ZLWKHDFKRWKHU

4.2 Evaluation and long term prediction
7KH LGHQWLILHG V\VWHP SDUDPHWHUV E\ ')  UHSUHVHQW EDVLFDOO\ D FRPELQDWLRQ RI VHYHUDO SK\VLFDO SKHQRPHQD
LQWHUDFWLRQVEHWZHHQV\VWHPFRPSRQHQWVDQGHYHQQHJOHFWHGHIIHFWV+RZHYHUDFFRUGLQJWR6SLUNO  LWLV
SRVVLEOH WR LQWHUSUHW VRPH RI WKHP DV UHDO SK\VLFDO SDUDPHWHUV UHIHUULQJ GLUHFWO\ WR D V\VWHP FRPSRQHQW
7KHUHIRUHU6C6DQGf$X[GHVFULEHWKHWRWDOKRWZDWHUWDQNKHDWORVVUDWHWKHWKHUPDOFDSDFLW\DQGWKHVKDUHRI
VWRUHYROXPHKHDWHGXSZLWKWKHLPPHUVHGKHDWHU7KHDX[LOLDU\SDUDPHWHUVD/DQGS&FKDUDFWHUL]HWKHPL[LQJ
HIIHFWVGXULQJKRWZDWHUWDSSLQJDQGWKH6'+:WDQNVWUDWLILFDWLRQZKLOHVWRUDJHFKDUJLQJUHVSHFWLYHO\A& DQG
u& DUHUHODWHGWRWKHFROOHFWRUDUHDDQGLWVRYHUDOOKHDWORVVFRHIILFLHQWDQGGHVFULEHPDWKHPDWLFDOO\WKHZKROH
VRODUORRS
7KHSDUDPHWHUVLGHQWLILHGE\WKHV\QFKURQRXV'67PHDVXUHPHQWDUHVKRZQLQ7DEOH'XHWRWKHPDUJLQDOO\
ZRUVHRSWLFDOSURSHUWLHVRIWKHWKHUPRFKURPLFOD\HUDVPHQWLRQHGLQFKDSWHUWKHLGHQWLILHGHIIHFWLYHFROOHFWRU
DUHDA& RIWKHWKHUPRFKURPLFV\VWHPLVVPDOOHUWKDQWKHVWDQGDUGFROOHFWRURQH7KHULVLQJFROOHFWRUKHDW
ORVVHV LQ WKH VZLWFKHG VWDWH DUH UHVSRQVLEOH IRU WKH KLJKHU u&  RI WKH WKHUPRFKURPLF FROOHFWRU 6RPH RWKHU
LGHQWLILHGV\VWHPSDUDPHWHUVFDQEHFRPSDUHGZLWKPHDVXUHGGDWDDVZHOO)RUH[DPSOHWKHWRWDOKHDWORVVUDWH
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RI WKH 6'+: WDQN U6 DPRXQWV WR :. DQG WKH WKHUPDO FDSDFLW\ C6 WR 0-. $FFRUGLQJ WR
PDQXIDFWXUHU¶VGDWDVKHHWRIWKHLQVWDOOHG6'+:WDQNWKHVKDUHRIDX[LOLDU\KHDWHGYROXPHf$X[VKRXOGEH
7KHLGHQWLILHGD/YDOXHRIDOPRVWLVHTXDOWRQRPL[LQJGXULQJGUDZRIIZKLFKFDQEHH[SHFWHGIRUWKLVNLQG
RIELYDOHQW6'+:WDQN
7DE6\VWHPVSHFLILFSDUDPHWHUVLGHQWLILHGE\WKH')DORJULWKP
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u& 
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D/ LVHTXDOWRQRPL[LQJGXULQJGUDZRII
S& LVHTXDOWRDVRODUKHDWH[FKDQJHULPPHUVHGDWWKHERWWRP



)RU WKH /73 SUHGLFWLRQ RI WKH V\VWHP SHUIRUPDQFH WKH SUHGHILQHG ERXQGDU\ FRQGLWLRQV LQ ,62  
ZHUHXVHG ZLWK D GUDZRII WHPSHUDWXUH RI& DQ DX[LOLDU\ VHWSRLQWWHPSHUDWXUHRI& DQG DQDPELHQW
VWRUH WHPSHUDWXUH RI & 7KH ZHDWKHU GDWD IRU WKH IRXU UHIHUHQFH ORFDWLRQV $WKHQV 'DYRV 6WRFNKROP
:U]EXUJ JLYHQLQWKH6WDQGDUGZHUHVXEVWLWXWHGE\GDWDIURP0HWHRQRUP  GXHWRFRPSDUDELOLW\ZLWK
V\VWHPVLPXODWLRQVGRQHLQ7516<6






6WDQGDUGIODWSODWHFROOHFWRU
7KHUPRFKURPLFIODWSODWHFROOHFWRU
,QFUHDVHRIDX[HQHUJ\GHPDQG




















'DLO\WDSSLQJYROXPHLQOLWHUV

,QFUHDVHRIDX[HQHUJ\GHPDQGLQ

$X[LOLDU\HQHUJ\GHPDQGLQN:KD

7KHV\VWHPSHUIRUPDQFHLVDVVHVVHGE\WKHDX[LOLDU\HQHUJ\GHPDQGQ$X[ZKLFKLVSURYLGHGE\WKHLPPHUVHG
HOHFWULFDOKHDWHULQWRWKH6'+:WDQNLQDGGLWLRQWRWKHVRODUWKHUPDOJDLQWRFRYHUWKHGRPHVWLFKRWZDWHUHQHUJ\
GHPDQG Q'+: )RU WKLV NLQG RI LQYHVWLJDWLRQ DQG V\VWHP FRPSDULVRQ LW LV WKH PRVW PHDQLQJIXO SDUDPHWHU
EHFDXVH DQ LQFUHDVH RI Q$X[ GXH WR WKH LQVWDOODWLRQ RI WKHUPRFKURPLF LQVWHDG RI VWDQGDUG IODW SODWH FROOHFWRUV
OHDGVWRKLJKHUDQQXDOFRVWVIRUWKHRSHUDWRU$WWKHUHIHUHQFHORFDWLRQRI:U]EXUJWKHLQFUHDVHRIDX[LOLDU\
HQHUJ\GHPDQGLVOHVVWKDQRYHUDZLGHUDQJHRIGDLO\WDSSLQJUDWHVDVVKRZQLQ)LJXUH7KLVLVHTXDOWR
N:KD DW D GDLO\ WDSSLQJ UDWH RI OLWHUV $W WKH RWKHU ORFDWLRQV ZH SUHGLFWHG TXDOLWDWLYHO\ WKH VDPH
LQFUHDVHRIQ$X[ZLWKPD[LPXPYDOXHVRI 'DYRV  $WKHQV DQG 6WRFNKROP 



)LJ$X[LOLDU\HQHUJ\GHPDQGIRUWKHWKHUPRFKURPLFDQGVWDQGDUG6'+:V\VWHPDWWKHUHIHUHQFHORFDWLRQRI:U]EXUJ

7KHVRODUIUDFWLRQRID6'+:V\VWHPFKDUDFWHUL]HVWKHVKDUHRIVRODUWKHUPDOJDLQLQWRWKH6'+:WDQNUHODWHG
WRWKHGRPHVWLFKRWZDWHUHQHUJ\GHPDQGQ'+:)XUWKHUPRUHDQGLQUHIHUHQFHWRWKH6WDQGDUGWKHWKHUPDOJDLQ
FDQEHH[SUHVVHGDVWKHGLIIHUHQFHEHWZHHQWKHORDGHQHUJ\Q/DQGDX[LOLDU\HQHUJ\GHPDQGQ$X[
f6RO

Q/ Q$X[
ሺ݁ݍǤ ͳሻ
Q 

)LJXUH  VKRZV WKH VRODU IUDFWLRQ IRU DOO IRXU UHIHUHQFH ORFDWLRQV RYHU D ZLGH UDQJH RI GDLO\ WDSSLQJ YROXPHV
«OLWHUVSHUGD\ $W:U]EXUJWKHf6RORIWKHVWDQGDUG6'+:V\VWHPUHDFKHVLWVPD[LPXPRIDW
GDLO\WDSSLQJUDWHVRIOLWHUVDQGGHFUHDVHVIRUORZHUDQGKLJKHUWDSSLQJUDWHV7KHVHDUHW\SLFDOYDOXHVIRU
WKLV FRPELQDWLRQ RI FROOHFWRU JURVV DUHD DQG 6'+: WDQN YROXPH 7KH 6'+: V\VWHP ZLWK WKHUPRFKURPLF
FROOHFWRUV H[KLELWV TXDOLWDWLYHO\ WKH VDPH FKDUDFWHULVWLF EXW WKH VRODU IUDFWLRQ LV DEVROXWH ORZHU WKDQ WKH
VWDQGDUGV\VWHP7KHGLIIHUHQFHLQVRODUIUDFWLRQLVQHDUO\LQGHSHQGHQWIURPWKHGDLO\WDSSLQJUDWH6RLWFDQEH
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DVVXPHGWKDWWKHGLIIHUHQFHLQV\VWHPSHUIRUPDQFHGHSHQGVSULPDULO\RQWKHVOLJKWO\ZRUVHRSWLFDOSURSHUWLHVRI
WKHWKHUPRFKURPLFFRDWLQJDVRQWKHLQFUHDVHGWKHUPDOORVVHVLQWKHVZLWFKHGVWDWH

6RODUIUDFWLRQLQ



$WKHQV




:U]EXUJ

'DYRV




6WRFNKROP



6WDQGDUGIODWSODWHFROOHFWRU
7KHUPRFKURPLFIODWSODWHFROOHFWRU




        
'DLO\WDSSLQJYROXPHLQOLWHUV



)LJ6RODUIUDFWLRQIRUDOOIRXUUHIHUHQFHORFDWLRQVYDULDWLRQRIGDLO\WDSSLQJYROXPHDQGPHDVXUHG6'+:V\VWHPV

6LPLODUUHVXOWVDUHDFKLHYHGFRQVLGHULQJWKHRWKHUUHIHUHQFHORFDWLRQV7KHPHDQGLIIHUHQFHLQf6RORYHUWKHZKROH
UDQJHRIWDSSLQJUDWHVFDQEHDVVHVVHGWR $WKHQV  'DYRV DQG 6WRFNKROP DEVROXWH

4.3 Cross-check with TRNSYS replica
7RFKHFNWKHSODXVLELOLW\RIWKH'67SURFHGXUHDQGHVSHFLDOO\WKH/73RIWKHDQQXDOWKHUPDOV\VWHPJDLQZH
FDUULHG RXW V\VWHP VLPXODWLRQV ZLWK WKH VRIWZDUH 7516<6 )XUWKHUPRUH D FURVVFKHFN IRU WKH XVH RI WKH
LPSOHPHQWHG FROOHFWRU PRGHO ZLWK WKHUPRFKURPLF FROOHFWRUV ZDV LQYHVWLJDWHG DV ZHOO 7KXV WKH LQVWDOOHG
6'+: V\VWHP ZDV PRGHOOHG LQ 7516<6 LQ GHWDLO FRQVLGHULQJ DOO V\VWHP SDUDPHWHUV HJ OHQJWK RI VRODU
SLSLQJ FROOHFWRU JURVV DUHD KHDW ORVV UDWH RI 6'+: WDQN DX[LOLDU\ SRZHU HWF FI FKDSWHU   (YHQ WKH
PDWFKHGIORZRSHUDWLRQPRGHZDVLPSOHPHQWHGLQWRWKHV\VWHPFRQWUROOHU7KH6'+:WDSSLQJZDVDGMXVWHGWR
WKH UHTXLUHPHQWV RI WKH 6WDQGDUG RQH WDSSLQJ SHU GD\ WDSSLQJ UDWH OLWHUV SHU PLQXWH VL[ KRXUV DIWHU VRODU
QRRQ 









7516<6VLPXODWLRQ
'67SUHGLFWLRQ
'HYLDWLRQ DEVROXWH
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'DLO\WDSSLQJYROXPHLQOLWHUV

E



















7516<6VLPXODWLRQ
'67SUHGLFWLRQ
'HYLDWLRQ



'HYLDWLRQ'67WR7516<6

6RODUIUDFWLRQLQ




'HYLDWLRQ'67WR7516<6LQDEV




$X[LOLDU\HQHUJ\GHPDQGLQN:KD

7KH FRPSDULVRQ EHWZHHQ WKH V\VWHP VLPXODWLRQV ZLWK WKH 7516<6 6'+:UHSOLFD DQG WKH '67 ORQJWHUP
SHUIRUPDQFHSUHGLFWLRQZDVDVVHVVHGE\FRQVLGHULQJWKHVRODUIUDFWLRQDQGWKHDX[LOLDU\HQHUJ\GHPDQGDJDLQ
7KHVRODUIUDFWLRQRIWKHWKHUPRFKURPLFFROOHFWRUDWWKHUHIHUHQFHORFDWLRQRI:U]EXUJFDQEHPRGHOOHGZLWKDQ
DFFXUDF\RIOHVVWKDQDEVROXWHZLWKLQDZLGHUDQJHRIGDLO\WDSSLQJYROXPHV «OLWHUVSHUGD\ $V
FDQ EH VHHQ LQ )LJXUH D ZLWKLQ WKH UDQJH RI «OLWHUV SHU GD\ WKH GLIIHUHQFH GHFUHDVHV WR OHVV WKDQ
DEVROXWH7KHDX[LOLDU\HQHUJ\GHPDQG VHH)LJXUHE UHSRUWVPD[LPXPGLIIHUHQFHVRI)RUW\SLFDO
GDLO\WDSSLQJUDWHV «OLWHUVSHUGD\ WKHGHYLDWLRQGRHVQRWH[FHHG



         
'DLO\WDSSLQJYROXPHLQOLWHUV



)LJ&RPSDULVRQRIVRODUIUDFWLRQ D DQGDX[LOLDU\HQHUJ\GHPDQG E IRUDV\VWHPZLWKWKHUPRFKURPLFFROOHFWRUVEHWZHHQ
7516<6VLPXODWLRQDQG'67ORQJWHUPSHUIRUPDQFHSUHGLFWLRQ

)RU WKH VWDQGDUG FROOHFWRU DUUD\ ZH DFKLHYH VLPLODU UHVXOWV 2YHU WKH ZKROH UDQJH RI GDLO\ WDSSLQJ UDWHV WKH
DX[LOLDU\ HQHUJ\ GHPDQG DQG WKH VRODU IUDFWLRQ DUH VLPXODWHG ZLWK GHYLDWLRQV RI OHVV WKDQ  DQG
DEVROXWHUHVSHFWLYHO\FRPSDUHGWRWKH'67ORQJWHUPSUHGLFWLRQ
7KHHYDOXDWLRQZDVFDUULHGRXWIRUWKHRWKHUWKUHHUHIHUHQFHORFDWLRQVDVZHOO7KHUHVXOWVIRU$WKHQVDUHVLPLODU
WR WKRVH IRU :U]EXUJ $W 6WRFNKROP WKH GHYLDWLRQV EHWZHHQ VLPXODWLRQ DQG '67 SUHGLFWLRQ DUH PDUJLQDOO\
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ORZHUZLWKPD[LPXPGLIIHUHQFHVLQDX[LOLDU\HQHUJ\GHPDQGDQGVRODUIUDFWLRQRIDQGDEVROXWH
UHVSHFWLYHO\ 7KH VRODU IUDFWLRQ DW 'DYRV FDQ EH PRGHOOHG ZLWKLQ DEVROXWH DQG WKH DX[LOLDU\ HQHUJ\
GHPDQGZLWKGHYLDWLRQVOHVVWKDQ
7KH UHVXOWV RI RXU 7516<6 VLPXODWLRQV ZLWK ERWK 6'+: V\VWHPV FRQILUP WKH '67 ORQJWHUP SHUIRUPDQFH
SUHGLFWLRQDVZHOODVWKHDSSOLFDELOLW\RIWKH'67PHWKRGWRWKHUPRFKURPLFIODWSODWHFROOHFWRUV

6WDJQDWLRQWHVWV
3D]LGLVHWDO  UHSRUWHGLQDSUHYLRXVVLPXODWLYHVWXG\WKDWDWKHUPRFKURPLF6'+:V\VWHPFRXOGORZHU
WKH VWDJQDWLRQ WLPH KHUH WLPHVSDQ LQ ZKLFK WKH DEVRUEHU WHPSHUDWXUH LV DERYH &  E\ PRUH WKDQ 
$FFRUGLQJ WR WKH VLPXODWLRQ UHVXOWV WKH PD[LPXP DEVRUEHU WHPSHUDWXUH XQGHU QRUPDO RSHUDWLQJ DQG
HQYLURQPHQWDO FRQGLWLRQV FDQ EH OLPLWHG WR  & :U]EXUJ  7R YHULI\ WKHVH LQYHVWLJDWLRQV DQG
H[SHULPHQWDOO\ HYDOXDWH WKH VWDJQDWLRQ EHKDYLRU RI WKHUPRFKURPLF FROOHFWRUV ZH KDYH FDUULHG RXW DGGLWLRQDO
VWDJQDWLRQ WHVWV WR DQDO\]H WKH VWHDP H[SDQVLRQ LQ WKH VRODU SLSHV GXH WR WKH YDSRUL]DWLRQ RI WKH KHDW WUDQVIHU
IOXLG WKH VWDJQDWLRQ ORDG RQ WKH FROOHFWRU LWVHOI DQG WKH WHPSHUDWXUH GLVWULEXWLRQ LQ WKH ZKROH VRODU ORRS :H
IRFXVHGHVSHFLDOO\RQWKHWKHUPDOORDGRQVHQVLWLYHFRPSRQHQWVOLNHWKH PHPEUDQHH[SDQVLRQYHVVHORUVRODU
SXPS$QLQFUHDVHRIWKHV\VWHPSUHVVXUHZLOOEHLQYHVWLJDWHGLQGHWDLOWRUDLVHWKHVDWXUDWHGVWHDPWHPSHUDWXUH
RIWKHKHDWWUDQVIHUIOXLGDQGSUHYHQWYDSRUL]DWLRQLQWKHVRODUFROOHFWRU

5.1 Experimental setting
:H XVHG ERWK 6'+: V\VWHPV IRU RXU LQYHVWLJDWLRQV ZLWK WKH VSHFLILFDWLRQV PHQWLRQHG LQ FKDSWHU  VHH
)LJXUHD 7KHRYHUDOOVRODUORRSOHQJWKLVPSHUV\VWHPWRPHDVXUHWKHVWHDPH[SDQVLRQLQGHWDLOZKLFKLV
WKH PRVW UHSUHVHQWDWLYH LQGLFDWRU IRU VWDJQDWLRQ ORDGV 7KHUHIRUH ZH LQVWDOOHG WHPSHUDWXUH VHQVRUV 3W 
GLUHFWO\ RQWR WKH VRODU SLSLQJ VWDUWLQJ IURP WKH FROOHFWRU LQ DQG RXWOHW DW LQWHUYDOV RI  PHWHUV 7KH
WHPSHUDWXUH GLVWULEXWLRQ LQ WKH FROOHFWRU DUUD\ LV PHDVXUHG ZLWK IRXU VHQVRUV DW HDFK DEVRUEHU 6RPH PRUH
VHQVRUVZHUHLQVWDOOHGWRTXDQWLI\WKHWKHUPDOORDGRQWKHVRODUSXPSDQGWKHPHPEUDQHH[SDQVLRQYHVVHO2QH
SUHVVXUH VHQVRU ZDV DGGHG DW WKH FROOHFWRU DUUD\ RXWOHW WR LQYHVWLJDWH WKH VWDJQDWLRQ G\QDPLFV DQG SRVVLEOH
K\GUDXOLF VKRFNV GXULQJ VWDJQDWLRQ $OO VHQVRUV DQG WKHLU SRVLWLRQV DUH GLVSOD\HG LQ WKH K\GUDXOLF VFKHPD LQ
)LJXUHE
Ɖ

P

Ɖ
,tƚĂŶŬ

D

E 

dĞŵƉĞƌĂƚƵƌĞƐĞŶƐŽƌƐ



)LJ,QYHVWLJDWHG6'+:FROOHFWRUDUUD\VRQWKHRXWGRRUWHVWLQJURRI D DQGK\GUDXOLFVFKHPDZLWKWHPSHUDWXUHDQGSUHVVXUH
VHQVRUSRVLWLRQV

7KH VXUYH\ VWDUWHG LQ ODWH  'XULQJ WKH WHVWV WKH WZR V\VWHPV ZHUH RSHUDWHG V\QFKURQRXVO\ XQGHU ZHOO
GHILQHG VWDJQDWLRQ FRQGLWLRQV :H GHWHFWHG HLJKW VWDJQDWLRQ HYHQWV ZKHUHRI IRXU GD\V XQGHU FOHDU VN\
FRQGLWLRQV 2Q WKHVH IRXU UHSUHVHQWDWLYH GD\V WKH V\VWHP RSHUDWHG DW WKUHH GLIIHUHQW UHODWLYH V\VWHP SUHVVXUHV
 EDU  EDU  EDU  2Q RQH RI WKHVH GD\V D VR FDOOHG ³QRRQ VWDJQDWLRQ´ ZDV PDQXDOO\ SHUIRUPHG E\
VZLWFKLQJRIIWKHVRODUSXPSRQO\DWVRODUQRRQ

5.2 Evaluation of representative days
0D[LPXP DEVRUEHU WHPSHUDWXUHV RFFXU XVXDOO\ DW WZRWKLUG RI FROOHFWRU¶V KHLJKW )LJXUH D FRPSDUHV WKHVH
WHPSHUDWXUHV IRU WKH WKHUPRFKURPLF DQG WKH VWDQGDUG IODW SODWH FROOHFWRU DW WKUHH GLIIHUHQW UHODWLYH V\VWHP
SUHVVXUHV7KHVWDJQDWLRQWHPSHUDWXUHRIDFROOHFWRULVLQGHSHQGHQWIURPLWVV\VWHPSUHVVXUH'XHWRKLJKHUKHDW
ORVVHVWKHVWDJQDWLRQWHPSHUDWXUHRIWKHWKHUPRFKURPLFFROOHFWRULVOLPLWHGWR&XQGHUQDWXUDOFRQGLWLRQV
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LQFOXGLQJZLQG +HQFHZHUHSRUWDUHGXFWLRQRI.
,IWKHDEVRUEHUWHPSHUDWXUHH[FHHGVDWDQ\SRVLWLRQLQWKHFROOHFWRUDUUD\WKHVDWXUDWHGVWHDPWHPSHUDWXUHRIWKH
XVHGKHDWWUDQVIHUIOXLG 7<)2&25/6 DWWKHVSHFLILFUHODWLYHV\VWHPSUHVVXUHWKHIOXLGVWDUWVWRYDSRUL]H7KH
VDWXUDWHGVWHDPWHPSHUDWXUHVIRUWKHWKUHHLQYHVWLJDWHGV\VWHPSUHVVXUHVEDUEDUDQGEDUDUH&
&DQG&UHVSHFWLYHO\7KHVWHDPH[SDQGVLQWRWKHVRODUSLSHZLWKLQFUHDVLQJVWHDPYROXPH:HFRXOG
GHWHFWWKHVWHDPIURQWE\FRPSDULQJWKHSLSHWHPSHUDWXUHUHFRUGHGE\WKHVHQVRUVWRWKHFXUUHQWVDWXUDWHGVWHDP
WHPSHUDWXUH7KHVWDUWRIWKHIOXLGYDSRUL]DWLRQLVDWWHQGHGE\DVRDULQJWHPSHUDWXUHDWWKHFROOHFWRURXWOHWDV
GLVSOD\HGLQ)LJXUHE,IWKHWHPSHUDWXUHDWWKHFROOHFWRURXWOHWIDOOVEHORZWKHVDWXUDWHGVWHDPWHPSHUDWXUHWKH
YDSRUFRQGHQVDWHVFRPSOHWHO\DQGQRVWHDPILOOVWKHVRODUSLSLQJDQ\PRUH
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)LJ$EVRUEHUWHPSHUDWXUHRIWKHUPRFKURPLF 7& DQG6WDQGDUG 6WG FROOHFWRUDWWZRWKLUGRIWKHFROOHFWRU¶VKHLJKW D DQG
FROOHFWRUDUUD\RXWOHWWHPSHUDWXUHV E IRUYDULRXVUHODWLYHV\VWHPSUHVVXUHV

:HGHILQH³VWDJQDWLRQSHULRG´DVWKHWLPHVSDQEHWZHHQWKHVWDUWRIYDSRUL]DWLRQDQGWKHWLPHDWZKLFKWKHHQWLUH
V\VWHPLVIUHHIURPVWHDPDJDLQ)RUWKHHYDOXDWLRQZLWKDV\VWHPSUHVVXUHRIEDUWKHVWDJQDWLRQSHULRGLV
UHGXFHG E\  IURP  KRXUV VWDQGDUG FROOHFWRU DUUD\  WR  KRXUV $W EDU WKH VWDJQDWLRQ SHULRG
FRXOGEHKDOYHG7KHHQWLUHYDSRUL]DWLRQFRXOGEHSUHYHQWHGDWV\VWHPSUHVVXUHVKLJKHUWKDQEDU VHH)LJXUH
E ,QWKLVFDVHQRVWHDPH[SDQGVLQWRWKHSLSHVDQGWKHWKHUPDOORDGDQGWKHWHPSHUDWXUHGLVWULEXWLRQLQWKH
VRODU ORRS FRXOG EH VLJQLILFDQWO\ ORZHUHG 7KH PD[LPXP RXWOHW WHPSHUDWXUH LV UHGXFHG IURP & LQ WKH
VWDQGDUGFROOHFWRUDUUD\WR&LQWKHWKHUPRFKURPLFFROOHFWRUV
,QVXIILFLHQW GDWD DFTXLVLWLRQ IRU WKH HYDOXDWHG SHULRG LQ  ZLWK D IHZ VWDJQDWLRQ HYHQWV RQO\ FRXOG QRW
UHSUHVHQW WKH VWDJQDWLRQ EHKDYLRU RI ERWK 6'+: V\VWHPV LQ GHWDLO :H ZLOO FDUU\ RXW WKH PHDVXUHPHQW DQG
GRXEOHWKHFROOHFWRUDUHDLQDGGLWLRQ7RLQYHVWLJDWHWKHVWDJQDWLRQG\QDPLFDQGWKHGUDLQLQJEHKDYLRUPRUHLQ
GHWDLODKLJKIUHTXHQF\SUHVVXUHPHDVXUHPHQWDWFROOHFWRUDUUD\RXWOHWLVSODQQHG)RUIXUWKHULQYHVWLJDWLRQVZH
FDOLEUDWHGERWKPHPEUDQHH[SDQVLRQYHVVHOVWRGHWHUPLQHWKHZKROHVWHDPYROXPHLQWKHFROOHFWRUORRSRQO\E\
PHDVXULQJ LWV IOXLG LQOHW WHPSHUDWXUH DQG WKH V\VWHP SUHVVXUH DW WKH H[SDQVLRQ YHVVHO 7KLV PHWKRG ZDV
GHYHORSHGDQGLQWURGXFHGE\6FKHXUHQ  :LWKWKHV\VWHPVWHDPYROXPHDQGTXDOLWDWLYHPHDVXUHGVWHDP
H[SDQVLRQDQHYDOXDWLRQRIUHVLGXDOIOXLGDQGGUDLQLQJEHKDYLRULVIHDVLEOH

&RQFOXVLRQVDQGRXWORRN
%\PHDQVRIV\QFKURQRXVG\QDPLFV\VWHPWHVWVDFFRUGLQJWR,62ZHSUHGLFWHGDQGFRPSDUHGWKHORQJ
WHUP SHUIRUPDQFH RI 6'+: V\VWHPV HTXLSSHG ZLWK WKHUPRFKURPLF DQG VWDQGDUG IODW SODWH FROOHFWRUV 2XU
UHVXOWV FRQILUP WKH KLJK SHUIRUPDQFH RI D 6'+: WKHUPRFKURPLF V\VWHP 7KH LQFUHDVH RI DX[LOLDU\ HQHUJ\
GHPDQG E\ LQVWDOOLQJ WKHUPRFKURPLF LQVWHDG RI VWDQGDUG FROOHFWRUV LV OHVV WKDQ  IRU GDLO\ WDSSLQJ UDWHV
EHWZHHQDQGOLWHUVDWWKHUHIHUHQFHORFDWLRQRI:U]EXUJ(YHQIRUWKHZDUPHUUHIHUHQFHORFDWLRQ$WKHQV
WKHJDLQLQDX[LOLDU\HQHUJ\GHPDQGGRHVQRWH[FHHG7KHORZLQFUHDVHLQDX[LOLDU\HQHUJ\GHPDQGDQG
WKHPDUJLQDOO\ORZGLIIHUHQFHLQVRODUIUDFWLRQRYHUDZLGHUDQJHRIGDLO\WDSSLQJYROXPHVDQGORFDWLRQVUHYHDO
WKDWWKHVOLJKWO\ZRUVHRSWLFDOSURSHUWLHVRIWKHWKHUPRFKURPLFFROOHFWRULQIOXHQFHWKHV\VWHPSHUIRUPDQFHPRUH
WKDQWKHKLJKHUKHDWORVVHVLQWKHVZLWFKHGVWDWH
2Q WKH EDVLV RI V\VWHP VLPXODWLRQV ZLWK 7516<6 ZH FRXOG FURVVFKHFN WKH '67 ORQJWHUP SHUIRUPDQFH
SUHGLFWLRQDQGFRQILUPWKHDSSOLFDELOLW\RIWKHLPSOHPHQWHG'67FROOHFWRUPRGHORQWKHUPRFKURPLFIODWSODWH
FROOHFWRUV :H DVVXPH WKDW WKH G\QDPLF VKRUWWHUP PHDVXUHPHQW PHWKRG FDQ EH H[WHQGHG WR DOO NLQG RI
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FROOHFWRUVZLWKXQVWHDG\HIILFLHQF\EHKDYLRUHJFROOHFWRUVZLWKWKHUPDOO\DFWXDWHGYHQWLODWLRQGRRU FI)UDQN
 RUKHDWSLSHFROOHFWRUV FI)|VWHD 7KHUHVXOWVFRQILUPWKHKLJKSHUIRUPDQFHRIWKHWKHUPRFKURPLF
FROOHFWRUVLQD6'+:V\VWHPZKLFKLVFRPSDUDEOHWRWKDWRIDVWDQGDUGFROOHFWRU
7KHVWDJQDWLRQEHKDYLRUZDVDQDO\]HGE\DGGLWLRQDOH[SHULPHQWDOVWDJQDWLRQWHVWV:HUHSRUWDOLPLWDWLRQRIWKH
VWDJQDWLRQWHPSHUDWXUHDW&DQGWKXVDUHGXFWLRQRI.FRPSDUHGWRDVWDQGDUGIODWSODWHFROOHFWRU7KH
VWDJQDWLRQ SHULRG ± WKH WLPHVSDQ LQ ZKLFK DQ\ VWHDP LV GHWHFWHG LQ VRODU WKHUPDO V\VWHP ± FRXOG EH UHGXFHG
GXULQJWKHPHDVXUHPHQWXSWRDWQRUPDOV\VWHPSUHVVXUHV7KHYDSRUL]DWLRQFDQEHHQWLUHO\SUHYHQWHGE\D
VOLJKWSUHVVXUHULVHZKLFKRIIHUVJUHDWSRWHQWLDOIRUIXUWKHUUHGXFWLRQRIV\VWHPFRVWV:HDVVXPHDVLJQLILFDQW
UHGXFWLRQ LQ LQVWDOODWLRQ DQG PDLQWHQDQFH FRVWV RU WKH XVH RI FRVWHIIHFWLYH QRW KLJK WHPSHUDWXUHUHVLVWDQW 
PDWHULDOVE\DYRLGLQJYDSRUL]DWLRQDQGWKHUHIRUHOHVVWKHUPDOORDGVIRUWKHZKROHV\VWHP
7KH WKHUPRFKURPLF FRDWLQJ LV FXUUHQWO\ XQGHU IXUWKHU GHYHORSPHQW ZLWK WKH DLP WR LPSURYH LWV RSWLFDO
SURSHUWLHVDQGH[WHQGLWVWHPSHUDWXUHRSHUDWLQJUDQJH7KHPDLQJRDOVDUHWKHLQFUHDVHRIWKHVRODUDEVRUSWDQFH
Į !    DV ZHOO DV WKH WKHUPDO HPLWWDQFH LQ VZLWFKHG VWDWH XS WR   DQG D VKLIW RI WKH VZLWFKLQJ
WHPSHUDWXUH T6 WR &:H H[SHFW D JDLQ LQ FROOHFWRU SHUIRUPDQFH DQG D IXUWKHU UHGXFWLRQRI WKH VWDJQDWLRQ
WHPSHUDWXUHDWRQFH

$FNQRZOHGJHPHQW
7KHSURMHFW³3URFHVVWHFKQRORJ\TXDOLW\DVVHVVPHQWDQGV\VWHPVROXWLRQVIRUWKHUPRFKURPLFDEVRUEHUVLQVRODU
WKHUPDOFROOHFWRUV´SUHVHQWHGLQWKLVSDSHULVIXQGHGE\WKH*HUPDQ)HGHUDO0LQLVWU\RI(FRQRPLF$IIDLUVDQG
(QHUJ\ EDVHG RQ D GHFLVLRQ RI WKH *HUPDQ )HGHUDO 3DUOLDPHQW UHIHUHQFH QXPEHUV $ DQG%  7KH
SURMHFW3UR7$6.LVFDUULHGRXWLQFRRSHUDWLRQZLWK9LHVVPDQQ:HUNH*PE+ &R.*
7KHDXWKRUVDUHJUDWHIXOIRUWKHILQDQFLDOVXSSRUWDQGUHVSRQVLEOHIRUWKHSDSHU¶VFRQWHQW

5HIHUHQFHV
%RWSDHY5/RXYHW<3HUHUV%)XUER69DMHQ.'UDLQEDFNVRODUWKHUPDOV\VWHPV$UHYLHZ
6RODU(QHUJ\  SS±
%UXQROG69RJHOVDQJHU30DUW\+%HXUWHLOXQJGHU0|JOLFKNHLWHQYRQWKHUPRFKURPHQ6FKLFKWHQDOV
SRWHQ]LHOOHhEHUKLW]XQJVVFKXW]PDQDKPHQIUVRODUWKHUPLVFKH.ROOHNWRUHQ,QVWLWXWIU6RODUWHFKQLN63)
5DSSHUVZLO
)|VWH66FKLHEOHU%*LRYDQQHWWL)5RFNHQGRUI*-DFN6%XWDQHKHDWSLSHVIRUVWDJQDWLRQV
WHPSHUDWXUHUHGXFWLRQRIVRODUWKHUPDOFROOHFWRUV(QHUJ\3URFHGLD  SS±
)|VWH63D]LGLV$5HLQHNH.RFK5+DIQHU%0HUFV''HORUG&)ODWSODWHFROOHFWRUVZLWK
WKHUPRFKURPLFDEVRUEHUFRDWLQJVWRUHGXFHORDGVGXULQJVWDJQDWLRQ(QHUJ\3URFHGLD  SS±
)UDQN(0DXWKQHU))LVFKHU62YHUKHDWLQJSUHYHQWLRQDQGVWDJQDWLRQKDQGOLQJLQVRODUSURFHVVKHDW
DSSOLFDWLRQV,($6+&7DVN7HFKQLFDO5HSRUW$
+DUULVRQ6&UXLFNVKDQN&$$UHYLHZRIVWUDWHJLHVIRUWKHFRQWURORIKLJKWHPSHUDWXUHVWDJQDWLRQLQ
VRODUFROOHFWRUVDQGV\VWHPV(QHUJ\3URFHGLD  SS±
+DXVQHU5)LQN&:DJQHU:5LYD5+LOOHUQV)(QWZLFNOXQJYRQWKHUPLVFKHQ6RODUV\VWHPHQ
PLWXQSUREOHPDWLVFKHP6WDJQDWLRQVYHUKDOWHQ%HULFKWHDXV(QHUJLHXQG8PZHOWIRUVFKXQJ:LHQ
,626RODUHQHUJ\±6RODUWKHUPDOFROOHFWRUV±7HVWPHWKRGV%HXWK9HUODJ%HUOLQ
,626\VWHPSHUIRUPDQFHFKDUDFWHUL]DWLRQE\PHDQVRIZKROHV\VWHPWHVWVDQGFRPSXWHU
VLPXODWLRQ%HXWK9HUODJ%HUOLQ
0HUFV''LGHORW$&DSRQ)3LHUVRQ-)+DIQHU%3D]LGLV$)|VWH65HLQHNH.RFK5
,QQRYDWLYHVPDUWVHOHFWLYHFRDWLQJWRDYRLGRYHUKHDWLQJLQKLJKO\HIILFLHQWWKHUPDOVRODUFROOHFWRUV(QHUJ\
3URFHGLD  SS±
0HWHRQRUP+DQGERRN3DUWV,DQG,,%HUQZZZPHWHRWHVWFRP
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3D]LGLV $ )|VWH 6 5HLQHNH.RFK 5 +DIQHU % 0HUFV '  'HYHORSPHQW RI DQ DEVRUEHU IRU VRODU
WKHUPDO FROOHFWRUV ZLWK VWDJQDWLRQ WHPSHUDWXUH EHORZ & DQG KLJK HIILFLHQF\ )LQDO UHSRUW RI SURMHFW
Ä7$6.³5HIHUHQFHQXPEHUV$DQG%+DPHOQ$OOHQGRUI (GHU  LQ*HUPDQ 
6FKHXUHQ-5HGXFWLRQRI6WDJQDWLRQ/RDGRI/DUJH6FDOH&ROOHFWRU$UUD\V3URFHHGLQJV(XURVXQ
,QWHUQDWLRQDO6RODU(QHUJ\6RFLHW\ ,6(6 )UHLEXUJ
6FKHXUHQ-8QWHUVXFKXQJ]XP6WDJQDWLRQVYHUKDOWHQVRODUWKHUPLVFKHU.ROOHNWRUIHOGHU.DVVHO8QLYHUVLW\
3UHVV
6SLUNO:0XVFKDZHFN-*HQHUDOPRGHOIRUWHVWLQJVRODUGHPRVWLFKRWZDWHUV\VWHPV6RODU(QHUJ\
0DWHULDOVDQG6RODU&HOOV  SS±1RUWK+ROODQG
6SLUNO:'\QDPLF6\VWHP7HVWLQJ3URJUDP0DQXDO9HUVLRQ,Q6LWX6FLHQWLILF6RIWZDUH*HUPHULQJ
7516<67UDQVVRODU(QHUJLHWHFKQLN*PE+7516<69HUVLRQ
9LVVHU+3DXVFKLQJHU7'\QDPLF7HVWLQJRI$FWLYH6RODU+HDWLQJ6\VWHPV,($6+&7DVN)LQDO
UHSRUW

2070

ISES Solar World Congress 2017

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

Prototype of Integrated Collector Storage (ICS) Using Phase Changes
Material and Thermosyphon Heat Pipes
Mickaël Pailha1, Gilles Fraisse1, David Cloet1
1

CNRS, LOCIE, Université de Savoie, Le Bourget du Lac (France)

Abstract
Conventional thermal solar systems consist of roof-mounted collectors, a storage tank inside the building and
various elements that ensure the operation of the system (controller, pump, etc.). This ultimately leads to relatively
complex systems, leading to major disadvantages such as a relatively high cost, storage volume footprint and
maintenance. The development of "passive" solar systems is therefore a strategy to be favored. It is in this context
that we have studied numerically and experimentally a new concept of integral collector storage with phase change
materials and heat pipes.

A prototype was tested in outside conditions at INES. Thermosiphon heat pipes work very well by transferring the
absorbed solar energy to the storage located at the back of the absorber, and by acting as a thermal diode.
Concerning storage, a small difference in temperature is observed between the 2 faces of the cavity containing the
phase change material, which shows the efficiency of the honeycomb to transfer the heat. In terms of performance,
the prototype is very well placed for its productivity. However, storage is largely discharged at night. This implies
a low annual solar fraction. The metallic fixation which maintains the cavity is largely responsible for these losses.
It is therefore sufficient to limit the thermal bridges to greatly improve the solar fraction.
Keywords: Type your keywords here, separated by commas,

1. Introduction
1.1. Context and Issues
Market development of solar thermal systems in France is penalized by the cost of investment compared to other
solutions that use fossil fuels or electricity. Moreover, today's solar solutions are more adapted to the new than the
renovation (additional space required for storage) that is the major energy issues in the building sector. The
research activities should encourage the development of innovative solutions integrating these two issues. The
integrated collector storage (ICS) are very interesting because they allow financial savings compared to a
conventional solar thermal system: fewer components, simplicity, passive operation, possibility of industrialization
"all in one" and setting work faster (Sadhishkumar and Balusamy, 2014). The first ICS exist since the end of 19th
century (Smyth and Al, 2006). Currently, about ten companies propose ICS of various geometries and using water
as a storage medium (http://www.sunwindenergy.com/ 1+2/2013). The ICS are suitable both for new buildings and
at an energy renovation (Timilsina and Al, 2012). They avoid putting storage in a room, which is generally
disadvantageous for reasons of space available in existing system and of cost of square meters in the new. The ICS
are thus promising systems for the development of the solar thermal market. However, the main drawback of such
systems is related to high thermal losses knowing that the storage is generally poorly isolated to the outside.
Consequently, the ICS are rather used in soft climates of Mediterranean type.
The work suggested in this article presents a new prototype of integrated collector storage using phase-change
materials (PCM), and thermosyphon heat pipes to transfer solar energy from a plane collector to storage. The use
of PCM allows to reduce the thickness of the storage cavity as compared to water. Architectural integration is thus
greatly improved knowing that it is about major problems for most currently available ICS. Through the use of
PCM, storage presents no problem with the gel. A coil type heat exchanger finally allows to draw the energy
contained in the ICS. The prototype is fully instrumented with flow rate, temperature and weather condition
measurements. Tests are realized under real outdoor conditions.

 
       
  !"  # $  "%  % &''
( ))*!$  + #  "(!!"    
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2. Experimental setup
2.1. Proposal for a new ICS concept
We have designed a new generation of ICS from very difficult specifications to satisfy: high energy performance in
a cold climate, considering the risks of frost, simplicity of operation, quality architectural integration (low
thickness), great reliability and cost comparable to conventional systems. This is the challenge of this project,
which aims to demonstrate the feasibility of the new concept of ICS thanks to the experimental study carried out on
a prototype. The originality of the concept is based on the use of heat pipes for the solar circuit and phase change
materials (PCM) contained within an aluminum honeycomb structure for storage (figure 1).
glazing
absorber
heat pipe
coil exchanger (hot water)
honeycomb structure + PCM
insulation
Fig. 1: Schematic of a new concept of ICS with PCM and heat pipes

We have thus developed the new concept of ICS around three points:
- Use of thermosiphon heat pipes: thermal diode operation possible, high thermal transfers and no risk of frost in
the heat transfer between the sensor and the storage.
- Complete insulation of the storage volume to achieve energy performance comparable to conventional systems
with hot water tank. This is very rarely the case for self-storage sensors.
- The PCM combined with an aluminum honeycomb structure seems well suited for storage in a self-storage
sensor: low thickness (architectural integration), no problem with frost for the PCM (phase change), excellent
characteristics of the honeycomb structure both in terms of heat transfer (compensation of the low thermal
conductivity of the PCM by a large exchange surface) and mechanical strength (specific to the geometry of the
honeycomb).

Concerning freezing, roof integration must be designed so that the cold-water supply to the rear is in an isolated
volume. If this is not the case, an anti-freeze fluid and an exchanger must be used. This may be relevant in the case
of a collective installation (limited cost). Finally, heat recovery is not provided within the self-storage sensor in the
ADEME project. We considered it simply downstream of the auto-storing sensor.

We did not identify in the bibliography a ICS combining the use of heat pipes, the presence of a completely
isolated storage and the use of a nida / PCM storage cavity. This is the originality of this ADEME project.

2.1. Principle of operation
The operating principle of the new ICS concept using heat pipes and PCM in a honeycomb structure (figure 2) is
described in this section. Our solution is based on a conventional flat-plate collector. It has on the upper face a
glazing beneath which is placed an absorber which converts the incident solar rays into heat. In our case, the solar
loop is replaced by thermosiphon heat pipes which transfer the heat directly from the absorber to the storage
(exchange n° 1 in figure 3). The heat pipes are in direct contact with the absorber on its rear face. This is called the
"evaporator" part of the heat pipes. The heat pipes (six on the height of the prototype) are elements that conduct
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heat by using the phenomenon of phase change as soon as a temperature difference is observed between the
evaporator and the other end designated "condenser" which is in contact with the cavity. The heat pipes are in fact
hermetic copper tubes containing a fluid (methanol in our case) filled to about 30%. Methanol vaporizes due to an
energy input from the absorber. The steam goes up along the heat pipes to reach the level of the storage cavity.
This is the condensation zone: the vapor of the fluid contained in the heat pipes condenses because the temperature
in the storage is lower than that of the steam. The fluid releases the latent heat by condensing and then transmits it
to the storage (exchange n ° 2). The designation "heat pipes" in this study corresponds in fact to thermosiphons
since the flow of the liquid phase is by gravity. The heat pipes used have a very particular geometrical
configuration since the slope is rather small: the inclination is not directly in the direction of the height of the
sensor but over its length since the cavity is at the rear of the absorber, as in Fig. 4.
About phase change material, we used polyethylene glycol (PEG). The PEG6000 is placed in the cells of the
honeycomb (figure 2). Each of the cells are filled with 75% in our case. A filling level of less than 100% is
necessary because of the mechanical stresses associated with the volume change accompanying the phase change
(during the fusion, the volume of PCM increases). The honeycomb is closed on both sides by aluminum plates. The
assembly system by bonding makes it possible to hope for the sealing of each cell containing the PCM.

Fig. 2: Honeycomb filled with PCM

A water circuit (copper coil) is also present on the upper surface of the cavity where the condenser part of the heat
pipe is located. Cold water from the water supply is injected during the withdrawals linked to the needs of the
users. This water circulates in the coil exchanger which is pinned around the heat pipes on the upper aluminum
plate of the cavity. PCM in a liquid state releases the latent heat and solidifies when there is a transfer between the
PCM and the pulsed water (exchange No. 3). The melting / crystallization temperature of the PCM is chosen close
to the set point (about 55 °C.). The water circuit placed on the front of the storage with the heat pipes is an
advantage which allow a direct transfer of thermal energy from the heat pipe. This is exchange 4.
glazing
1.
2.
3.
4.

heat pipe
storage charge
storage discharge
direct transfert: heat pipe > water

absorber

cavity

thermosiphon
heat pipe
coil exchanger
insulation
Fig. 3: Operating principle of the new concept of ICS

2073

M. Pailha / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

The table 1 shows all the characteristics of one module. For a complete installation, several modules will be
required. The amount of module required will be sized according to the needs.
Tab. 1: Characteristics for each prototype module

Data for each prototype module
Surface d’ouverture : 1m x 0,5m
Storage cavity : aluminium, filled with 75% of PCM
Storage cavity size : 1m x 0,5m x 0,04m
Insulation of the cavity : 10 cm roch wool, λ: 0,04 W/(m.K)
Area of a honeycomb cell: 0,74 cm² (aluminium)
PCM : Polyethylen glycol (PEG 6000), latent heat of fusion: 192 kJ/kg ; Tfusion : 58,5°C ; 1 210 kg/m3 ; λ: 0,2
W/m.K ; volum in the cavity : 0,015 m3
Heat pipes : 6 made of copper, filled with 30% of methanol
Glazing : 4mm thick, Dim. 1006*605 mm, absorption coefficient 0,07, solar factor : 87%
Absorber : copper, λ : 380W/(m.K), 0,2mm thick
Water coil exchanger : cuivre, 12m long (diam int : 6mm, diam ext: 8mm)
ICS inclination : 30°
Photos of the prototype installed on the test platform are presented on figure 4.

Fig. 4: Front and back view of the prototype

2.3. Instrumentation of the prototype
The prototype is fully instrumented with flow rate measurements at the inlet and outlet of the coil exchanger.
Weather conditions are recorded, included global solar irradiance within the ICS plane, and the temperature at back
of the system. Temperatures are measured with 35 thermocouples on the absorber, on the cavity and on either side
of the insulation. These thermocouples have previously been calibrated by performing cold junction compensation.
The measurement accuracy of the thermocouples thus obtained is 0.1°C. All data is recorded with an Agilent
34972A acquisition unit. These measurements allow to characterize the system.

2.2. Withdrals
Water withdrawals are made to discharge the storage of the sensor. The withdrawal flow is regulated by a valve
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placed upstream of the ICS and is measured by a flow meter. The programming of the withdrawal scenarios is
made possible by a solenoid valve which opens at specific times and for fixed periods of time. The energy
withdrawn by the water is determined by measuring the flow rate and the temperature at the inlet and the outlet of
the water exchanger.

3. Experimental results
Experiments were carried out at the INES (National Institute for Solar Energy). Different withdrawals scenarios are
carried out to allow the study of the charge of the discharge as well as stagnation temperature tests at the hottest of
summer.

3.1. Study of the charge
The programmed withdrawal to study the charge is the following: a flow rate of 9.3L / min for 19min every
morning at 6h, which represents approximately 177 liters of water per day evacuated in a single withdrawal. This
choice was made to unload as much storage as possible at the beginning of each day to concentrate initially on the
storage phase. This also made it possible to start each day with a maximum unloaded cavity. The first study week
(May 24 to 19, 2017) revealed the following results (figure 5).
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Fig. 5: Experimental results from 24 to 29 may 2017 (arrows indicate a withdrawal)

During these summer days, the irradiance reaches maximum values close to 1000 W/m² in the plane of the
absorber (inclination 30°). The absorber temperatures reach 90 to 95°C in the middle of the day and follow the
irradiance curve quite well. About storage (measured at the rear of the cavity), its temperature increases over the
day, reaching a maximum of 70°C to 90°C in the middle of the afternoon. It is observed that the rise in temperature
of the storage is rather fast in the solid phase (sensible heat). The phase change then limits this rise. The
temperature change is again faster in the liquid phase (sensible heat) when the whole MCP is melted. The
maximum temperature observed is approximately 90°C. Limiting the maximum temperature reduces the risk of
degradation of the cavity. A plateau appears on the storage temperature every day around 9 pm for several hours
because of the phase change (around 55°C) because of the crystallization of the PCM. The thermal losses of the
cavity cause this phase change to be rather slow and create a long "plateau" on the temperature curve. The melting
stage is much faster due to the higher solar contributions. We will again discuss the heat loss afterwards, knowing
that they seem already quite important because the PCM goes down in temperature up to the level of crystallization
during each night. It should be noted that this temperature profile is linked to our withdrawal profile: it would be
radically different with a withdrawal in the day for example. A slight phenomenon of supercooling also appears at
the end of each day. This phenomenon is related to the fact that the temperature of the PCM drops below its
solidification temperature while remaining liquid. This is not inconvenient in our case given the large amplitudes of
variation of the temperatures. We can also note that the daily withdrawal (indicated by the arrows) causes the
temperature of the storage to drop to about 35°C before rising due to the solar contributions the following day.
This first week of study makes it possible to say that the rise in temperature of the PCM on its sensitive part is
rather fast. In order to show this, the following comparison was made (from the experimental data collected):
Tab. 2: Temperature rise of PCM and water
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PCM (PEG 6000)

Water: traditional Solar water
heater (TRNSYS simulation)

Initial temperature

30°C

30°C

Setpoint temperature

55°C

55°C

Temperature rise

8.3°C/h

6.2°C/h

This comparison shows the rapid rise in temperature with PCM compared to water. This phenomenon therefore
implies, for an installation in operation, a reduced use of the make-up because the PCM reaches the desired
setpoint more quickly. This is a particularly interesting point in terms of energy efficiency.
If the temperature of the absorber is analyzed with the outside temperatures, it is realized that for the night the
absorber temperature drops very rapidly and reaches a difference of lower than 10 ° C between the absorber and the
exterior (the absorber is protected from the outside by the glazing). The heat pipes thus appear to play their role as
thermal diodes. Otherwise, the absorber would have a higher temperature.
A second withdrawal was scheduled for a few weeks. The flow rate was decreased from 9 to 3.3L / min for 1 hour
at 3am. The total quantity of water discharged remains approximately the same, i.e. approximately 180 liters of
water drawn off daily. A lower flow rate was chosen to analyze more finely the evolution of the water temperatures
at the inlet and outlet of the sensor. The acquisition step has also been refined (from 1 minute to 3 seconds). The
withdrawal was shifted from 6 to 3am in the morning because it coincids with the beginning of the next day's
sunlight.
This second scenario allowed us to follow more precisely the evolution of the water temperatures at the inlet and
the outlet of the sensor (figure 6).
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Fig. 6: Evolution of the temperature at the front and rear faces of the cavity, the exterior temperature and the water temperatures at
the inlet and outlet, 5 July 2017

By considering a lower flow rate and a finer acquisition step, it is possible to observe more precisely the
temperature changes during the withdrawal. Regarding the temperatures on either side of the cavity, their
evolutions are similar to what was previously studied.
For water temperatures, it should first be stressed that only the withdrawal periods are meaningful because, without
drawing off, the thermocouples measure stagnant water temperatures in the pipes. At the time of the withdrawal,
the water in the pipes having been previously renewed, the inlet has a temperature close to 18°C. The outlet
temperature rises rapidly to the temperature Tpe (front face of the cavity) which is close to 50°C (figure 6). This
temperature decreases to about 25°C. very rapidly after the withdrawal. This hot water is actually stagnant water in
the sensor that has been evacuated. The fact of not having water at 50°C for a sufficient time is mainly linked to the
high value of the withdrawal flow rate compared to a conventional withdrawal. Moreover, the analysis of the losses
during the night rises that the destocking is quite important. This is also due to the temperature of the front face of
the cavity: before the withdrawal, it is at 48°C. The PCM has therefore resolidified (at least partly) because of the
losses.
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3.2. Case without withdrawal
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The summer temperature made it possible to carry out a stagnation test on the prototype by not performing any
withdrawal. The period concerned was from 13 July to 24 August. The interest is to subject the prototype to high
heat and then check that it has not been damaged. During this summer period, outdoor temperatures reach up to
37°C for the hottest days and irradiance exceeds 1000W / m² in the middle of the day for almost all the study days
(figure 7).
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Fig. 7: Irradiance and exterior temperature from 13 July to 24 August
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Fig. 8: Absorber temperature without withdrawal, from 13 July to 24 August

When the absorber temperatures are analyzed (figure 8), it can be seen that the absorber does not exceed 100°C. on
any day and remains within the range of values observed with a withdrawal.
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Fig. 9: Temperatures of the front and rear faces of the cavity, from 13 July to 24 August, period without withdrawal
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The cavity temperature reaches a maximum of 80°C (figure 9), i.e. slightly higher levels than with a daily
withdrawal. Moreover, temperatures generally do not fall as low as with a withdrawal: they are maintained
between 30 and 40 ° C (or even more for warm nights) against an average of 20°C with a water withdrawal.
The results obtained in that stagnation test show that, on the one hand, the maximum temperatures reached by the
absorber and the cavity remain within acceptable values: there is no rise in temperature which can damage the
system. So from a reliability point of view, this is rather reassuring. On the other hand, the fact of not having higher
temperature rises in this configuration shows that the sensor exhibits too high thermal losses. With an optimized
prototype reducing the thermal losses of the storage, we evaluated, using a numerical model, a maximum
temperature between 130°C and 140°C.

3.3. Study of the discharge
This last phase of the test was aimed at studying the phenomenon of discharge of the storage with a realistic flow.
A lower withdrawal rate was selected: 0.87 L / min for 30 minutes at 17h. The withdrawal scenario was shifted at
the end of the day to estimate the energy recovered by the withdrawal before the night losses partially discharge the
cavity. The figure 11a represents the withdrawal at 17:00 for the day of 22 September. The same day, at 12h, flow
adjustments were carried out on the experiment, resulting a short withdrawal, hence the first peak on the outlet
temperature. The small temperature difference between the 2 faces of the cavity can be observed throughout the
day (less than 10°C.). The thermal transfer by the honeycomb is therefore done correctly. The upper surface is
logically warmer during the day (sunspot) and colder at night due to the larger losses on the front which is more
exposed to the outside environment.
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Fig. 10 : Evolution of the temperature on the front and rear faces of the cavity, on the absorber and the water temperatures at the
inlet and outlet, 22 September 2017

The temperature of the absorber does not seem to be influence by the withdrawal at 17h, whereas the first at noon
is accompanied by a decrease of its temperature and the cavity temperature. An explanation is that in the morning,
the storage was not sufficiently charged (mainly sensitive part). Thus, when water has been drawn off, mainly the
sensible heat has been removed, causing a drop in temperature. At 17h, the stored energy being mainly in latent
form, the withdrawal allowed to partially discharge the cavity without causing a drop in temperature on the
elements of the front face of the cavity.
If we look more specifically at the second withdrawal (figure 10b), the evolution of the temperatures allow to
calculate the power extracted during the drawing (figure 11). It is about 1.6 kW for 0.5m² of sensor (ie 3.2 kW /
m²), which is almost half of what was envisaged in the best case (6 kW / m²). Although the flow rate is slightly
lower than expected (0.87 l / min instead of 1 l / min), it is likely that the contact between the coil and the top plate
of the cavity should be improved. This explains why the outlet temperature does not reach the temperature of the
cavity. Nevertheless, the outlet temperature is maintained at a level above 40°C during the withdrawal period (30
minutes), which is quite suitable.
The maximum outlet temperature is 48.7°C (61°C in the cavity at the same time), 43.5°C after 15 minutes and
40.0°C after 30 minutes. The discharge of the storage is therefore done correctly. The temperature in the cavity
decrease only by 1°C.
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Fig. 11: Puissance récupérée grâce au soutirage d’eau le 22 septembre

4. Conclusion
This study focused on an innovative integrated collector storage concept which couples heat pipes to an MCP
storage in a honeycomb. It appears that the rise in temperature of such a storage is much faster than with
conventional water storage: 8.3°C/h (experimental) versus 6.2°C/h for a conventional CESI of 300L. In addition,
the volume gain from this technology is important (counting at least a factor of 1.65). However, the
implementation of the heat pipes proves to be quite complex. The phenomenon of thermosiphon requires to place
the condenser above the evaporator.
A prototype was tested in real conditions at the INES. The concept has thus been validated experimentally. It
appears that the prototype showed no signs of malfunction (leakage of MCP ...). It is charged correctly every day,
the temperature levels reached by the cavity are satisfactory for the durability of the system (including without
withdrawal). The solar energy is well transmitted to the storage: the heat pipes play their role well as expected. The
thermal diode effect (of the thermosiphons) is also validated. A small temperature difference is observed between
the 2 faces of the cavity, which shows the efficiency of the honeycomb structure to transfer the heat.
In terms of performance, it appears that the prototype is relatively well placed in terms of its productivity compared
to a traditional individual solar water heater. However, storage is largely discharged at night, which explains why
there is no rise in temperature during non-withdrawal periods (experimentally tested). The complete crystallization
of the MCP shows that losses are almost equivalent to storage. The losses represent an average power of the order
of 100W/m² permanently. This implies a fairly low solar coverage over the year. It is clear that the U-shaped
profiles and the metallic fasteners which hold the cavity strongly accentuate the losses of the cavity. All this is not
really worrying knowing that these problems of thermal bridges can easily be solved.
If one considers a more efficient version of the ICS, the maximum temperatures reached by the cavity could be
between 130°C and 140°C. If it is desired to limit this maximum to a hundred degrees, the ICS must not have an
excessive transmission coefficient of glazing and / or an absorber with low emissivity coating.
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Abstract
The efficiency of conventional solar thermal collectors and related thermal energy storages is often reduced
by the requirement for high irradiation levels and the heat losses due to the relatively high temperature of the
heat transfer fluid. In order to overcome those limitations, a solar thermal system capable of working at low
temperatures through the exploitation of latent heat storage is presented in this paper. The proposed system
was based on a novel heat transfer fluid and storage media, composed by a mixture of water and microencapsulated phase change material (PCM), named Phase Change Slurry (PCS). This paper introduces a
numerical model capable of accurately describe the physical process and the dynamics of the proposed
technology (collector, thermal energy storage and control logics). Results were validated by means of
experimental tests and a long-term monitoring on a real full-scale prototype. Furthermore, experimental tests
were performed to carry out the actual PCS thermo-dynamical properties that are strongly dependent on the
concentration of micro-capsules in the heat transfer fluid.
Keywords: Phase Change Material (PCM), HVAC system, solar thermal system, Phase Change Slurry (PCS),
Latent Heat Thermal Energy Storage (LHTES),

1. Introduction
The pursuit to obtain higher levels of comfort has led to a dramatic increase of the energy demand in buildings.
In Europe the overall energy demand of the building sector accounts for about 40 % of the total energy
consumption (Pérez-Lombard et al., 2008). Solar technologies are a leading solution to face the challenge of
reducing the impact of the building sector (http://www.iea-shc.org/programme-description). However, the full
profitability of RES is often limited to a great extent by their stochastic variation and the time mismatch
between availability and demand (Heier et al., 2015). Thus, energy storage strategies are becoming a crucial
requirement to partially mitigate this gap.
A field that is particularly promising is represented by active Thermal Energy Storage (TES) technologies,
(SHC Annual Report, 2012). Indeed, in buildings the active TESs allow the surplus of energy production to be
stored and then released whenever demanded by the occupant. In particular, the peak power consumption can
be mitigated by means the adoption of the TES. In this way the RES are better exploited and the size of the
auxiliary systems can be effectively reduced. For the implementation of storage technologies directly into the
buildings, compact tank solutions are required.
A further improvement in TES performance has been represented by the introduction of solutions exploiting
latent heat exchanges. These solutions are commonly referred as Latent Heat Thermal Energy Storages
(LHTES) and can be based on different technologies and storage media (e.g.: ice cold storages, salt hydrates,
Phase Change Materials). Advances in industrial technologies have led to the development of Phase Change
Materials (PCM), whose phase transition process occurs in many temperature ranges. Thus it is possible to
select the material whose features are the most suitable for each specific application. The exploitation of latent
heat represents a possible benefit in terms of reducing the size of the component and improving the overall
system performance (Rodriguez-Ubinas et al., 2012). Indeed, on one hand the great amount of energy due to
the phase change increases the energy stored density. On the other hand, the phase change can be exploited to
reduce the temperature differences affecting the system, thus improving the overall system performance by
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means of a reduction of both the dispersion and the internal entropy dissipations.
Nowadays, the scientific literature offers numerous works dealing with technologies and solutions concerning
LHTES. Particularly encouraging are those in which LHTES is coupled with solar thermal systems. In general,
the presence of a PCM leads to an overall annual increase in the solar fraction, a higher efficiency of the system
and major storage heat capacity. In the last few years, the use of PCMs has been tested in several different
types of solar thermal systems. Three different methods in particular have been proposed to incorporate PCMs
into solar thermal systems: the integration of a PCM directly in a layer of the solar collector (Sharma and Chen,
2009 and Eames and Griffiths, 2006), the addition of PCM nodes to the primary HTF solar loop pipes (Haillot
et al., 2013) and the addition of PCM elements to the inside of a storage tank (Cabeza et al., 2006).
In 2015, some of the authors of the present paper (Serale et al., 2015) proposed an innovative solar thermal
system based on Phase Change Slurry (PCS). The PCS is a mixture of water with glycol and a dispersed microencapsulated Phase Change Material (PCM). Micro-capsules allow the PCS to be pumpable regardless the
state of aggregation of the material contained in their core. For this reason, it was possible to use the PCS both
as the storage media and the Heat Transfer Fluid (HTF) in the primary loop of the solar thermal system. In this
way, the phase change transition occurred also in the collector reducing the operating temperatures of the
system due to the exploitation of latent heat exchange instead of a traditional sensible HTF temperature
increasing. On the one hand the system dispersions to the ambient were reduced and on the other hand the
fraction of hours of exploitable solar radiation were also increased, due to a reduction of the threshold limit of
the solar radiation necessary to produce energy.
In order to investigate the potentialities of this PCS-based technology, a numerical model for solar thermal
collector based on latent heat exchanged was formulated extending the Hottler-Willier for traditional solar
thermal collectors (Serale et al., 2016). The present paper is an extension of the numerical model formulated
in (Serale et al., 2016). In particular, the extended model herewith presented considers not only the collector,
but the entire solar thermal system, including also the system PID controller and the LHTES tank. The
integration of these models with the one previously built of the solar thermal collector, allowed a simulation
of the prototype as a whole. Eventually, the paper shows the validation process of the numerical model using
data gathered during an experimental campaign and a field test on a real-scale prototype.
The work is organised as follow. Section 2 summarises the main features of the numerical model of the
collector, the TES and the closed-loop controller for solar thermal system capable of exploiting both latent and
sensible heat. Section 3 briefly introduces and describes the solar thermal system analysed as case study.
Section 4 reports the results of the experimental tests necessary to characterise the PCS used as HTF. Section
5 outlines the results of an experimental campaign undertaken to validate the numerical model with real data
gathered on field. Section 6 is the conclusion of the work.

2. Methods: a numerical model for solar thermal systems exchanging latent
heat and sensible heat
In order to better investigate the opportunities offered by the adoption of PCS in solar thermal system, a
numerical model was necessary to perform simulation and parametrical analysis. These allow the system
performance to be tested under different boundary conditions and climatic parameters. The numerical model
had to be capable to describe both the sensible and the latent heat exchanges occurring in the system. In this
way both traditional water-based and innovative PCS-based HTF can be tested and the system performance
compared. The following Figure 1 provides a comprehensive framework of the numerical model carried out
in the present work.
The solar thermal system model was characterised by 3 key elements: the collector model, the TES model and
the closed loop controller that regulates the pump speed, thus the flow rate flowing in the system. Both the
collector model and the TES model were finite elements thermodynamic models capable to describe the system
evolution in terms of internal energy and temperature of the nodes. The model was entirely developed by
means of Matlab scripts and Simulink flows. The model can be used to simulate both traditional water-based
and PCS-based solar thermal systems. The switch between the two options can be uptaken by different setting
of the features of the heat transfer fluid and storage media. Since the numerical model has to work both with
water and with a phase change material, an enthalpy approach, instead of a temperature one, was used to
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evaluate the internal energy of the system. In this way it was exploited the property of the enthalpy itself of
being a continuous and invertible function of the temperature (h=h(T)).
The external disturbances influencing the system were the external weather conditions and the energy demand
by the occupants. The external weather conditions that mainly affect the system heat exchanges were the
ambient temperature Ta, the beam solar radiation Gb, the diffuse solar radiation Gd, the angle of incidence of
the solar radiation ș on the collector, the wind velocity wa, and the radiative temperature of the sky Tsky. The
TES model considered the ambient temperature as unique weather disturbance, while the solar thermal
collector model was affected by all the previous parameters. The occupancy energy demand affected the model
of the TES and in particular the inlet temperature of the heat exchanger Thx,in and the thermal energy required
in the heat exchanger Qhx. Some general assumptions and simplifications were made in the model to make the
physical–mathematical description of the components easier:
- quasi steady-state of the collector components (cover, plate, back insulation casing);
- uniform weather boundary conditions over all the system components;
- heat loss toward the same heat sink, considered at the outdoor air temperature;
- the HTF has constant density and thermal conductivity;
- the temperature of the HTF in the outlet of the collector is, unless a negligible error, the temperature
in the inlet of the TES.
- the temperature in the outlet of the TES is approximately equal to the inlet temperature of the solar
collector.

Fig. 1: General framework of the numerical model for solar thermal systems exchanging latent and sensible heat.

2.1 Numerical model for solar thermal collectors based on sensible or latent Heat Transfer
Fluids
The solar thermal collector numerical model is the evolution of the previous version presented in (Serale et al.,
2016). The numerical model was suitable to simulate different type of HTFs, thus with different thermophysical properties. In this new version of the numerical model, the collector was a-priori discretised in 10
segments of the same length. Each segment was a lumped node having constant thermodynamic properties
(e.g., temperature, specific enthalpy, conductivity, etc.). For each segment an energy balance based on the
Hottel-Willier model for solar thermal collector was formulated and computed in order to carry out the
temperatures of the components and the heat fluxes involved in the process (Duffie & Beckman, 2013). The
solution of this energy balance depended on the HTF used, thus the thermal and rheological proprieties of the
HTF had to be set in the model as a function of its temperature. In particular, the adoption of specific enthalpy
vs. temperature curves defined by means of look-up tables allowed the model to be easily switchable from
sensible to latent heat exchanges.
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Fig. 2: The sub-section of the Simulink model exploiting the look-up tables used to define the HTF temperature as a function of
the enthalpy.

2.2 The multi-node Thermal Energy Storage numerical model
A dynamic lumped energetic model was used to reproduce the thermal behaviour of the TES. In particular, a
multi-node model (Streicher, 2008) was selected as the most suitable one to simulate with good accuracy the
TES filled either with water or with PCS. Consequently, the TES tank has been virtually segmented into 7
lumped nodes representing finite horizontal volumes. Each node was considered filled with the internal storage
media perfectly mixed, thus at one uniform temperature. Likewise the collector model, every node is influenced
only by the flow rate entering from the previous one and it influences only the subsequent. The initial node
receives the outlet flow rate of the collector, while the terminal node determines the inlet flow rate of the
collector.
For each TES node the energy balance was defined by means of Eq.1.
ܳሶௗǡ  ܳሶ௫ǡ  ܳሶ௨௫ǡ  ܳሶௗǡ  ܳሶ௦௦ǡ ൌ ݉ ή

ೕశభ ିೕ
ௗ௧

(eq.1)

This balance considered negligible the pressure drop inside the tank and the heat losses to the ambient were
taken into account using a global heat transfer coefficient. Referring to each j-th node of mass ݉, ܳሶௗ is the
heat flux due to the mass flow rate coming from the solar collector, ܳሶ௫ is the heat flux exchanged with the
heat exchanger that delivers the space heating energy, ܳሶ௨௫ is the heat provided by an auxiliary heating source
(e.g., a backup boiler or a backup electric heater), ܳሶௗ is the heat flux exchanged by conduction between two
adjacent nodes and ܳሶ௦௦ is the energy losses to the outdoor environment. The adoption of specific enthalpies
h discretised over time on the right term of eq. 1 allowed the TES model to be easily adapted to the HTF used
as storage media by means of the same temperature dependent look-up tables adopted for the model of the
collector.
During an experimental campaign, every term of eq. 1 for each j-th node could be easily derived from the data
gathered by thermocouples suitably placed into the TES. If the thermocouples in the TES were not enough to
enable the direct solution of the balance in each node (e.g., temperatures monitored in the TES inlet and outlet
only), the intermediate node temperatures would be linearly interpolated from these terminal data. Indeed, a
quasi-linear trend could be justified by the very small temperature difference between the inlet and the outlet
(e.g., at most 10 °C).

2.3 The control loop in the numerical model
Coping with a phase change fluid, the control logic was more complicated compared to traditional water based
solar thermal systems. On one side, the controller had to avoid the overcoming of some technology limits of
the system components (e.g., not exceed the 60°C maximum temperature thresholds that can damage the
system). These control logics for the PCS-based solar thermal system could be based on Rule Based Controllers
(RBC) extensively discussed in (Serale et al., 2015).
On the other side, an effective control logic was essential to fully exploit the available solar radiation and to
optimise the coupling of the production with the users’ demand. In order to maximise the overall energy
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efficiency of the system the HTF latent heat should be exploited as much as possible. For this reason, the
optimal working condition of the solar collector could be approximated to the one in which the PCS concludes
its transition phase (around 40 °C) exactly at the collector outlet. In this way the heat for the isothermal phase
change could be fully exploited and the thermal losses can be minimised by maintaining the lowest possible
average working temperature of the solar panel. This control logic was addressed by means of a PID controller
that managed the primary collector loop pump speed, thus the HTF flow rate flowing in the solar thermal
collector. The target of the PID was to maintain the collector outlet temperature as much closer as possible to
the set-point equal to the end of PCM transition phase.
The PID controller was implemented in the numerical model to control the flow rate flowing between the solar
thermal collector and the TES tank. In the case of PCS the collector outlet temperature, which is the PID setpoint, was set equal to 40 °C, a temperature slightly above the upper limit of the material phase change
transition and always sufficient to guarantee the supply temperature for space heating. This allows the latent
heat of the PCM to be fully exploited. The parameters of the PID controller were changed in the simulation
model to evaluate the dynamic response of the system, and to tune the real controller of the prototype. Whereas
the P value allows to reach the set-point faster, the I value deletes the error in regime permanent when the
disturbances are constants and the D value allows to anticipate the future trend of the error. After preliminary
tests, the controller was simplified to a Proportional-Integral controller and the Derivative term was neglected.
Indeed, in this specific application, the disturbances - such as the solar radiation and the ambient temperature
- are extremely variable, thus predicting the future error would also increase the instability of the system.

2.4 Auxiliary equations for considering the Phase Change Slurry features
A numerical model for a PCS-based solar thermal system required the proper setting of the PCS thermophysical and rheological properties. These properties strongly depended on the concentration of the microencapsulated PCM in the PCS mixture. However, whereas the thermal properties could be easily calculated as
the mass weighted average of the properties of the two components of the slurry, the rheological features
showed a highly non-linear behaviour. Thus, the choice of the concentration of micro-encapsulated PCM
dispersed in the mixture was not trivial. Indeed, it affected both the energy required in pumping and heat
transfer, thus in the efficiency and in the energy savings of the system in real building applications. The
selection of the most suitable concentration was a quite tricky trade-off, since enhancing a characteristic may
cause the worsening of the other one. Indeed, boosting the concentration of micro-encapsulated PCM increased
the available latent energy stored in the PCS mixture, but at the same time it determined higher pressure drops
due to the increased fluid viscosity, which in turn means higher energy demand for pumping. However, higher
thermal storage capacity also implied lower flow rate, and thus a reduction in electric energy demand from the
pump (Serale et al., 2014). For these reasons, the authors decided to develop the model with PCS thermal and
rheological characteristics that varies accordingly to the micro-encapsulated PCM concentration in the mixture,
defined as ߮. PCS viscosity and thermal conductivity were defined by means the following eq.2, eq.3 and eq.4,
while the enthalpy or specific heat vs. temperature curves were determined with experimental tests for different
concentrations.
On the one hand, the PCS dynamic viscosity has been calculated taking advantage from the Vand’s model (eq
2):

ఎ್
ఎ

ൌ ሺͳ െ ߮ െ  ߮ܣଶ ሻିଶǡହ

(eq.2)

where ߟ is the dynamic viscosity of the micro-encapsulated PCM, ߟ is the dynamic viscosity of the dispersing
phase, thus the water with concentration, ߮ is the volumetric concentration of the micro-encapsulated PCM in
the mixture and  ܣis a constant value that depends on the diameter and the geometry of the micro-capsule.
On the other hand, the PCS thermal conductivity was estimated by means of the (eq.3 and eq.4):
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where ߣ is the thermal conductivity for the flowing PCS fluid, ߣ is the conductivity of the PCS in static
conditions, ߣ is the conductivity of the fluid in which the micro-encapsulated PCM is dispersed, whereas ܲ݁
is the Péclet number of the particle. This last parameter depends on the dimension of the particle and of the
pipe in which the fluid flows, on the radial position of the particle in the pipe and, moreover, on the mean
velocity of the fluid. Finally,  ܤand ݉ can be considered as constants for defined ranges of the Péclet number.

3. Materials: a PCS-based solar thermal system
In order to validate the model, a real-scale prototype was necessary to undertake an experimental campaign
and gather monitored data. In particular, the solar thermal collector and TES prototype described in (Serale et
al., 2015) was used to this purpose. This prototype was designed to couple well with low temperature space
heating terminals (e.g. radiant panels or Thermal Activated Building Elements). The prototype can use as HTF
and storage media either water, eventually with glycol, or a PCS, which exploits the latent heat. The TES was
powered by a flat plate solar thermal collector and heat was delivered to the building through a secondary heat
exchanger placed inside the component. Furthermore, a complete monitoring system was installed in the
prototype to gather data every second about the temperatures and the flow rates of the various components. In
particular, energy meters monitored the electrical consumption of the auxiliaries, 20 thermocouples were
placed in the collector, in the TES and in some crucial points of the pipes, 2 manometers (one for each loop)
and a Corioli’s flow meter were used in the secondary loop to measure the fluid flow rate inside the heat
exchanger of the TES. On one side of the collector, a pyranometer measures the global solar radiation on the
collector tilted plane.

Fig. 3: Left: schematic of the analysed PCS-based solar thermal system. Right: the full scale prototype at Politecnico di Torino.

Figure 3(left) reports a schematic of the prototype and its monitoring system, while Figure 3(right) is a picture
of the real scale system installed on the roof of the energy laboratories of Politecnico di Torino. The main
component was the solar thermal collector with a net area of 2.1 m2. The panel was equipped with a motorised
cover that worked both as a protection for adverse weather conditions and as a strategy to avoid an undesired
overheating of the HTF. The TES tank volume was equal to 200 l. The TES connected the primary collector
loop with the demand side heat exchanger that was an internal copper coil of 2.5 kW. A fiberglass insulation
layer of 10 cm limited the TES thermal losses to the external ambient. Moreover 8 visors were installed in the
TES to visually evaluate the fluid inside the tank. To move the PCS without damaging the PCM micro-capsules
dispersed in the mixture, two peristaltic pumps were used, one for the primary collector loop and one in the
TES to continuously recirculate the fluid and thus limit the creaming phenomenon (Fan et al., 2015). The
peristaltic pump in the primary collector loop was the one controlled by means of the PID controller. Four
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solenoid valves were used to control the RBC logics and the operating modes of the solar thermal system
(Serale et al., 2015).

4. Experimental tests undertaken to derive the PCS features
The PCS used as HTF was a mixture of water with glycol and a dispersed micro-encapsulated PCM. The PCM
contained in the micro-capsules core selected for this application was n-eicosane with a nominal melting
temperature of about 36 °C and a specific enthalpy of fusion equal to 195 kJ/kg. Since the thermal properties
of the whole PCS mixture strongly depended on the capsule concentrations experimental tests were necessary
to define the enthalpy or specific heat vs. temperature curves. The T-History method was selected as the most
suitable experimental test for this approach. T-History method defines the correlation between the fluid
temperature and its enthalpy at the various micro-encapsulated PCM concentrations. In this case the
concentration suitable for the adoption in the solar thermal system were investigated. An extensive description
of the T-History tests for the analysed PCS can be find in (Buttitta et al., 2015).
Elaborating the monitored data of the T-history method experiments it was possible to find the enthalpy vs
temperature curves at different concentrations using the correlations of Marvin et al. (Marin et al., 2003) (eq.
5-7).
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(eq.7)

where ܪ is the latent heat, ܪ is the enthalpy of the micro-capsule of PCM, ܪǡ is the enthalpy of a reference
fluid whose value is assumed known (in this case distilled water was used as reference fluid), ܶ is the fluid
temperature at the experiment initial condition, ܶ௦ is the initial temperature of the phase change transition, ܣଵᇱ
is the integral of the temperature difference between the reference fluid and the ambient temperature, ܣଶ is the
integral of the temperature difference between the PCS fluid and the ambient temperature. Both the integrals
refer to a period of time ranging from the beginning till the end of the phase change transition. The subscript
 ݓindicates the water, whereas  ݐis the tube of the sampler and ݅ is the i-th time instant.
Afterwards, the calculation of the specific heat was possible. The specific heat is defined as the derivative of
the enthalpy - temperature curve. The trend of the specific heat can be described as the combination of two
Gaussian curves, one for the liquid part and the other one for the solid part (eq. 8).
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in which the subscribe  ݏrefers to the solid state, ݈ to the liquid state and ݉is the peak value.
Thus, the final equation for the enthalpy curve results in eq. 9.
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A possible drawback occurring in test regarding PCS was the so called creaming effect. Indeed, the PCM
micro-capsules showed a density that was lower than the one of the water in which they were dispersed. Thus,
there was a migration process of the PCM micro-capsules in the upper part of the tubes. To limit the
phenomenon during the T-History method, the tubes were placed horizontally and this allowed the results
accuracy to be improved up to 18 % compared to the vertical position.
The results of the T-History method are shown in Figure 4. These results were implemented in the Simulink
numerical model using Look-up tables. Moreover, Table 1 highlights the available latent heat for each analysed
concentration. The creaming effect somehow influenced the reliability of the results and the lower the microencapsulated PCM concentration the higher this effect. Indeed, for 5 % w.t. concentration of microencapsulated PCM the MAPE was 18 %, while for 15 % w.t. of micro-encapsulated PCM concentration the
MAPE decreased to 5 %.
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Fig. 4: Left: Enthalpy vs Temperature curves at different weight total concentrations of PCM. Right: Specific heat vs
Temperature curve at different weight total concentrations of PCM.

Tab. 1: Comparison between theoretical end experimental PCS latent heat for different concentration of micro-encapsulated
PCM in the mixture.

Concentration w.t.
[-]

Theoretical latent heat
[kJ/kg]

Experimental latent heat
[kJ/kg]

MAPE
[-]

5%

4.73

5.74

18 %

10 %

10.97

11.14

2%

15 %

17.81

18.77

5%

5. Experimental tests to validate the model
The solar thermal collector and TES prototype were monitored in order to properly identify the parameters of
the numerical model that best-fit the actual performance of the prototype. Firstly, the solar thermal collector
and the TES were tested as stand-alone elements for 5 days each, afterwards the overall system was monitored
for other 5 days. Thus, an uncertainly analysis between the data gathered from the plant and the results obtained
from the numerical model has been done.
The implementation of the PID controller in the numerical model allowed not only to perform realistic
simulations replicating the real control logics of the prototype, but also to investigate and improve the best
Proportional, Integral and Derivative setting. Figure 5(left) shows the comparison of the temperature trend at
the outlet of the real collector with the simulated data obtained introducing a P controller and a PI controller.
The set-point tracked by the controller was a temperature of 40 °C at the outlet of the solar collector. The P
value allowed the set-point temperature to be reached faster, while the I value deleted the error in permanent
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regime where the disturbances were constants. The changes in the collector outlet temperature were due to the
variation of the flow rate, influenced by controlling the peristaltic pump speed.
On the one hand adopting the P controller, when high level of solar radiation became available, the rotation
speed of the pump decreased until the set-point temperature was reached (Figure 5(right)). However, if the
solar radiation remained constant, it would not be possible to maintain the 40 °C set point with the P controller
and the collector outlet temperature raised up to 44 °C. On the other hand, the combination of a P value with
a I value solved this issue. Indeed, it is possible to infer from Figure 5(left) as the set-point was maintained
also during all the central hours of sunny days when the solar radiation reached the highest levels. On the
contrary, with either P or PI controller during cloudy days (e.g. the fourth and the fifth days of the monitored
week), also maintaining the pump speed at the minimum value, the system was not able to reach the set-point
could.
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Fig. 5: Experimental results with different combinations of P and PI values. Left: Temperature at the outlet of the collector.
Right: HTF pump flow-rates.

At the end of the calibration process for the solar thermal collector, the MAPE between measured and simulated
outlet fluid temperatures with water was 1.8 % (i.e., a MAE of 0.5 °C). While the tests of the TES tank
temperatures provided a MAPE equal to 1.6 % (i.e., a MAE of 0.3 °C). After those satisfactory results, the
analyses of the entire closed loop system were performed. In this case, the difference between the simulated
and the monitored data slightly increased. Nevertheless, the error indicators remained smaller than a MAPE of
8 % for the outlet temperature of the solar thermal collector and of 1.8 % for the TES nodes temperatures. The
following Figure 6(left) shows the comparison between the simulation and monitored results obtained for the
closed loop solar thermal system for 7 monitored temperature in the TES, whereas Figure 6(right) shows the
collector outlet temperature.
The simulated trend of the collector outlet temperature followed the experimental results proving a good
accuracy. Some small discrepancies were outlined only during peak loads of solar radiation and morning time.
This was mainly due a difficult calibration of the solar radiation transmission coefficient of the solar collector
glass cover as a function of the incidence angle. Indeed, this transmission coefficient strongly affected the
panel performance, influencing the amount of the radiation effectively incident to the absorption plate of the
collector. A delay affected the simulated results of the first hours of the day also concerning the TES
temperature trends. This was influenced again by the uncertainties affecting the solar collector. Indeed, the
outlet of the solar collector was the inlet of the TES.
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Fig. 6: Experimental vs simulation results. Left: Temperature at the outlet of the collector. Right: Temperatures of the 7 nodes
of the TES tank.

The simulated trend of the collector outlet temperature followed the experimental results proving a good
accuracy. Some small discrepancies were outlined only during peak loads of solar radiation and morning time.
This was mainly due a difficult calibration of the solar radiation transmission coefficient of the solar collector
glass cover as a function of the incidence angle. Indeed, this transmission coefficient strongly affected the
panel performance, influencing the amount of the radiation effectively incident to the absorption plate of the
collector. A delay affected the simulated results of the first hours of the day also concerning the TES
temperature trends. This was influenced again by the uncertainties affecting the solar collector. Indeed, the
outlet of the solar collector was the inlet of the TES. Eventually, a further discrepancy between real monitored
data and simulation results was related to a temperature peak shift in the TES nodes farer from the TES inlet.
Simulation results generally anticipated the real monitored data. This was due to some TES internal partitions
that slowed down the HTF motion in the real tank and were not modelled in the lumped numerical model.

6. Conclusions
In the present paper a numerical model to describe the physical behaviour and the system dynamics of a
complete PCS-based solar thermal system (collector, thermal energy storage and control logics) was presented.
The HTF thermal properties were defined by means experimental laboratory tests whose results were herewith
reported. Simulation performed by means of the numerical model resulted accurate enough to reproduce the
real data gathered in-field during a monitoring campaign on a real scale prototype. Thus, the numerical model
can be used in future works to perform comparative analyses to outline the possible benefits achievable by
means of the proposed technology. Future works will also deal with additional experimental campaign aiming
at adopting as HTF a PCS at different concentrations.
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Abstract
SolCoSi (SOLar COllector Simulator) is a software program developed in order to determine
the thermal performance of flat plate solar collectors used in solar water heating systems.
SolCoSi can be used as a tool for design and optimize flat plate solar collectors, it enables an
analysis of different materials and dimensions of the absorber, transparent covers, number of
tubes, types and dimensions of insulation, selective surface, and different working conditions
(mass flow rate, wind speed, solar radiation, etc.). The mathematic model consist in a twodimensional arrange of nodes disposed in longitudinal and axial direction; in order to
determine the temperature in each node, an energy balance was solved. As a result, SolCoSi
predicts the thermal efficiency curves (lineal or quadratic), the incident angle modifier factor,
the stagnation temperature (calculated for the particular case when the mass flow rate is near
zero) and the temperature distribution in fluids and solids. The model developed is available
as free online software in English and Spanish on the following website:
http://solcosi.ier.unam.mx/
Keywords: Numerical model, flat plate solar collector, water heating, free software

1. Introduction
SolCoSi (SOLar COllector Simulator) is a software program developed by the Instituto de
Energías Renovables – UNAM. This software can be used to predict the thermal efficiency
curves (lineal or quadratic), the incident angle modifier factor, the stagnation temperature
(considering as the outlet water temperature in the solar collector when the water mass flow
rate is near zero) and the temperature distribution in fluids and solids of flat plate solar
collectors used in water heating systems. In order to design new prototypes of solar
collectors, it is necessary to modify the principal parameters of these equipment such as:
materials and dimensions of the absorber, transparent cover, number of tubes, types and
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dimensions of insulation, selective surface, and its working conditions (mass flow rate, wind
speed, solar radiation, etc.).
2. Mathematical model
2.1 Equation of energy balance

The model combines the multilayer method proposed by Cadafalch (2009) with a
discretization also in the longitudinal axis proposed by García-Valladares and Velázquez
(2009) in order to take into account the temperature profile along the risers. The
discretization used for SolCoSi is shown in Fig. 1.

Fig. 1 Internal discretization of flat plate sola collector used for SolCoSi.

The eq. (1) shows the general form of the energy equation applied to each control volume.
The model takes into account the following assumptions: steady state conditions, heat
transfer in axial and longitudinal directions, the total water mass flow rate is divided into
equals parts in each riser.
൫ܼ  ܼିଵ  ܼݏ  ܼݏିଵ ൯ܶǡ ൌ ܼ ܶǡାଵ  ܼିଵ ܶǡିଵ 
(eq. 1)
ܼݏ ܶାଵǡ  ܼݏିଵ ܶିଵǡ  ݍǡ
Where Z and Zs values correspond to heat transfer coefficients (conductive, radiative and
convective) in each node in W/m2K. The conductive and radiative coefficients are calculated
with the Fourier and Boltzman’s laws respectively using the thermophysical properties of the
different materials. The convective coefficient are calculated using empirical correlations for
each specific layer: (a) for the environmental heat transfer coefficient, the equations proposed
by Duffie and Beckman (Duffie and Beckman, 2013); (b) for the fluid inside the tubes, the
equation developed by Gnielinski (Gnielinski, 1979); and (c) for the air gaps between the
back insulation and transparent cover the method suggested by Bejan (Bejan, 1993) are used
respectively.
The qg,k term is the heat generation in W/m2, Tj,k is the temperature of the node analyzed and
Tj,k-1, Tj,k+1, Tj+1,k and Tj-1,k are the temperatures of its neighbor nodes. The set of energy
balance equation in each control volume is solved using the Tri-Diagonal Matrix Algorithm
(TDMA) according to Patankar (Patankar, 1980). For more details see the following article
(Pérez-Espinosa and García-Valladares, 2018).
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3. Validation
In order to validate SolCoSi, a comparison with the experimental data of different
commercial flat plate solar collectors (evaluated according to the international standard ISO9806:2013 (2013) in different accredited solar laboratories around the world) has been carried
out. A statistical analysis between the thermal efficiency curve predicted by SolCoSi
(referred as the y−dependent variable) and the experimental thermal efficiency curve (defined
as the x−independent variable) was used according to Verma and Santoyo (1997). In this
statistical method, an ideal correlation is obtained when y=x; for this reason a ±3% error band
was plotted in Fig. 2, this figure shows that 78.3% of the 23 numerical data points obtained
were within and error band of r3% and 95.7% were within and error band of r5%. The mean
deviation between experimental and numerical results was r2.55%. With this analysis, a
good agreement between numerical and experimental results has been observed. Appendix B
shows the thermal efficiency data points of experimental and numerical results used in Fig. 2.

Fig. 2 Comparison of thermal efficiency between numerical and experimental data points.

4. Results
Once the SolCoSi was validated, the software was written in Java code and the program is
now available in the website http://solcosi.ier.unam.mx with a visual interface and an English
and Spanish versions. The result is a new software program named SolCoSi than can be used
to evaluate the thermal performance of a flat plate solar collector: the thermal efficiency
curve, the incident angle modifier and the stagnation temperature. These results can be
download in a .pdf file as a report, the report includes: in the first section the principal values
used in the simulation (values given by the user), after that it shows the linear and quadratic
equations of the thermal efficiency (see Fig. 3); in the third section, it is shown the equation
to determine the incidence angle modifier factor and the curve obtained with this equation
(see Fig. 4); in the fourth section the stagnation temperature obtained by the simulation when
the water mass flow rate is close to zero is shown. The main menu of the SolCoSi website is
observed in Fig. 5.
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Fig. 3. Thermal efficiency equations and curves obtained by SolCoSi.

Fig. 4. Incidence angle modifier factor and its respective curve.

Fig. 5. Main menu of SolCoSi website.

5. Concluding remarks
A Solar Collector Simulator (SolCoSi) has been successfully developed. The model discretize
the flat plate solar collector in the axial and longitudinal directions and it can be used to
evaluate the thermal efficiency curve, the incident angle modifier factor, the stagnation
temperature and the temperature distribution in fluid flow and solids.
SolCoSi was validated against a wide range of experimental data (70 experimental data
points grouped in 23 groups) of different commercial flat plate solar collectors fabricated
with different geometries, materials and working under different operating conditions; this
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validation includes a comprehensive statistical analysis based on error bands. A good
agreement between numerical and experimental results has been observed with a mean
deviation of r2.55%.
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Appendixes

Appendix A: units and symbols
Table 1 shows all the symbols used in to the paper.

Table 1: Symbols used in this paper.
Quantity
Global irradiance
Incidence angle modifier

Symbol Unit
G
W m-2
Kτα

Number of the control volumes

Ncv

Heat generation
Temperature
Longitudinal thermal resistance
Subscripts

q
T
Zs

Ambient

a

Fluid at average temperature

fav

j-th longitudinal control volume
k-th axial control volume
Greek letters

j
k

Thermal efficiency (SolCoSi)

Ksol

Thermal efficiency
(experimental)
Collector incidence angle

Kexp
θ

°

W m-2
K
W m-2K-1
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Appendix B: data of the tests
Table 2 shows the experimental and numerical results
used in Fig. 2.

Table 2. Experimental and theoretical
thermal efficiency data points
Test group
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

2096

Ksol

Kexp

0.7105
0.6305
0.5385
0.7080
0.6065
0.5080
0.4270
0.6205
0.4358
0.7865
0.6610
0.5706
0.4303
0.7870
0.7070
0.6185
0.5385
0.6372
0.5428
0.7587
0.6755
0.5901
0.5156

0.7129
0.6489
0.5662
0.7090
0.6089
0.5228
0.4397
0.6760
0.4583
0.7928
0.6621
0.5793
0.4481
0.7947
0.7080
0.6183
0.5438
0.6394
0.5315
0.7550
0.6779
0.6007
0.5347
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Abstract
In this article, a comprehensive optical analysis of a non-imaging elliptical hyperbolic concentrating collector has
been carried out. This collector system has a wide acceptance angle so that it can be operated with no/minimum
tracking based on the location of operation. Two types of receivers say flat and trapezoidal surface are considered
and the flux distribution over these receivers are estimated and compared. It is found that maximum peak flux is
intercepted by the trapezoidal surface receiver. The effect of concentrator geometrical parameters such as
concentrator height (Hc) and concentration ratio (CR); receiver geometrical parameters such as aperture width (W r)
and receiver height (Hr) on optical performance of the collector has been studied. The optical efficiency varies
between 5 – 15 % for the concentrators with height less than 1 m whose acceptance angle is about 60q, whereas for
the concentrator height greater than 1m, the acceptance angle is r45q and the optical efficiency varies between 20 –
30 % for incidence angles r30q. The maximum flux incident on the trapezoidal surface is about 60585 W/m 2,
however for flat surface, it is 40468 W/m2. Based on the optical analysis, it can be seen that this system can be
widely used for applications such as low and medium temperature applications and it requires less/no tracking with
wider acceptance angle.
Keywords: Solar energy, non-imaging collector, hyperbolic concentrator, optical performance

1. Introduction
Non-imaging concentrators are widely used in low temperature solar process heating applications like water
heating, air conditioning etc., For given concentration ratio, non-imaging systems provide wide acceptance angles
for solar applications. Hence, these collectors require minimum or no tracking. A new type of non-imaging
concentrator called elliptical hyperbolic concentrator has been developed which has wider acceptance angle and
require less or no daily tracking and minor adjustment for seasonal tracking depending on the location of
installation of collector. The use of hyperbolic concentrators were studied by Garcia-Botella et al. (2009). It has
been concluded that the concentrators with hyperbolic profile have higher acceptance angle. Ali et al. (2009)
compared the optical performance of 2-D and 3-D elliptical hyperbolic concentrator (EHC) and found that the
optical efficiency of 2D and 3D system are 63% and 78% respectively. Ali et al.(2010) presented optical
performance of 3D static circular and elliptical hyperboloids. Four different configurations of hyperboloids are
studied based on the ray tracing techniques and flux distribution at the receiver aperture has been presented. A
detailed parametric study on the elliptical hyperbolic concentrator has been performed by Ali et al.,(2013). Thermal
analysis of concave cavity surface receiver of EHC was carried out by Reddy and Vikram (2015). In the present
work, optical analysis of elliptical hyperbolic concentrator with two types of receivers are carried out and effect of
various parameters such as concentrator height, concentration ratio, receiver height, receiver aperture on optical
performance of the elliptical hyperbolic concentrator with trapezoidal/concave cavity surface receiver are studied.

2. Design of Elliptical Hyperbolic Concentrator
The elliptical hyperbolic concentrator is a non-imaging concentrator, which consists of a hyperbolic profile along
the concentrator height with an elliptical aperture. This concentrator is the development of 3-D surface of
revolution and falls under the category of family of surfaces called hyperboloid. The hyperboloidal surface
considered in the present work is one-sheeted hyperboloid.
The equation of one-sheeted hyperboloid is given by (Gottwald, 2012):

x2 y 2 z 2
 
a 2 b2 c 2

1
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(eq. 1)
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The length of the major axis and minor axis at the top aperture of the concentrator is termed as 2A and 2B whereas
at bottom aperture, it is termed as 2a and 2b respectively, and Hc being the height of the concentrator. The
geometrical parameters of elliptical hyperbolic concentrator are shown in Fig. 1.

(a)

(b)
Fig. 1 (a) Elliptical hyperbolic concentrator and (b) receiver showing geometrical parameters

3. Modeling of Elliptical Hyperbolic Concentrator with receiver
The equation for hyperbolic profile is obtained by rewriting the Eq. (1) for two planes X-Z and Y-Z by substituting
Y = 0 and X = 0.
For hyperbolic profile along X-Z plane (major axis side), substitute y = 0 and rewriting eq. (1) in terms of z, we
get,

z1 c u ( x a)  1
2

(eq. 2)

Similarly, for hyperbolic profile along Y-Z plane (minor axis side) is obtained by substituting x = 0 in Eq. (1), we
get,

z2

c u ( y b)  1
2

(eq. 3)

The equation for elliptical profile (at top and bottom aperture) is obtained by considering different values of z,
ranging from 0 to H (height of the concentrator).

x2 y 2

a 2 b2
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The ratio of semi major and semi minor axis (a/b) remains one of the important parameter in designing the
elliptical hyperbolic concentrator. This ratio plays a role in deciding the shape of elliptic aperture. The value 1
corresponds to circular cross section of aperture, whereas 10 correspond to narrow elliptical cross section (i.e.,)
lower major axis compared to minor axis. Hence a medium or average value of 5 is considered for the ratio of semi
major and minor axis (a/b) in the present study. The ratio of height to aperture (H c/a) plays a role in the amount of
solar radiation entering the concentrator and reaching the receiver. An optimum ratio of H c/a ratio is considered as
4 based on the previous studies by Ali et al., (2013). It can be seen that when the ratio of height to aperture is
varied from 1 to 10, the effective concentration ratio increases or decreases depending on the incidence angle of the
solar radiation. For incidence angles of 0 and 15q, the effective concentration ratio increases whereas, for 30q and
45q, the effective concentration ratio decreases beyond 4. It can be concluded that the optimum Hc/a ratio seems to
be 4 and corresponding Hc/b ratio seems to be 20. The geometrical values of parameters considered for the design
of elliptical hyperbolic concentrator are shown in Table 1. Based on the values provided in Table 1, the design of
EHC is carried out by obtaining the equations for hyperbolic profiles along major and minor axis and elliptical
apertures at bottom and top of the concentrator using Eq. (2) – (4).

Tab. 1: Geometrical specifications considered for design of EHC

Parameters

Values

Semi major axis at receiver aperture (a)

0.4 m

Ratio of semi-major to minor axis (a/b)

5

Height to aperture ratio (Hc/a)

4

The geometry of EHC is modelled using modeling software, AutoCAD 2012. The points for the profiles along the
major and minor axis is calculated for different values of x and y. These coordinate points are generated and is used
to model the geometry of the concentrator. The receiver converts the incident concentrated solar radiation into
thermal energy with the help of fluid circulated through it. Hence the design of the receiver becomes necessary for
its efficient conversion of solar radiation. The amount of solar radiation incident on the receiver depends on the
concentrator and the receiver shape. In the present study, two different configurations of the receivers such as flat
surface and trapezoidal surface are analyzed. The flat surface receiver has the dimensions same as the bottom
aperture i.e., the shape of ellipse with major and minor axis dimensions equal to that of the bottom aperture of the
concentrator. Fig. 2 shows the EHC system with receivers placed at bottom aperture of the concentrator.

Fig. 2 EHC systems with receivers at bottom aperture (a) flat surface (b) trapezoidal surface

4. Optical ray tracing analysis
The optical ray tracing analysis is carried out to estimate the flux that is incident on the receiver and to calculate the
optical efficiency of the system. ASAP (Advanced Systems Analysis Program) is an optical system-modelling
software/tool based on Monte-Carlo ray tracing technique, which simulates the interaction of light with optical and
mechanical structures (BRO, 2013). The geometrical model developed is imported to the ASAP software using
suitable (iges or stp) format. After importing the model in ASAP, the system settings such as units, wavelengths are
set. Then, the optical properties such as optical materials/coatings, refractive indices, reflectivity, and absorptivity
are specified. Once the model is imported and the properties are defined, source is defined and appropriate number
of rays for simulation is specified in the program. The source emitting the rays considered should have the
properties of sun hence, subtended angle by the sun is specified while defining the source. After specifying the
source, the ray tracing is carried out to concentrate the solar rays over the receiver through the concentrator. In the
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present study, the reflectivity of the concentrator is considered as 0.94. This reflectivity corresponds to the
reflectivity of Reflectech sheet (DiGarcia and Jorgenson, 2010) that is used over the concentrator. The ray tracing
diagram for different incidence angles are shown in Fig. 3.
The optical efficiency is given by (Kalogirou, 2009):
Optical efficiency,ηo =

Flux absorbed by the receiver
Flux incident on the concentrator

(eq. 5)

N

¦I U
i

=

m
r

i 1

Io

(eq. 6)

where, N and m corresponds to number of rays and number of reflections respectively.

Fig.3 Ray tracing diagram for different incidence angles (a) 0º (b) 15º (c) 30º (d) 45º

The optical model/procedure needs to be validated to assure the correctness of the procedure that is followed. To
validate the present optical model, the procedure is validated with optical analysis of two different geometries by
Ali et al. (2010) and Abdullahi et al. (2013). Ali et al., (2013) carried out optical analysis of EHC system with flat
receiver. The validation of present model with Ali et al. (2010) for Hc = 0.4 m, CR = 20, a/b = 5, a = 0.04 m was
carried out. It can be seen that the variation of present model with the other model is minimum and found to have
maximum deviation of 4.75%. Abdullahi et al. (2013) carried out optical ray tracing analysis of compound
parabolic collector (CPC) with single and double receiver configurations. The geometry of CPC with single
absorber of 11 mm radius is considered. It can be seen that the variation of optical efficiency with Abdullahi et al.
(2013) is minimum.

5. Comparison of flat surface and trapezoidal surface receivers
The flux available at the bottom aperture of the elliptical hyperbolic concentrator is estimated and the receiver for
EHC system has been designed based on the ray tracing analysis. The flux distribution on the receiver is important
for conversion of incident solar radiation into useful heat. Hence, the receiver is designed as trapezoidal surface to
intercept maximum amount of radiation that is entering the EHC system. The variation of optical efficiency for
both flat and trapezoidal receiver surface is shown in Fig.4. The flux on a flat surface and trapezoidal surface for
the solar incidence angle of 0q is shown in Fig.5. The optical efficiency of the flat and trapezoidal surface receiver
is 27.3 % and 27.1% at normal incidence. The optical efficiency for the flat surface is slightly higher than the
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trapezoidal surface at the maximum of 5 % at 30° incidence angle, however at other incidence angles, the variation
of optical efficiency seems to be less than 5 %. This reduction of optical efficiency might be due to the geometry of
the surface as the rays might miss the surface. Although the optical efficiency of the two receivers is close enough,
the variation of flux incident on the receiver seems to be large.
The maximum flux incident on the trapezoidal surface is about 60585 W/m2, however for flat surface, it is
40468 W/m2. From Fig. 5, it can be seen that the maximum flux over the trapezoidal surface is 1.5 times higher
than that of flat surface. An average flux of about 4236 W/m2 and 4197 W/m2 has been observed for trapezoidal
surface and flat surface. The profile represented below and right side of the flux distribution corresponds to the flux
along the centre line as indicated in the flux distribution diagram. Hence, using trapezoidal surface as receiver
intercepts more flux than the flat surface. Hence, the trapezoidal surface receiver is considered for further analysis.

Fig. 4 Variation of optical efficiency for flat and trapezoidal surface receiver at normal incidence

(a)

(b)
Fig. 5 Flux distribution over (a) flat surface and (b) trapezoidal surface receivers

6. Optical analysis of EHC
6.1

Effect of concentrator height

The variation of optical performance for different height of concentrator (Hc) ranging from 0.4 m to 2 m is studied.
The effect of concentrator height for different incidence angles on optical efficiency is shown in Fig 6. The optical
efficiency increases with increase in the height of the concentrator. The height of the concentrator decides the
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acceptance angle of the concentrator. Higher the concentrator, lower will be acceptance angle depending on the
aperture of EHC. When the concentrator height is less, for any ray to undergo multiple reflection is minimum. The
optical efficiency is found to be maximum at normal incidence angle and varies for different incidence angles. The
optical efficiency varies between 5 – 15 % for the concentrators with height less than 1 m whose acceptance angle
is about 60°, whereas for the concentrator height greater than 1m, the acceptance angle is 45° and the optical
efficiency varies between 20 – 30 % for incidence angles r 30° and 5 – 20 % for another 15° variation in incidence
angle.
The intensity of the flux incident on the receiver also depends on the concentrator height. As the concentrator
height increases, the flux intensity increases. It can be observed that for the concentrator height of 0.4 m, the peak
intensity of the flux incident on the receiver is 2.5u104 W/m2, whereas for concentrator height of 2 m, peak
intensity is 6.9u104 W/m2 Fig. 7 shows the flux distribution over trapezoidal surface receiver at different incidence
angles along major axis.

Fig. 6 Variation of optical efficiency for different concentrator heights

(a)

(b)
Fig. 7 Flux (2D) on receiver for two different heights of the concentrator (a) H c = 0.4 m (b) Hc = 2 m
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6.2

Effect of concentration ratio

The effect of concentration ratio (CR) of the EHC system is studied by varying from 5 to 30 in the steps of 5 by
keeping Hc = 1.6 m. The aperture area at the bottom (receiver side) is kept constant and the aperture area at the top
(entry of the concentrator) is varied to get different concentration ratio. The concentration ratio is defined as the
ratio of aperture area of concentrator (Aap) to that of aperture area of receiver (Ar). It is given by:

CR =

Aap
Ar

(eq. 7)

The effect of concentration ratio on optical efficiency is shown in Fig. 8. Lower the concentration ratio, higher the
optical efficiency and it is peaked at normal incidence and drops drastically for other incidence angles. It can be
seen that for CR of 5, the optical efficiency is 80% at normal incidence, however, at incidence angle of 15°, it
reduces to 60%. Similarly for incidence angle of at 30° and 45° incidence angle, optical efficiency further reduces
to 33% and 10% respectively. As the CR increases, optical efficiency reduces. It can be seen that for higher
concentration ratios (CR = 20, 25 and 30), the variation of optical efficiency for incidence angles ranging between
r 45º do not vary much. This is due to fact that aperture area at top is wider and hence it accepts more amount of
solar radiation for wide range of incidence angles. Variation in CR is the variation of the aperture area of the
concentrator with respect to the aperture area at the bottom (receiver), which is kept constant. Higher concentration
ratio ensures higher concentration of the solar radiation on the receiver but, the optical efficiency of the system
decreases to very low say, about 10%, which is not a desirable factor for the design of the concentrator.
The variation of flux on the receiver for CR 5 and CR 30 is shown in Fig. 9. The maximum flux on the receiver for
CR 5 is about 4.8 u 104 W/m2, whereas, for CR 30, it is about 3.6 u 104 W/m2. The maximum flux of CR 5 is
higher than that of CR 30, because more number of rays are reflected towards the same location of the receiver
from small surface area of concentrator in case of CR 5. But, in case of CR 30, the rays are reflected from wider
surface area of concentrator. It can be seen that for CR of 5, more rays are incident on the left and right side surface
of the receiver than on the top on the receiver.
But for CR 30, the flux is seen distributed over the entire surface of the receiver. Figure 10 shows the flux
distribution over the concentrator surface for two different concentration ratios 5 and 30. The distribution of flux
on the concentrator is more uniform for lower concentration ratio system than the higher concentration ratio
system. It can be seen that the flux distribution over the concentrator for CR 30 is uneven and non-uniform
showing peak flux at certain points on the concentrator. Hence, the aperture area of the concentrator plays a major
role in deciding the flux incident on the receiver. The effect of the geometry of the concentrator on the optical
performance of EHC have been discussed. It can be seen that the height of the concentrator plays a major role on
the flux incident on the receiver and the acceptance angle of the solar rays. The aperture area of the concentrator
(other words concentration ratio) is also important to which level the concentration of the solar rays on the receiver
are desired.

Fig. 8 Variation of optical efficiency with concentration ratio for different incidence angles

2103

K.S. Reddy / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig. 9 Flux distribution (2-D) on the receiver for different concentration ratios (a) CR = 5 and (b) CR = 30

Fig. 10 Flux distribution (2-D) on the concentrator at different concentration ratios (a) CR = 5 and (b) CR = 30

6.3

Effect of receiver aperture

The effect of aperture width (Wr) of the top surface of the trapezoidal surface receiver of EHC on the optical
performance is studied by keeping CR = 20 and Hr = 1.6 m. The different aperture width say, 30 mm, 45mm,
60mm, 90mm and 120 mm are studied. The variation of the optical efficiency of EHC for different aperture width
is shown in Fig. 11. It can be seen that the variation of the optical efficiency for different aperture width is

2104

K.S. Reddy / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

negligible and it is found to vary around 22% for all aperture width considered. The flux distribution (2-D) on the
receiver for different aperture width of 30 mm and 120 mm is shown in Fig. 12. When the receiver aperture width
increases, the flux that is intercepted on the inclined surface is reduced, hence reducing the flux on the side surfaces
of the receiver. Hence, it can be concluded that the effect of aperture width on the optical performance is
negligible.

Fig. 11 Variation of optical efficiency for different aperture width

Fig. 12 Flux distribution on the receiver for different aperture width (a) 30 mm (b) 120 mm

6.4

Effect of receiver height

The effect of receiver height on the optical performance of EHC has been studied by varying the receiver height in
four different values say 60, 90, 120 and 150 mm. Fig. 13 shows the variation of optical efficiency for different
receiver height and it can be observed that the optical efficiency increases with receiver height. The flux variation
on the receiver for different receiver height is shown in Fig. 14. It can be seen that, when the receiver height is
varied, the amount of flux intercepted by the receiver is affected, consequently the optical efficiency of the system.
It can be seen that the location of peak flux shifts from centre and moves outward when the height is increased. The
variation of maximum flux on the receiver for different receiver height is found to be varying between 12kW/m2 to
13 kW/m2.
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Fig. 13 Variation of optical efficiency for different receiver height

Fig. 14 Flux distribution on the receiver for different aperture width (a) 150 mm (b) 60 mm

7. Conclusion
The optical ray tracing analysis of a non-imaging concentrating collector with two types of receiver is studied. The
effect of various parameters such as concentrator height, concentration ratio, receiver width and receiver height on
optical performance of the system is studied. The flux distribution and optical performance of two types of receiver
say flat receiver and trapezoidal surface receiver are compared and further based on the performance, trapezoidal
receiver is considered for further analysis. The optical efficiency of the EHC system was found to be maximum at
normal incidence and varies for different incidence angles. The optical efficiency varies between 5 – 15 % for the
concentrators with height less than 1m whose acceptance angle is about r 60º, whereas for concentrator height
greater than 1m, acceptance angle is r 45º and optical efficiency varies between 20 – 30 %. It can be observed that,
for concentrator height of 0.4 m, peak flux intensity is 2.5u104 W/m2 whereas for concentrator height of 2 m, it is
6.9u104 W/m2. The effect of variation of CR is also studied. The effect of receiver aperture and height also play
role in deciding the flux incident on the receiver. The effect of variation of receiver aperture width is negligible and
it is found to vary around 22%. Similarly or variation of receiver height, flux incident varies between 12 –
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13kW/m2. This system can be effectively used for low and medium temperature applications based on the location
with less/no tracking.

Nomenclature
a

Semi-major axis of concentrator at bottom aperture (m)

A

Semi-major axis of concentrator at top aperture (m)

Aap

Aperture area (m2)

Ar

Area of receiver (m2)

b

Semi-minor axis of concentrator at bottom aperture (m)

B

Semi-minor axis of concentrator at top aperture (m)

c

Distance between focal point and centre of ellipse (m)

Hc

Height of concentrator (m)

Hr

Height of EHC receiver (m)

I

Flux (W/m2)

m

Number of reflections

N

Number of rays

Wr

Aperture width of EHC receiver (m)

X,Y,Z

Cartesian coordinates (m)

Greek symbols
θa

Half acceptance angle (degrees)

θi

Solar incidence angle (degrees)

Ko

Optical efficiency (%)

Abbreviations
ASAP

Advanced Systems Analysis Program

CR

Concentration Ratio

EHC

Elliptical Hyperbolic Concentrator
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Abstract
A numerical study has been carried out to analyse the thermal performance of the receiver system of solar Linear
Fresnel Reflector (LFR) module. Realistic flux conditions obtained by the optical analyses are applied as the
boundary condition to the circumference of the absorber. Heat losses caused by convection as well as radiation
from the parabolic secondary receiver are investigated under evacuated and non-evacuated annular region between
the absorber and the glass tube. The investigation has been carried out to determine the heat loss by varying the
annular gap between the absorber tube and the protective glass.
Keywords: Solar flux, variable flux distribution, evacuated, non-evacuated condition

1. Introduction
A progressive method observed is the Linear Fresnel reflector (LFR) technology to harness the solar energy for
power and thermal needs of the society. An LFR system consists of the primary mirror strips in conjunction with
the uniaxial tracking system, receiver system comprising a glass tube enclosing the absorber with a secondary
reflector.The receiver system of solar Linear Fresnel Reflector (LFR) module plays a vital part in the conversion of
the solar rays to thermal energy (Reddy and Kumar, 2014), (Singh et al., 2010)) and the schematic of the LFR is
shown in Fig. 1(a).The present work has been carried out based on the study carried by peers on a wide range of
collectors. Zou et al., 2017 comprehensively studied the optical performance of parabolic trough collector based on
Monte Carlo Ray Tracing method (MCRT) and theoretical method. The angle span of each flux distribution region
was derived theoretically, and the variations of those parameters with different geometrical configurations were
displayed. Geometrical parameters such as aperture width, focal length and absorber diameter had a greater
influence on the performance of the system. It was concluded that the absorber diameter had to be larger than the
spot size of the reflected light cone on the absorber to avoid rays escaping which can cause great optical loss.
Guadamud et al., 2015 modelled an LFR with a parallel modular object-oriented methodology which considered
the elements of the receiver system namely the insulation material, glass cover, tube, pipe, etc. The global model is
composed of 4 submodels -heat conduction, two/single-phase flow, thermal radiation and natural convection. It
was found that the CFD&HT simulations using LES modelling allowed more realistic results. Chaitanya Prasad et
al., 2017 used the variable aim lines for primary mirrors to defocus and spread the radiation flux in a more uniform
manner over the absorber. Both the tilt angles and the radii of curvature of the individual Fresnel mirrors are
modified to obtain a better flux uniformity. With the variable aim line concept high optical efficiency of 76.4% and
a coefficient of flux variation value of 0.13 were obtained. On the other hand, 74.9% and 70.9% of optical
efficiencies along with 0.17 and 0.33 values of coefficient of variation were obtained with compound parabolic
concentrator and trapezoidal concentrator profiles respectively. Okafor et al., 2017, 2014 carried out a numerical
study on the influence of circumferential uniform and non-uniform solar heat flux distributions on the internal and
overall heat transfer coefficients of the absorber tubes of a linear Fresnel solar collector was investigated. A 3D
steady-state numerical simulation was implemented based on ANSYS Fluent code version 14. The non-uniform
solar heat flux distribution was modelled as a sinusoidal function of the concentrated solar heat flux incident on the
circumference of the absorber tube. The k–e model was used to study the turbulent flow of the heat transfer fluid
through the absorber tube. Hence it is clear that study of modelling and the heat loss analysis from the receiver
system becomes crucial to determine the efficiency of the system. In the present heat loss analysis, circumferential
non-uniform heat flux distribution on the outer wall of the absorber tube is considered. Investigation of non-
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uniform flux distribution around the absorber is the more practical way of analysis compared to the constant flux
conditions carried out by the peers. In the present work the investigation is carried for two cases: First, the annular
area between the absorber tube and the protective glass tube is considered to be in the non-evacuated state and
secondly, in the evacuated state. Heat losses in the convection and radiation mode are analysed for different flux
conditions.Investigation on the heat loss dependent on the annular gap between the absorber and the protective
glass tube are studied. Initial work deals with the optical distribution of the flux and the distribution have been
homogenised with the parabolic profiled secondary reflector (Balaji et al., 2016). The variable distribution around
the absorber is shown in Fig. 1(b).

Fig. 1: (a) Schematic representation of Linear Fresnel Concentrator with secondary reflector (b) 2-Stage reflector system with solar
ray (c) variable flux distribution around absorber

2. Description of LFR system
The Linear Fresnel Reflector/Concentrator(LFR) consists of an array of twelve long, parallel mirrors. The
primary mirrors are tilted suitably and are equipped with one-dimensional tracking such that the
solar rays from each mirror can be focused on one or more number of absorbers.An evacuated glass cover
surrounds the absorber to prevent convective heat losses to the atmosphere. In the absence of the evacuated glass
cover, the aperture opening of the secondary reflector covered by a glass pane. The absorber with the glass cover is
mounted inside the secondary reflector module. Parameters of the pilot plant developed in Vallipuram (12.65N,
79.74E), Tamil Nadu, India is considered for the comprehensive study. The LFR system consists of a storageintegrated solar collector field of approximately 125 kWth capacity with the variable steam output (50 bar pressure
and 350–400 qC temperature). Twelve primary reflectors with mild parabolic curvature are managed by a single
axis tracking system. An absorber tube placed inside an evacuated glass cover for the reduction of convective heat
losses is placed at the focal point of the primary reflectors. A selectively coated absorber tube for higher optical
emissivity is used. A secondary reflector parabolic in profile surrounds both the absorber with the glass tube. In
order to improvise the flux distribution along the circumference of the absorber thereby increase the concentration
ratio, secondary reflectors are used. The second stage reflector maximizes the flux coverage area by re-reflecting
the rays to the surface of the absorber. The 2 –stage reflector also ensures to enlarge the focused rays on the
absorber thereby preventing the hot spots. Progressive analysis has been carried out to estimate the heat losses from
the receiver system. Initially, the optical analysis is done to obtain an optimized flux along the circumference of the
absorber and then the thermal study is performed.

3. Thermal Analysis
The thermal investigation is carried out for the receiver system comprising of the parabolic secondary reflector
with an absorber tube placed in a glass tube. Optically optimised parameters from the earlier study namely the
acceptance angle of the 2-stage reflector, truncation point on the reflector, the focal position of the absorber tube,
the ratio of the gap between the reflector and the absorber to the height of the reflector are considered for the
numerical study. The flux thus obtained from the optical analysis is applied as a user-defined function (UDF) in the
form of a polynomial curve. The curve is a function of the angular position of the flux along the circumference of
the absorber. The investigation is carried out with the different flux conditions and a parametric analysis is carried
out to determine the heat loss for the different annular gap between the absorber and the glass tube. Laminar,
steady state, 2D governing equations are solved in Fluent 14.5.The flow and thermal behaviours of the receiver
system are considered under non-Boussinesq conditions.
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3.1 Governing Equations
Flow and the heat transfer in the 2-stage reflectors are solved simultaneously by the mass, momentum and
energy equations with Cartesian coordinates by Fluent Inc (2005). By the law of conservation of mass, the
continuity equation is given by:
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Energy equation is solved by:
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(eq.4)

where u,v represents the velocity components in x and y-direction respectively,U is the density of the air inside
the cavity in kg/m3, P is the pressure in N/m2,kf represents the thermal conductivity of the fluid in W/mK.
Surface-to-Surface (S2S) radiation model is used to model the radiation heat transfer of the secondary reflector
system. This model helps to assume the receiver system in an air enclosed domain to be a non-participating
medium by ignoring the emission and the scattering effects. The incident flux from the surface comprises of two
components, the emitted flux and the reflected flux. Both the components of flux together constitute the radiosity
(ܬ ሻ of the surface. The radiated flux depends on the flux falling on the surface from the surrounding and it is given
by (Siegel, R., Howell, 2002) as

ݍ௨௧ǡ ൌ ߝ ߪܶସ  ሺͳ െ ߝ ሻݍǡ

(eq.5)

Interception by the two surfaces by radiation is defined as view factor ܨ that is independent on the surface
properties and temperature. Hence the incident flux is given by.

ܣ ݍǡ ൌ σே
ୀଵ ܣ ݍ௨௧ǡ ܨ
(eq.6)
Based on the reciprocity theorem

ܣ ܨ ൌ ܣ ܨ

(eq.7)

Replacing (7) in (6),

ݍǡ ൌ σே
ୀଵ ݍ௨௧ǡ ܨ

(eq.8)
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(eq.9)

The sum of the reflected and the emitted fluxes, radiosity J i is defined as the total radiation energy leaving a surface
per unit time and per unit area. Hence
ସ
ܧ ൌ ܬ െ ሺͳ െ ߝ ሻ σே
ୀଵ ܨ ܬ where ܧ ൌ ߝ ߪܶ

(eq.10)

ͳ ݄݅݊݁ݓൌ ݆
ܧ ൌ σே
ୀଵሺߜ െ ሺͳ െ ߝ ሻܨ ሻܬ where ߜ is the kronector delta given by ߜ ൌ  ൜Ͳ݆ ് ݄݅݊݁ݓ
Hence the radiosity expression is given by  ܧൌ ܬܭwhere  ܭis a ܰ ൈ ܰ matrix of the form

 ܭൌ ሺߜ െ ሺͳ െ ߝ ሻܨሻ

(eq.11)

In the above equations,  ܬis the radiosity vector and  ܧis the emissive power vector.
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3.2. Boundary conditions
The 2-stage receiver system under study is an open aperture system and all the modes of heat transfer
conduction, convection and radiation re influenced by the atmospheric condition. Hence the simulation is carried
out by enclosing the receiver system in a domain property is simulated with the ambient conditions of temperature
and pressure. The inlet of the domain is provided with pressure inlet boundary condition and the outlet of the
domain is pressure outlet conditions, while the sides of the domain are pressure inlet conditions. The absorber tube
is exposed to the flux reflected by the primary mirrors and the flux re-reflected by the secondary reflectors. Hence
the non-uniform flux obtained from the optical study is imbibed as the boundary condition. The non-uniform flux
is applied as the user-defined function. The absorber is coated with sputtered cermet of emissivity 0.075.The
coupled condition is provided as a boundary value for the glass tube with the transmissivity of 0.95.Figure 2 shows
the boundary condition of the 2-stage secondary reflector.

Fig. 2: Boundary condition of domain with 2-stage reflector of Linear Fresnel Concentrator (b) Boundary condition of 2-Stage reflector
system

3.3. Boundary conditions
The size of the simulated domain is crucial since the heat loss output is dependent on it. Hence simulation is
optimised by varying the inlet, side wall and the output length of the domain. Optimised domain size is assessed to
be about 20D from the absorber on all the four sides. Skewness–Neighbor coupling of PSO algorithm is adopted
with the convergence criterion of 10-6 on the residuals of the continuity equation and momentum equation.
Deviation observed for the grid size with elements 8, 56,178 is appreciable to proceed the simulation. Validation of
the present work was done with the work carried on by Reddy and Kumar, 2014; Sahoo et al., 2012 and the
deviation in the results were found to be less than 10% which is acceptable.

4. Results and Discussion
A parametric study has been carried out based on the direct normal irradiance (DNI) and the annular gap
between the absorber and the protective glass. The annular gap is non-dimensionalized by considering the ratio of
the diameter of the absorber and the diameter of the protective glass. The study has been carried out for two
different conditions of the annular gap: one, when the annular gap is filled with air as the residual gas and second,
considering vacuum in the annular region.
4.1

Effect of DNI on the heat loss from the 2-stage receiver system

Temperature contours of the parabolic secondary reflector for DNI for 750W/m 2 and 1000W/m2 for nonevacuated and evacuated annular region are shown in Fig.3.It is observed that because of the presence of air in the
annular space between the absorber tube and the protective glass tube, buoyancy effect exist in the annular space.
The hot wave in the annular space move upwards and the heat transfer occurs to the entire cavity region. Plume
formation apparently illustrates the heat loss to the atmosphere. Whereas when the annular region is evacuated, the
heat transfer from the upper portion of the absorber spread out symmetrically on both sides of the absorber within
the cavity region. As the DNI increases the temperature increases and the hot wave distributes throughout the
cavity and heat losses from the aperture opening.
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Fig. 3: Temperature contours of PB secondary reflector for different non-uniform flux distribution around the
absorber tube with (a) non-evacuated annular (b) evacuated annular region

Figure 4 shows the total heat loss from the receiver system for the DNI ranging from 250W/m 2 to
1000W/m2.under the non- evacuated condition i.e., when the annular gap is filled with air, the heat loss varies from
47.14W/m to 172 W/m for 250W/m2 to 1000W/m2 respectively .When the annular region is evacuated, the
percentage of heat loss is reduced from 16% to 70%.It is observed that at lower DNI, the percentage of deviation is
less compared to that at higher DNI.As expected, as the DNI increases, the percentage of heat loss also increases.

Fig. 4: Total heat loss for different DNI from the 2-stage receiver system
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Figure 5 shows the convective and radiative heat losses for DNI ranging from 250W/m2 to 1000W/m2 for
evacuated and non-evacuated annular region between the absorber and the glass tube. It is observed that the
convection heat loss gets reduced by 40% under evacuated condition. Percentage of radiation heat loss varies
between 28% and 57.5% from lower to higher flux conditions

Fig. 5: Radiative and convective heat losses for different DNI

The individual components of heat loss, the radiative and the convective heat losses are studied. It is perceived that
as the annular region is evacuated, the convective mode of heat transfer is minimized to a negligible amount and is
shown in Fig. 5.When the residual gas in the gap is filled with air, the convective heat loss lies in the range of
30W/m to 100W/m for 250W/m2 to 1000W/m2. When the tube is evacuated, the convective heat loss reduces from
3W/m to 15W/m while the radiative loss is about 13W/m to 40W/m. It is obvious that as the tube is evacuated, the
convective component of the heat loss is completely negligible.
4.2. Effect of gap between the absorber and the glass tube on the heat loss
Non-dimensionalization of the annular distance between the absorber and the glass tube is carried out by
considering the ratio of the diameter of the absorber to the diameter of the protective glass.Total and the individual

Fig. 6: Total heat losses for gap ratio between the absorber and the glass tube
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components of heat transfer are studied.Variation in the heat loss for DNI of 500W/m 2 and 1000W/m2 are
investigated for both the evacuated and the non-evacuated conditions.Based on the commercial availability of SS
absorber tube, the diameter of the absorber tube and the protective glass tube for the present study is
chosen.Without compromising the diameter with the performance of the receiver system, it is observed from Fig. 6
that, the ratio of 0.6 has better performance and optimized annular region for less heat loss. When the tube is
evacuated, the heat loss is observed to be constant for the range of gap ratio.The convective and the radiative heat
loss components for the gap ratio between 0.5 and 0.8 for DNI of 500W/m2 and 1000W/m2 are shown in fig.7 and
fig. 8 respectively. When the tube is non-evacuated both the

Fig. 7: Convective and radiative heat losses for different ratio of gap between the absorber and the glass tube
for DNI of 500W/m2

convective and the radiative components equally play a role in the heat loss. From Fig. 7, gap ratio of 0.5 to 0.6,
heat loss of 35W/m and 22W/m on convective and radiative mode were observed. While at a higher ratio,
convection and radiation heat loss exceed till 69W/m and 50W/m respectively. When the tube has vacuum,
radiation component increases from 13.67W/m to 22.6W/m for the gap ratio from 0.5 to 0.8.

Fig. 8: Convective and radiative heat losses for different ratio of gap between the absorber and the glass tube
for DNI of 1000W/m2
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The convective heat loss is at a constant level for different gap ratio.In Fig. 8, similar trend as of Fig. 7 is
perceived.The convection and the radiation heat losses from the non-evacuated receiver increases by 57.5% and
58.5% and for evacuated conditions 36% and 59% respectively as the DNI increases from 500W/m 2 to 1000W/m2
for the range of gap ratio.

5. Conclusion
A numerical study has been carried out to determine the heat loss from the 2-stage receiver system of the
pilot plant in Vallipuram (12.65N, 79.74E), Tamil Nadu, India. Comprehensive analyses have been carried out to
optimize the profile of the receiver system and then the thermal performance has been carried out. In the present
work, the 2-stage receiver system is investigated when the absorber is under evacuated and non-evacuated
conditions. A parametric study has been carried out by varying the DNI and the annular gap between the absorber
and the protective glass. When the gap is filled with air, the heat loss varies from 47.14W/m to 172 W/m for
250W/m2 to 1000W/m2 respectively and when the region is evacuated, the percentage of heat loss is reduced from
16% to 70%. The convection and the radiation heat losses from the non-evacuated receiver increases by 57.5% and
58.5% and for evacuated conditions 36% and 59% respectively as the DNI increases from 500W/m 2 to 1000W/m2
for the range of gap ratio.

6. References
Balaji, S., Reddy, K.S., Sundararajan, T., 2016. Optical modelling and performance analysis of a solar LFR
receiver system with parabolic and involute secondary reflectors. Applied Energy 179.
doi:10.1016/j.apenergy.2016.07.082
Chaitanya Prasad, G.S., Reddy, K.S., Sundararajan, T., 2017. Optimization of solar linear Fresnel reflector system
with secondary concentrator for uniform flux distribution over absorber tube. Solar Energy 150, 1–12.
doi:10.1016/j.solener.2017.04.026
Guadamud, E., Oliva, A., Lehmkuhl, O., Rodriguez, I., González, I., 2015. Thermal Analysis of a Receiver for
Linear Fresnel Reflectors. Energy Procedia 69, 405–414. doi:10.1016/j.egypro.2015.03.047
Okafor, I.F., Dirker, J., Meyer, J.P., 2017. Influence of non-uniform heat flux distributions on the secondary flow,
convective heat transfer and friction factors for a parabolic trough solar collector type absorber tube. Renewable
Energy 108, 287–302. doi:10.1016/j.renene.2017.02.053
Okafor, I.F., Dirker, J., Meyer, J.P., 2014. Influence of circumferential solar heat flux distribution on the heat
transfer coefficients of linear Fresnel collector absorber tubes. Solar Energy 107, 381–397.
doi:10.1016/j.solener.2014.05.011
Reddy, K.S., Kumar, K.R., 2014. Estimation of convective and radiative heat losses from an inverted trapezoidal
cavity receiver of solar linear Fresnel reflector system. International Journal of Thermal Sciences 80, 48–57.
doi:10.1016/j.ijthermalsci.2014.01.022
Sahoo, S.S., Singh, S., Banerjee, R., 2012. Analysis of heat losses from a trapezoidal cavity used for Linear Fresnel
Reflector system. Solar Energy 86, 1313–1322. doi:10.1016/j.solener.2012.01.023
Siegel, R., Howell, J., 2002. Thermal Radiation Heat Transfer, 4th Editio. ed. Taylor & Francis, New York.
Singh, P.L., Sarviya, R.M., Bhagoria, J.L., 2010. Heat loss study of trapezoidal cavity absorbers for linear solar
concentrating collector. Energy Conversion and Management 51, 329–337. doi:10.1016/j.enconman.2009.09.029
Zou, B., Dong, J., Yao, Y., Jiang, Y., 2017. A detailed study on the optical performance of parabolic trough solar
collectors with Monte Carlo Ray Tracing method based on theoretical analysis. Solar Energy 147, 189–201.
doi:10.1016/j.solener.2017.01.055

7. Nomenclature
Quantity
Area
Heat loss
Temperature
Emissivity
Stefan-Boltzmann
constant
Density
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A
Q
T

Unit
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W/m
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H
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Abstract
Heat pipes in solar thermal collectors can reduce thermal loads in the solar circuit by using the physical effect of
dry out limitation. By avoiding high temperatures and vapor formation, simplified, more reliable and cost
effective solar thermal systems can be designed. The paper investigates a newly developed evacuated tube
collector based on optimized heat pipes able to limit the temperature loads at the manifold up to a desired value.
On the basis of efficiency measurements on a prototype heat pipe collector, we determine the annual yield of a
collector field in a domestic hot water system compared to an identical system with direct flow collector
according to ISO 9459-5. The results are validated by simulations with TRNSYS and show no significant
difference between the performances of the two systems. By means of extensive outdoor stagnation tests on the
same fields, we report a maximum temperature of 125 °C in the solar circuit of the heat pipe system, which is
95 K lower compared to temperature measured in the reference system.
Keywords: heat pipe, stagnation temperature, overheating protection, evacuated tube collector, dynamic system
testing

1. Introduction
Heat pipes in solar thermal collectors are state-of-the-art devices for the heat transfer from the absorber plate to
the solar circuit. In comparison to direct flow collectors the heat pipe represents an additional thermal resistance
in the heat flow path. Therefore, a high thermal performance of the heat pipes is essential to achieve a high
collector efficiency. Beside the simplified collector hydraulic the use of heat pipes provides the advantage of
decoupling the absorber plate from the fluid circuit. If the two-phase flow inside the heat pipe is suppressed
beginning from a certain temperature, no more heat is transferred from the absorber plate to the manifold. By
taking advantage of this physical effect, which is called the dry-out limit of heat pipes, the maximum
temperature in the solar fluid can be limited to reduce thermal loads. The shut-off behavior and the maximum
temperature are mainly determined by the type and the mass of working fluid in the heat pipe. Above this
temperature, the fluid exists only in the vapor phase, so that the heat pipe heat transport ability is disabled. The
maximum temperature in the connected solar circuit can be limited to such an extent that the evaporation of the
solar circuit fluid can be completely avoided. In contrast to other technologies, the temperature limitation by
heat pipes is inherently safe and independent from thermomechanical devices. The suppression of vapor
formation in the solar circuit leads to simplified and more reliable system configurations and to a reduction of
the overall system costs.

2. Evacuated tube collector prototype with novel heat pipes
We developed and investigated an evacuated tube collector prototype with novel heat pipes by means of indoor
performance measurements with a sun simulator according to EN ISO 9806. The evacuated tubes with pentanefilled heat pipes were manufactured in cooperation with the German company NARVA Lichtquellen GmbH &
Co. KG. The prototype collector consists of ten single tubes, which are connected with the solar circuit by a
typical manifold. The collector power curve was measured at an average wind speed of 3 m/s and an ambient
temperature of about 26°C. Figure 1 shows the measurement results and compares the efficiency curve of the
heat pipe collector to that of a similar direct flow collector (standard collector). The conversion factor of the new
prototype amounts to 75.4 % and is about 2 %-absolute lower than the standard collector, which is a typical
difference caused by the additional thermal resistance of the heat pipe in the heat transfer path. Up to an
operating temperature of about 75 °C both collectors have nearly the same heat loss coefficients. Above this
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temperature the heat loss coefficient of the heat pipe collector changes significantly as a result of the starting
dry-out process, as represented by the characteristic kink point of the efficiency curve. As consequence of this,
the stagnation temperature in the solar circuit takes place at 125 °C (measured without wind), which is
significantly lower compared to the standard collector.
1.0
Standard Collector

0.8

Collector efficiency η

Standard collector
Heat pipe collector
Measurement data
Max. fluid temperature
Kink point

Standard collector:
η0 = 0,774
a1 = 1,936 W/m²K
a2 = 0,006 W/m²K²
Heat pipe collector:
η0 = 0,754
a1 = 2,02 W/m²K
a2 = 0,0066 W/m²K²

0.6
Heat Pipe Collector
0.4

Slope of shut-off:
-12.5 W/m²K

TUmg = 26C
G = 920 W/m²
α = 45

0.2

0.0
20

40

60

80

100

120

140

160

180

Average fluid temperature in C
Fig. 1: Efficiency curve and coefficients of the prototype (measurement) and of a similar standard collector (TÜV-Rheinland 2014)

3. Experimental investigation of the system behavior
3.1. Experimental setup
For a comprehensive evaluation of the system behavior of heat pipe collectors with temperature limitation two
identical experimental setups were installed on our test roof, which differ only in the collector hydraulic. We
compared a prototype collector with deactivating heat pipes with an evacuated tube collector with direct flow as
reference (Figure 2). Both systems consist of a field with an aperture area of 6 m² and a hot water tank with a
volume of 400 l, which represent a common design for domestic hot water systems. The expansion vessel and
all other solar circuit components are dimensioned in conformity with common guide lines. The specific system
parameters of both systems are listed in Table 2 in the Appendix. Both solar plants are equipped with the
necessary measurement and system technology according to ISO 9459-5 (see Figure 3, left). Additional
temperature sensors and pressure measurement devices are installed in both solar circuits for investigating the
stagnation loads (see Figure 3, right).

Heat Pipe Collector
(Prototype)

Direct Flow Collector
(Standard)

Fig. 2: Test roof with both prototype and reference evacuated tube collector fields
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Fig. 3: System scheme according to ISO EN 9459-5 (left) and additional sensors in the solar circuit (right)

The aim of the DST procedure is to determine the performance of complete solar systems under real conditions.
The system is investigated under characteristic operating conditions by setting defined test sequences. Each
sequence represents a separate period of measurement and needs several days. A complete data set consists of
four measurement files, each with one sequence. These data can be used in a system simulation to determine the
annual yield. The identified model parameters of both systems are shown in Table 1. The effective collector area
Ac* describe not only the collector geometry but also its optical properties. The slight difference can be
explained by the lower conversion factor of the heat pipe collector (see Figure 1). The other parameters are
almost in the same range.
Tab. 1: Identified model parameters of the dynamic system testing procedure for both the heat pipe and the standard system

Parameters

Symbol

Unit

Heat pipe system

Standard system

Effective collector loop area

A C*

m²

4.44

4.61

Heat-loss coefficient of the collector loop

uC

Wm-2K-1

4.47

4.39

Heat-loss rate of the store

US

WK-1

2.60

2.62

Heat capacity of the store

CS

MJK

-1

1.54

1.48

Fraction of the store heated by the
auxiliary heater

faux

-

0.573

0.5951

Draw-off mixing parameter

DL

-

0.017

0.019

Collector loop stratification parameter

SC

-

0.009

0.005

3.2. System performance in operation mode
The system performance is expressed by the annual yield and was determined by operating the two systems in
parallel operation under identical conditions according to the DST procedure described in ISO 9459-5 (2007).
The results depend on the tapping rates and on the climatic conditions of the considered locations. In general,
the differences between the prototype and the reference system are almost negligible, as shown in Figure 4 (left)
at a tapping rate of 200 l/d. For Würzburg, representing middle European climate, the deviation in annual yield
amounts to 20 kWh/a (0.8 %). Thus, the auxiliary energy demand is increased by 20 kWh/a (2 %). For locations
1

The annual yield is simulated with the same fraction values faux = 0.57 for both systems, because identical
storages and auxiliary heaters are used.
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with higher solar irradiation such as Athens or Davos the annual yield reduction of the heat pipe system further
decreases down to 0.4 %. For locations with lower solar irradiation such as Stockholm, on the contrary, it
increases up to 1.2 %.
The quotient of the annual yield Qsol and the whole energy demand for domestic hot water QDHW is defined as
the fractional system gain fsol and is expressed by Equation 1. In general, the fractional system gain for both
systems decreases with higher daily tapping rates (see Figure 4, right for Würzburg). For small tapping rates
(< 100 l/d), the required temperature level, which has to be reached by the solar collector for contributing to the
energy supply, has a negative impact on the performance, due to the prolonged standstill time and the increased
heat losses. For common tapping rates of 100 to 300 l/d, the fractional system gain of both solar systems ranges
between 77 and 60 %.

݂௦ ൌ 

ொೄ

(eq. 1)

ொವಹೈ

The deviations of the fractional system gain of the heat pipe system compared to the standard system are almost
constant, between -0.5 and -0.8 %-absolute over the whole range of the considered tapping rates. That can be
explained by the slightly lower annual yield of the heat pipe system. The losses in annual yield amount to about
1 % compared to the standard system (see Figure 4 right). That leads to higher auxiliary energy demands, which
range between 1.5 and 3.5 % (about 2 % for typical tapping rates).

4
0.90

3

3.08

ϭ

Ϯ

Stockholm

ϯ

ϰ

Würzburg

Heat Pipe

0

2.07

Standard

1

2.05

Standard

1.87

1.89

Heat Pipe

2

ϱ

3

3.09

ϲ

Davos

0.16

0.15

2.15

2.16

ϳ

Standard

0.92

0.27

Heat Pipe

1.21

0.29

Standard

1.24

Heat Pipe

Energy in MWh/a

4

5

ϴ

Athens

2

1

0

10

80
Würzburg

75

- 0.8

70

- 0.6
- 0.5
- 0.5
^ƚĂŶĚĂƌĚ
- 0.6
- 0.6

,ĞĂƚƉŝƉĞĐŽůůĞĐƚŽƌ

65

ĐŽůůĞĐƚŽƌ

8
7
6

- 0.5

60

9

5

- 0.6

4

55

3

ƵǆŝůŝĂƌǇĞŶĞƌŐǇĚĞŵĂŶĚ

50

- 0.6

>ŽƐƐĞƐ ŝŶĂŶŶƵĂůǇŝĞůĚ

45

2
1

40

Deviation of heat pipe system in %

climate data: Meteonorm 7
tapping rate: 200 l/d

Fractional system gain in %

auxiliary energy demand
annual yield
reduced annual yield

Reduced annual yield of HP-System in %

5

0
0

50

100

150

200

250

300

350

400

Tapping rate in l/d

Fig. 4: Annual energy balances for all considered locations at a tapping rate of 200 l/d (left) and fractional system gain, deviations
in annual yield and auxiliary energy demand for Würzburg against the tapping rate (right)

3.3. Validation with TRNSYS simulations
To validate the results of the DST procedure, the performances of both systems were simulated in TRNSYS.
The characteristics of heat pipe collectors with inherently temperature limitation were implemented in a newly
developed collector type model. Conditions such as the tapping and meteorological data were set equal to the
DST procedure. The fractional system gain is determined as fsave according to IEA TASK 26, as the quotient of
the auxiliary energy demand for domestic hot water with solar thermal system and the auxiliary energy demand
of the same system without a solar thermal system (Streicher et al. 2003). Thus, storage losses generated by the
solar system can be estimated and separated from conventionally generated losses. In the DST model the
detailed procedure for calculating the heat storage losses is unfortunately unknown. For validation purpose, the
electrical energy demand for the controller and pumping is not considered in both models, since their influence
is negligibly small.
In the case of the heat pipe system the fractional system gain calculated according to both approaches have a
maximum deviation of 5 %-absolute for all four locations and over a wide range of tapping rates (see
Figure 5, left). Small tapping rates show the greatest differences. The reason could depend on the different
consideration of the heat losses of the storage tank. In Würzburg and at a typical tapping rate of 200 l/d the
fractional system gain differs by 1.0 %-absolute and the auxiliary energy demand by about 6.0 % (55 kWh), as
shown in Figure 5, right.
According to the TRNSYS simulations the annual performance of the heat pipe system is, unlike the results of
the DST model, slightly better (Δfsol § 0.5 %-absolute) than that of the standard system. This difference can be
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explained by the extremely simplified system modelling of the DST procedure. For example, the heat capacity
of the collector, which is significantly lower for the heat pipe prototype, is not considered in the DST
performance prediction. Only the simulation in TRNSYS can realistically represent the comparison in that point.
Apart from these explainable small differences, both approaches confirm with sufficient accuracy, that the
considered heat pipe collector prototype exhibits the same annual system performance as the standard collector.
100

2000
System with Heat pipe collectors

Auxiliary energy demand in kWh/a

Fractional system gain in %

System with Heat pipe collectors

90
+ 5.9

Deviations of TRNSYS
compared to DST
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+ 1.0
+ 0.6
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Fig. 5: Fractional system gain (left) and auxiliary energy demand (right) calculated with TRNSYS compared to the DST results
against the daily tapping rate

3.4. Stagnation mode
In addition to the annual performance prediction, we investigated the stagnation behavior of both systems over
several experimental test periods. During the tests the standstill of the solar circuit was realized by simultaneous
switching-off the solar pump at solar noon and at an irradiance of about 1000 W/m². To evaluate the stagnation
behavior we considered 30 stagnation days. The vapor formation has been investigated at different system
pressure levels in the range between 1.0 / 1.8 and 2.0 / 2.8 bar system overpressure / absolute pressure at the
collector.
In the case of the heat pipe collector we measured a maximum collector outlet temperature of 125 °C, which is
up to 95 K lower than the maximum temperature recorded with the standard system. Figure 6 shows a typical
stagnation sequence for both systems and the respective response of representative temperatures after
deactivating the solar pumps at an overpressure level of 2 bars. For the standard system (red), a rapid increase
takes place, so that the collector temperature significantly steps over the boiling temperature. The temperature at
the inlet of the expansion vessel rises quickly to 115 °C. As a result of the vaporization, the system pressure
increases in this case until the safety valve is triggered (> 6 bar). On the contrary, the temperature of the system
with heat pipe collector (blue) achieves a maximum value of approx. 116 °C and the boiling temperature is not
reached. The temperature at the expansion vessel is not affected by the stagnation sequence at all.
Collector temp. (Standard)
Temp. expansion vessel (Standard)
Boiling temp. (Standard)
Collector ambient temp.

240
220

Collector temp. (Heat pipe)
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Fig. 6: Representative system temperatures over a stagnation sequence at an overpressure level of 2 bars
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The boiling temperature of the solar fluid depends on the occurring system overpressure. For low system
overpressures of only 1 bar, vapor formation takes place in the heat pipe collector, too. Figure 7 shows the
maximum temperatures and pressures in both systems, as well as the resulting vapor formation in the solar
circuit on the selected stagnation day. In the case of the standard system, the vapor at a temperature of about
155 °C is transported up to the solar station and the expansion vessel. In contrast to that, the maximum
temperature at the heat pipe collector reaches 123 °C instead of 210 °C. The vapor transport is limited to few
meters. The major part of the solar circuit shows a maximum temperature below 100 °C, which is significantly
lower compared to the reference system.

Fig. 7: Maximum temperature and pressure load in the solar circuit of heat pipe and reference system at a low system
overpressure level of 1 bar

4. Parameter study with TRNSYS
4.1 System dimensioning
In addition to the annual performance both systems, as described in chapter 3, we investigate by means of
TRNSYS simulations the influences of other boundary conditions, such as smaller designed collector fields. It
was expected, that the differences of the annual performance between the systems could increase significantly
with smaller collectors. Therefore the aperture area in the simulation was reduced whereby the storage tank
volume was kept constant at 400 l. In general, the annual yield as well as the fractional system gain decreases
and the auxiliary energy demand increases for both systems (see Figure 8 for Würzburg and for a tapping rate of
200 l/d). By reducing the aperture area to 4 m² (-33 %) the annual yields are correspondently reduced by about
20 % and the auxiliary energy demands rise by 40 %. If we focus on the differences between the collector types,
the influence of the system performance is almost negligible. With refer to the annual yield, the relative
deviation of the heat pipe system ranges from +0.6 % to -0.9 % by reducing the aperture area from 6 m² to 4 m².
In consequence of this, the deviation in auxiliary energy demand varies from -1.2 % to +1.1 %. Contrary to our
expectations the simulation results show that the annual performance of the heat pipe system is not significantly
affected by smaller designed collectors compared to the standard system.
80
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Location: Würzburg
Tapping rate: 200 l/d
Storage volume: 400 l

Relative deviation in %
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40
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demand
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Fig. 8: Deviation of annual yield, fractional system gain and auxiliary energy demand for the heat pipe and standard system in
dependency of the aperture area of the collector field
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4.2 Shut-off behaviour and maximum temperature
The maximum fluid temperature of the heat pipe collector depends on several conditions. In particular, the type
and amount of working fluid, which is inside the heat pipe, are the most important parameters. As a general rule,
less fluid leads to lower maximum temperatures. A temperature shift by about ± 20 K can be simply managed
by properly dosing the mass of a selected fluid in the heat pipe. Another important parameter is the slope of the
collector power shut-off, which affects the kink point1 (see Figure 9, left) and therefore the collector efficiency
in the operating range. The slope of shut-off can be influenced i.e. by the type of working fluid, the heat losses
and the internal thermal conductivity of the collector. Low heat transfer coefficients lead to flatter curves. By
designing solar heat pipes for temperature limitation, both aspects have to be taken into consideration in order to
achieve a significant reduction of the maximum temperature without compromising the annual system
performance.
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Fig. 9: Illustration of the varied parameters maximum temperature and slope of heat pipe power shut-off (left) and the annual
yield and auxiliary energy demand as result of the parameter study (right)

The presented heat pipe prototype collector featured a maximum stagnation temperature of 125 °C and power
limitation slope of 12.5 W/m²K. For a comprehensive evaluation, we further investigated the system
performance for lower maximum temperatures and different slopes of power shut-off (see Figure 9, right). On
the basis of our previous experience with different heat pipe prototypes, the maximum temperature was varied
between 100 and 125 °C and the slope between 8 and 12.5 W/m²K. The parameter study was carried out with
the system dimensions described in chapter 3 (collector area: 6 m², storage tank: 400 l). At a maximum
temperature of 100 °C and a slope of 12.5 W/m²K the solar yield is reduced by 1.6 %, which leads to an increase
in auxiliary energy demand by 3.5 %. If the stagnation temperature is limited to 105 °C, the solar yield is
reduced by only 0.8 % and the auxiliary energy demand is increased by 1.8%. If lower values of the power
limitation slope are considered, the effect is approximately negligible at Tmax = 125 °C. In the case of
Tmax = 100 °C, significant losses are expected. A slope of 9.5 W/m²K, for example, leads to a lower annual yield
by 3.5 % and a higher auxiliary energy demand by 7 %.
The parameter study shows, that a further reduction of the maximum temperature has a negative impact on the
system performance. If a higher auxiliary energy demand by about 2 % is tolerated, the maximum temperature
can be reduced to 115 °C with a minimum slope of 9.5 W/m²K or to 105 °C with a minimum slope of
12.5 W/m²K. If a temperature limitation to 115 °C is reached with a slope of 12.5 W/m²K, the demand of
auxiliary energy increases by only 0.3 %. In consequence of this, vapor formation and the transportation of high
temperatures in the solar circuit can be further reduced, in particular at a low system overpressure level, as
shown in Figure 7.

1

The kink point is not fixed at a certain temperature, but is affected by the slope of the shut-off and the
occurring solar irradiation

2123

B. Schiebler / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

5. Conclusion
We investigated a newly developed evacuated tube collector based on optimized heat pipes able to limit the
temperature loads at the manifold to a maximum temperature of 125 °C. Additionally to collector efficiency
measurements, we compared the annual yield of a heat pipe collector field in a domestic hot water system with
an identical system with direct flow collector according to ISO 9459-5. The results show, that the heat pipe
collector reaches almost the annual system performance of the reference collector. The system simulations in
TRNSYS have confirmed the results of the DST procedure with a sufficient accuracy.
By means of extensive stagnation tests, we report a maximum temperature at the solar circuit of 125°C, which is
95 K lower compared to the reference system. As a main result, the vaporization can be completely avoided for
a typical pressurized system and significantly reduced for low system overpressures. The use of these heat pipes
can thus prevent the propagation of high temperatures in the system. The major part of the solar circuit shows a
maximum temperature level below100 °C. Due to the significant reduction of thermal and pressure loads in the
whole solar system the system design can be adapted and simplified. According to our parameter study with
TRNSYS, a further reduction of the maximum temperature to 115 °C is possible without significantly affecting
the annual performance.
As a result of the already achieved limitation of the maximum temperature to 125 °C and of the successful
suppression of vapor formation, solar circuit components, such as the expansion vessel, the ballast vessel and
the solar piping, can be resized or made by less expensive materials, i.e. by polymerics. According to our current
estimation, the investment costs for the considered domestic hot water system can be reduced by about 8 –
10 %. Further simplifications in the installation procedure, i.e. by simpler filling and degasification of the solar
circuit are possible. Finally, the lower system load can significant reduce the maintenance effort, in particular
thanks to the prolonged life-time of the solar fluid. Taking into account the overall costs during the life-time of
the system, the use of heat pipe collectors with temperature limitation can achieve a cost saving of 20 – 30 %
compared to a state-of-the-art solution.
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8. Appendix
8.1 Specific system parameters
The specific system parameters of both systems are listed in Table 2. The collector coefficients as well as the
stagnation temperature of the heat pipe collector were determined at the ISFH (see Figure 1). For the direct-flow
collector, the parameters were taken from a referenced Solar Keymark certificate (TÜV-Rheinland 2014). The
effective heat capacities of both collectors have been determined according to DIN EN 12975-2 by weighting
the physical capacities of the single components. The significant difference is due to the substantially lower
mass of solar fluid in the heat pipe collector.
Tab. 2: Specific system parameters used for performance simulation with both the heat pipe and the standard system

Symbol

Unit

ETC with heat
pipe

ETC Standard

Aperture area

A*

m²

6.1

6.1

Conversion factor

η0

-

0.754

0.774

Linear heat loss coefficient

a1

Wm-2K-1

2.02/12.501

1.94

Quadratic heat loss coefficient

a2

Wm-2K-2

0.007

0.006

Maximum fluid temperature in stagnation

Tstag

°C

125

300

Effective collector capacity

Ceff

kJm-2K-1

4.75

10.19

On/off – criteria

ΔTon/off

K

7/3

7/3

Max. storage temperature

Tmax,st.

°C

90

90

Max. collector temperature

Tmax,coll.

°C

130

130

Storage volume

Vst.

l

400

400

Electrical auxiliary power

Paux

kW

6

6

Heat loss rate storage

Ust.

WK-1

2.69

2.69

Length of solar circuit piping (flow + return)

Lsc

m

30

30

Heat loss rate solar circuit

Usc.

Wm-2K-2

3.19

3.19

Expansion vessel

Vev

l

50

50

Ballast vessel

Vbv

l

12

12

Parameters
Collector:

Solar controller:

System:

1
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,QYHVWLJDWLRQRQ'XVWIDOODQG5DLQIDOOWR&RYHU7UDQVPLWWDQFHRI
)ODWSODWH6RODU&ROOHFWRUVLQ%HLMLQJ
0LQ:DQJ%RMLD/L7DR+H;LQ\X=KDQJDQG%R\XDQ:DQJ


&KLQD$FDGHP\RI%XLOGLQJ5HVHDUFK%HLMLQJ &KLQD 


$EVWUDFW

1DWXUHGXVWIDOOLQIOXHQFHVRQWUDQVPLWWDQFHRIIODWSODWHVRODUFROOHFWRUVFRYHUDQGZLOOIXUWKHUO\LQIOXHQFHVRQLWV
ZRUNLQJHIILFLHQF\$PRQWKH[SHULPHQWRIGXVWIDOODQGFRYHUWUDQVPLWWDQFHKDVEHHQFRQGXFWHGLQ%HLMLQJ
$GXVWGHSRVLWLRQPRGHOGHVFULELQJWKHHIIHFWRIUDLQRQGXVWGHSRVLWLRQKDVEHHQVWXGLHG$QGWKHFRUUHODWLRQRI
HQYLURQPHQWDO IDFWRUV VXFK DV GXVWIDOO DQG UDLQIDOO RQ FRYHU WUDQVPLWWDQFH KDV DOVR EHHQ HVWDEOLVKHG 7KH
PD[LPXP UHODWLYH GHYLDWLRQ EHWZHHQ FDOFXODWHG DQG H[SHULPHQW WUDQVPLWWDQFH LV  7KHUHIRUH WKH
FRUUHODWLRQLVDFFXUDWHHQRXJKDQGFDQEHXVHGIRUIXUWKHUDQDO\VLVVXFKDVPDLQWHQDQFHVWUDWHJ\RIVRODUWKHUPDO
V\VWHPRSHUDWLQJLQ%HLMLQJRURWKHUDUHDVZLWKVLPLODUFOLPDWH
Keywords: dustfall, rainfall, flat-plate solar collector, cover transmittance, rainfall facto, extinction coefficient


 ,QWURGXFWLRQ
)ODWSODWHVRODUFROOHFWRU )3& LVJHWWLQJKLJKHULQVWDOOHGFDSDFLW\LQ&KLQDGXHWRLWVEHWWHUVDIHW\SHUIRUPDQFH
DQGDGYDQWDJHRILQWHJUDWLQJZLWKEXLOGLQJV1RUPDOO\HIIHFWRIHQYLURQPHQWDOIDFWRUVVXFKDVGXVWGHSRVLWLRQ
UDLQIDOODQGZLQGZRXOGQRWEHFRQVLGHUHGZKHQFDOFXODWLQJWKHWKHUPDOSHUIRUPDQFHRI)3&7KDWUHVXOWVLQD
VLJQLILFDQWGLIIHUHQFHEHWZHHQGHVLJQLQJRXWSXWDQGDFWXDORSHUDWLRQHVSHFLDOO\LQWKHVSHFLDODUHDZLWKVHYHUH
GXVW RUZLQG(O1DVKDU  SRLQWHG RXW WKDW LQ DULGUHJLRQV VXFK DV WKH8QLWHG $UDE (PLUDWHV FROOHFWRU¶V
WKHUPDO SHUIRUPDQFH ZLOO GURS E\  LQ D \HDU ZLWKRXW FOHDQLQJ (OPLQLU HW DO   SURSRVHG WKDW WKH
WUDQVPLWWDQFH RI JODVV IHOO a DFFRUGLQJ GLIIHUHQW VORSH DQG D]LPXWK LQ (J\SW 5HVHDUFK LQ &KLQD
VKRZHG WKDW WKHUPDO SHUIRUPDQFH RI IODWSODWH FROOHFWRU ZRXOG GURS  DIWHU  PRQWKV LQ /DQ]KRX WKH
WUDQVPLWWDQFHZRXOGIDOODIWHUGD\VLQ;L¶DQ /LX+RX 
%DVHG RQ WKH DQDO\VLV RI HIIHFW PHFKDQLVP RI GXVWIDOO DQG UDLQIDOO RQ FRYHU WUDQVPLWWDQFH $ PRQWK
H[SHULPHQW RI GXVWIDOO DQG FRYHU WUDQVPLWWDQFH KDV EHHQ FRQGXFWHG LQ %HLMLQJ $ GXVW GHSRVLWLRQ PRGHO
GHVFULELQJWKHHIIHFWRIUDLQRQGXVWGHSRVLWLRQKDVEHHQVWXGLHG$QGWKHFRUUHODWLRQRIHQYLURQPHQWDOIDFWRUV
VXFK DV GXVWIDOO DQG UDLQIDOO RQ FRYHU WUDQVPLWWDQFH KDV DOVR EHHQ HVWDEOLVKHG :LWK WKH FRUUHODWLRQ IXUWKHU
DQDO\VLVVXFKDVPDLQWHQDQFHVWUDWHJ\RIVRODUWKHUPDOV\VWHPRSHUDWLQJLQ%HLMLQJRURWKHUDUHDVZLWKVLPLODU
FOLPDWHFRXOGEHDQDO\]HG

 (IIHFWPHFKDQLVP
2.1. Working principle
7KHZRUNLQJSULQFLSOHRIIODWSODWHVRODUFROOHFWRUVFDQEHGHVFULEHGDVIROORZLQJ
x

6RODUUDGLDWLRQWKURXJKWKHJODVVFRYHULVDEVRUEHGE\WKHDEVRUEHUSDQHOZLWKVHOHFWLYHFRDWLQJ

x

7KHWHPSHUDWXUHRIWKHDEVRUEHUSDQHOLQFUHDVHVDQGWKHKHDWWUDQVIHUWRIOXLGLQWXEHV

x

)OXLGLVKHDWHGDQGGHOLYHUKHDWWRRXWVLGH

+HDWWUDQVIHUSURFHVVEHWZHHQFRPSRQHQWVLVVKRZHGLQ)LJ

 
       
  !"  # $  "%  % &''
( ))*!$  +  #  "(!!"    
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FRQG
FRQY
UDG

&RQGXFWLYHKHDW
WUDQVIHU
&RQYHFWLYHKHDW
WUDQVIHU
5DGLDWLRQKHDW
WUDQVIHU

F

*ODVVFRYHU

D

$PELHQW

S

$EVRUESDQHO

S

6RODUUDGLDWLRQ

O

)OXLG

q

+HDWWUDQVIHU

)LJ6FKHPDRIKHDWWUDQVIHULQIODWSODWHVRODUFROOHFWRU

$FFRUGLQJWRWKHZRUNLQJSULQFLSOHWUDQVPLWWDQFHRIWKHJODVVFRYHUKDVVLJQLILFDQWHIIHFWRQFROOHFWRU¶VWKHUPDO
SHUIRUPDQFH'HFUHDVHRIWKHWUDQVPLWWDQFHZRXOGUHGXFHKHDWUHFHLYHGE\WKHDEVRUEHUSDQHOZKLFKHYHQWXDOO\
OHDGLQJWRGHFOLQHRIKHDWJDLQDQGWKHUPDOHIILFLHQF\
)RUDIODWSODWHVRODUFROOHFWRULQRSHUDWLRQWKHFRYHUWUDQVPLWWDQFHLVDIIHFWHGE\WKHGXVWIDOODQGUDLQIDOO7KH
HIIHFWPHFKDQLVPFRXOGEHGHVFULEHGDVIROORZLQJ
x

'XVWIDOOVDQGGHSRVLWHGRQWKHFROOHFWRUFRYHU

x

7KHQLWLVZDVKHGE\WKHUDLQIDOO

x

,IWKHWUDQVPLWWDQFHRIFOHDQJODVVFRYHULVĲcWUDQVPLWWDQFHRIGXVWOD\HULVĲd7KHQWKHWUDQVPLWWDQFH
RIJODVVFRYHUZLWKGXVWLVGRZQWRĲm ĲcāĲd

7RGHVFULEHWKHHIIHFWRIGXVWIDOODQGUDLQIDOORQFRYHUWUDQVPLWWDQFHDGXVWGHSRVLWLRQPRGHOKDVEHHQVWXGLHG
DVIROORZLQJ

2.2. Dust deposition
%\ GHSRVLWLRQ PHFKDQLVP WKH GXVWIDOO RQ WKH WLOWHG FROOHFWRU FRYHU FRXOG EH GLYLGHG LQWR  SDUWV WKH JUDYLW\
VHWWOLQJGXVWDQGSDUWLFXODWHPDWWHU7KHGXVWGHSRVLWLRQRQWKHWLOWHGFROOHFWRUFRYHUFDQEHFDOFXODWHGIURPWKH
IROORZLQJHTXDWLRQ
Dd T dT  dT

dd FRV T  vd T CdpT u



HT 

:KHUHˈș LV WKH WLWOHG DQJOH RI LQFOLQDWLRQ VXUIDFH Dd, ș LV WKH WRWDO GXVW PDVV RQ WLWOHG VXUIDFH JP d ș  LV
JUDYLW\ VHWWOLQJ GXVW PDVV RQWLWOHG VXUIDFHJP d ș  LV SDUWLFXODWH PDWWHU PDVV RQ WLWOHG VXUIDFH JP dd LV
GDLO\ JUDYLW\ VHWWOLQJ GXVW PDVV JP vd  LV SDUWLFXODWH PDWWHU VHWWOLQJ YHORFLW\ˈPV Cdp LV SDUWLFXODWH PDWWHU
FRQFHQWUDWLRQPJPT LVFDOFXODWLRQSHULRGRISDUWLFXODWHPDWWHUˈV

2.3. Effect of rainfall on dust deposition
7KHUDLQZLOOZDVKDZD\SDUWRIWKHGXVWRQWKHFROOHFWRUFRYHUEXWSDUWRIWKHVWLFN\GXVWZLOOVWLOOUHPDLQRQWKH
FROOHFWRUFRYHU7KHUHIRUHZKHQGHVFULELQJWKHHIIHFWRIUDLQIDOORQGXVWGHSRVLWLRQIRXUGLIIHUHQWVFHQDULRVDUH
SURSRVHG
 1RUDLQGXVWRQWKHFRYHULVQRWDIIHFWHG
 /LWWOHUDLQEXWWKHUDLQLVQRWVWURQJHQRXJKWRZDVKDZD\WKHGXVWRQWKHFRYHU
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 6PDOOUDLQWKHUDLQFDQRQO\ZDVKDZD\SDUWRIWKHGXVWRQWKHFRYHU
 +HDY\UDLQWKHUDLQIDOOH[FHHGVDFHUWDLQWKUHVKROG$OPRVWDOOWKHGXVWLVZDVKHGDZD\EXWWKHUHZLOO
EHDVPDOOSDUWRIVWLFN\GXVWVWLOOVWD\RQWKHFRYHU
5DLQIDOO IDFWRU R LV LQWURGXFHG DV HT  WR GHVFULEH WKH HIIHFW RI UDLQIDOO RQ GXVW GHSRVLWLRQ $QG WKH GXVW
GHSRVLWLRQPRGHOLQFOXGLQJUDLQIDOOHIIHFWKDVEHHQHVWDEOLVKHGDVHTaHT

R


°
°
°
°
®
° 
°
°
°r c 
¯

r d b
r cr b
r ccr t b
rc 



r  b
b  r  b
b  b

r cc  r c



HT 

r  b
b  r  b
b  b

:KHUHbbbDUHGLIIHUHQWUDLQIDOOWKUHVKROGPPrƍrƎDUHWKHOHIWGXVWIDOOSURSRUWLRQDIWHUUDLQIDOOIOXVK



HT 

Dr i

Dr  i  Dr  i

Dr  i

R i ª¬ Dr  i    d d i FRV T º¼ 

HT 

Dr  i

R i ª¬ Dr  i    vd Cdp i T u  º¼ 

HT 

:KHUHDr i LVWKHWRWDOGXVWPDVVDIWHUUDLQIDOOIOXVKRQiGD\JPDr, i LVWKHWRWDOJUDYLW\VHWWOLQJGXVWPDVV
DIWHUUDLQIDOOIOXVKRQiGD\JPDr, i LVWKHWRWDOSDUWLFXODWHPDWWHUDIWHUUDLQIDOOIOXVKRQiGD\JP

2.4. Transmittance of collector cover with dust
$FFRUGLQJWR=KDR  DQG.DW]DQ¶V  UHVHDUFKWKHFRUUHODWLRQEHWZHHQFRYHUWUDQVPLWWDQFHDQGGXVW
GHSRVLWLRQFRXOGEHGHVFULEHGDVHTE\GHILQLQJWKHH[WLQFWLRQFRHIILFLHQWRIGXVWGHSRVLWLRQKd
ª

§ Dr  n Dr  j
¦
¨ I
j  I j
© 

W W c  H[S « Kd ¨
¬«

·º 
¸¸ »
¹ ¼»

HT 

:KHUHĲ LVWKHWUDQVPLWWDQFHRIGLUW\FRYHUĲcLVWKHWUDQVPLWWDQFHRIFOHDQFRYHUĳ1 LVHTXLYDOHQWGLDPHWHURI
JUDYLW\VHWWOLQJGXVWPDVVPĳ2,jLVHTXLYDOHQWGLDPHWHURISDUWLFXODWHPDWWHUjP
7RGHWHUPLQHWKHUDLQIDOOIDFWRURDQGH[WLQFWLRQFRHIILFLHQWKdLQWKHFRUUHODWLRQRIGXVWIDOODQGUDLQIDOORQFRYHU
WUDQVPLWWDQFHRIIODWSODWHVRODUFROOHFWRUDPRQWKH[SHULPHQWRIGXVWIDOODQGFRYHUWUDQVPLWWDQFHKDVEHHQ
FRQGXFWHGLQ%HLMLQJ

 ([SHULPHQWPHWKRGV
3.1. Location
7KHGXVWIDOODQGFRYHUWUDQVPLWWDQFHH[SHULPHQWKDVEHHQFDUULHGRXWRQWKHURRIRIDIORRUEXLOGLQJLQ6KXQ\L
'LVWULFW%HLMLQJ7KHUHLVQRKLJKULVHEXLOGLQJDURXQGDQGWKHUHLVQRREYLRXVVRXUFHRISROOXWDQWV7KHODWLWXGH
RIH[SHULPHQWDOVLWHLVORQJLWXGHLVDYHUDJHHOHYDWLRQRIP([SHULPHQWDOVLWHLVNPDZD\IURP
FLW\FHQWHU
7KHFOLPDWLFFKDUDFWHULQ%HLMLQJLVUDLQ\DQGKRWLQVXPPHUFROGDQGGU\LQZLQWHURIWKHDQQXDOUDLQIDOO
LVLQVXPPHU$YHUDJHDQQXDOUDLQIDOOLVPP,Q-DQXDU\WKHDYHUDJHWHPSHUDWXUHLV&DQGPRQWKO\
UDLQIDOOLVPP,Q-XO\WKHDYHUDJHWHPSHUDWXUHLV&DQGPRQWKO\UDLQIDOOLVPP

3.2. Method
([SHULPHQWLQFOXGHGSDUWVGXVWIDOOPHDVXUHPHQWDQGFRYHUWUDQVPLWWDQFHPHDVXUHPHQW([SHULPHQWVSHULRG
ZDV  PRQWKV IURP $SULO  WR 0DUFK  7KH GXVWIDOO PHDVXUHPHQW DQG FRYHU WUDQVPLWWDQFH
PHDVXUHPHQWZHUHFDUULHGRXWDWWKHVDPHWLPHLQHDFKPRQWK7KHUDLQIDOOGDWDDQGGDLO\30FRQFHQWUDWLRQ
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IURP&KLQD0HWHRURORJ\'DWD&HQWHULVUHFRUGHGDWWKHVDPHWLPH
'XVWIDOOPHDVXUHPHQW
7KHH[SHULPHQWZDVFDUULHGRXWDFFRUGLQJWRWKHQDWLRQDOVWDQGDUG*%7$PELHQWDLU'HWHUPLQDWLRQ
RIGXVWIDOO*UDYLPHWULFPHWKRG7KHJO\FROZDWHU 0L[WXUHRIP/&+2DQGP/ZDWHU ZDVSODFHG
LQDJODVVFROOHFWLRQWDQNWRFROOHFWWKHGXVWIDOO7KHLQQHUGLDPHWHURIJODVVFROOHFWLRQWDQNZDVFPDQGWKH
KHLJKWZDVFPWKHPDVVRIGXVWIDOOZDVPHDVXUHGE\JUDYLPHWULF PHWKRG7KHJO\FROZDWHUZDVFROOHFWHG
HYHU\  G $IWHU HYDSRUDWLRQ GU\LQJ DW & FRROLQJ DW URRP WHPSHUDWXUH WKH GXVW ZDV ZHLJKWHG E\
DQDO\WLFDOEDODQFH7KHH[SHULPHQWDOVLWHDQGHTXLSPHQWIRUGXVWIDOOPHDVXUHPHQWLVVKRZHGLQ)LJ

DH[SHULPHQWDOVLWHEJODVVFROOHFWLRQWDQNFFUXFLEOHG'U\LQJRYHQIDQDO\WLFDOEDODQFH
)LJ([SHULPHQWDOVLWHDQGHTXLSPHQWRIGXVWIDOOH[SHULPHQW

&RYHUWUDQVPLWWDQFHPHDVXUHPHQW
*ODVVSLHFHVZHUHXVHGDVWKHVDPSOHRIFROOHFWRUFRYHUGXULQJWKHH[SHULPHQW7KHJODVVSLHFHV¶VL]HLVPP
îPPîPP7KHJODVVSLHFHVZHUHSODFHGDWWKUHHWLOWHGDQJOHVRIDQG0RQWKO\WUDQVPLWWDQFH
FKDQJHV RI JODVV SLHFHV ZHUH PHDVXUHG HYHU\ PRQWK DQG WKH FXPXODWLYH WUDQVPLWWDQFH FKDQJHV IURP WKH VW
PRQWK ZHUH DOVR PHDVXUHG $V VKRZQ LQ )LJ  WKH WUDQVPLWWDQFH ZDV PHDVXUHG E\ D VSHFWURSKRWRPHWHU WKH
WUDQVPLWWDQFHRIHDFKJODVVSLHFHVZDVWHVWHGWZLFHWRUHGXFHWKHWHVWHUURU



DVSHFWURSKRWRPHWHUEJODVVSLHFHV



)LJ6SHFWURSKRWRPHWHUDQGJODVVSLHFHV

3.3. Uncertainty analysis
0HDVXULQJLQVWUXPHQWVXVHGLQWKHH[SHULPHQWLQFOXGHGDQDO\WLFDOEDODQFH9HUQLHUFDOLSHUVSHFWURSKRWRPHWHU
0DLQSDUDPHWHUVRIWKHVHLQVWUXPHQWVDUHVKRZHGLQ7DE
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7DE7HVWLQVWUXPHQWOLVW

,WHP

,QVWUXPHQW

0RGHO

5DQJH

5HVROXWLRQ

$FFXUDF\

'XVWZHLJKW

DQDO\WLFDOEDODQFH

--%&

aJ

PJ

PJ

,QQHUGLDPHWHURI
JODVVFROOHFWLRQWDQN

9HUQLHUFDOLSHU



aPP

PP



7UDQVPLWWDQFH

VSHFWURSKRWRPHWHU

&DU\

aQP






8QFHUWDLQW\RIGXVWIDOO
7KHUHODWLYHV\QWKHWLFXQFHUWDLQW\RIGXVWIDOOZDVFDOFXODWHGE\HT

U G



U 6 U Z





HT 

:KHUH U G  ZDV WKH V\QWKHWLF XQFHUWDLQW\ RI GXVWIDOO U 6  ZDV WKH XQFHUWDLQW\ RI RSHQLQJ DUHD RI JODVV
FROOHFWLRQWDQNU Z ZDVWKHXQFHUWDLQW\RIGXVWZHLJKW
7KHUHVROXWLRQRIWKH9HUQLHUFDOLSHUXVHGWRPHDVXUHWKHLQQHUGLDPHWHUZDVPP&RQVLGHULQJWKHDYHUDJH
GLVWULEXWLRQWKHFRQILGHQFHSUREDELOLW\p ZDVWDNHQDQGWKHFRUUHVSRQGLQJLQFOXVLRQIDFWRUk )RU
WKHLQQHUGLDPHWHURIJODVVFROOHFWLRQWDQNWKHVWDQGDUGXQFHUWDLQW\u / RIPHDVXUHPHQWUHVXOWVZDVPP
,QQHUGLDPHWHURIJODVVFROOHFWLRQWDQNZDVPP$IWHUFDOFXODWLRQWKHXQFHUWDLQW\RIRSHQLQJDUHDRIJODVV
FROOHFWLRQWDQNZDV
7KH DFFXUDF\ RI WKH DQDO\WLFDO EDODQFH XVHG WR PHDVXUH WKH GXVW ZHLJKW ZDV  PJ &RQVLGHULQJ WKH QRUPDO
GLVWULEXWLRQWKHSUREDELOLW\RIFRQILGHQFHLVDQGWKHFRUUHVSRQGLQJLQFOXVLRQIDFWRUk 7KHVWDQGDUG
XQFHUWDLQW\ RI WKH PHDVXUHPHQW UHVXOWV u Z  ZDV  PJ 7KH UHODWLYH XQFHUWDLQW\U Z  ZDV  ZKHQ WKH
PHDVXUHGGXVWZDVDERXWPJ
7KHUHIRUHWKHUHODWLYHV\QWKHWLFXQFHUWDLQW\RIGXVWIDOO U G  
8QFHUWDLQW\RIWUDQVPLWWDQFH

$FFRUGLQJWKHXQFHUWDLQW\DQDO\VLVPHWKRGWKHUHODWLYHXQFHUWDLQW\RIWUDQVPLWWDQFH U Ĳ  

 ([SHULPHQWUHVXOWV
$FFRUGLQJ WR WKH H[SHULPHQWDO UHVXOWV VKRZQ LQ )LJ  WRWDO DPRXQW RI GXVWIDOO DW WKH H[SHULPHQWDO VLWH ZDV
 WNP $QG WKH PD[LPXP PRQWKO\ GXVWIDOO ZDV  W NPāG  LQ $SULO WKH PLQLPXP PRQWKO\
GXVWIDOOZDVW NPāG LQ6HSWHPEHU6HDVRQDOFKDQJHVRIUDLQIDOOZDVREYLRXV7KHUHZDVUDUHUDLQIDOO
LQ ZLQWHU 'HFHPEHU a 0DUFK  ZKLOH WKHUH ZDV ULFK UDLQIDOO LQ VXPPHU -XO\ a 6HSWHPEHU  7KH PD[LPXP
PRQWKO\UDLQIDOOLVLQ-XO\
7KH WUDQVPLWWDQFH RI JODVV SLHFH ZDV DIIHFWHG E\ GXVWIDOO DQG UDLQIDOO 0RQWKO\ WUDQVPLWWDQFH FKDQJHV ZHUH
GLIIHUHQW LQ GLIIHUHQW VHDVRQ 'XULQJ 'HFHPEHU WR 0DUFK WKHUH ZDV ULFK GXVWIDOO DQG UDUH UDLQIDOO 7KH
WUDQVPLWWDQFH GHFUHDVHG REYLRXVO\ DFFRUGLQJ WR WKH LQFUHDVH LQ GXVWIDOO ([FHSW )HEUXDU\  )URP -XO\ WR
6HSWHPEHUWKHUHZDVOLWWOHGXVWIDOODQGULFKUDLQIDOO7KHWUDQVPLWWDQFHGHFUHDVHGDOLWWOHDQGWKHJODVVNHSWFOHDQ
5HODWLYH FKDQJH RI WUDQVPLWWDQFH ZDV RQO\  ,Q WKH ILUVW WUDQVLWLRQ VHDVRQ IURP 2FWREHU WR 1RYHPEHU 
WKHUHZDVOLWWOHGXVWIDOODQGUDLQIDOO7KHWUDQVPLWWDQFHGHFUHDVHGVORZO\,QWKHVHFRQGWUDQVLWLRQVHDVRQ IURP
$SULOWR-XQH WKHUHZDVORWGXVWIDOODQGUDLQIDOO7KHWUDQVPLWWDQFHIOXFWXDWHGJUHDWO\
%DVHG RQ WKH DQQXDO H[SHULPHQWDO GDWD WKH FXPXODWLYH WUDQVPLWWDQFH LQ -XQH DQG )HEUXDU\ LQFUHDVHG
VLJQLILFDQWO\FRPSDULQJZLWKSUHYLRXVPRQWKEXWWKHUDLQIDOOGLGQRWFKDQJHVLJQLILFDQWO\7KHUHIRUHWKHHIIHFW
RIUDLQIDOOQHHGHGIXUWKHUDQDO\VLV
)LJVKRZVWKHPD[LPXPKUDLQIDOOLQHDFKPRQWK,WFRXOGEHVHHQWKDWWKHPD[LPXPKUDLQIDOOLQ-XQH
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DQG)HEUXDU\ZDVPPDQGPPUHVSHFWLYHO\'XULQJ)HEUXDU\WKHPD[LPXPKUDLQIDOOZDVPP
$QGWKHPD[LPXPKUDLQIDOOLQ0D\DQG-DQXDU\ZDVPPDQGPPUHVSHFWLYHO\,QPHWHRURORJ\LI
KRXUVUDLQIDOO r ZDVPRUHWKDQPPDQGOHVVWKDQPPKRXUVUDLQIDOO r ZDVPRUHWKDQPPDQG
OHVVWKDQPPWKHUDLQZDVFDOOHGPRGHUDWHUDLQ,IKRXUVUDLQIDOO r ZDVPRUHWKDQPPDQGOHVV
WKDQPPKRXUVUDLQIDOO r ZDVPRUHWKDQPPDQGOHVVWKDQPPWKHUDLQZDVFDOOHGKHDY\UDLQ
$FFRUGLQJ WKH DQDO\VLV DERYH WKH LQFUHDVH RI WUDQVPLWWHUV LQ -XQH DQG )HEUXDU\ FRXOG EH DWWULEXWHG WR WKH
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Abstract

The design and development of new medium-temperature solar thermal external compound parabolic concentrator
(XCPC) is presented. A nonimaging reflector is paired with an evacuated tube absorber for efficient heat collection
between 100-300 °C. Several absorber geometries are simulated, with the final selection of a modified pentagon
absorber shape chosen for manufacturability. The modified absorber shape, gap loss, and truncated reflector result
in a geometric efficiency of 93% compared to an ideal CPC. Several selective coatings are compared for downselection, and a Mylar reflective film with ~89% reflectance is chosen for its low cost and durability. The final
prototype has a 4.56 m2 aperture. Simulations predict an optical efficiency of 71% and thermal efficiency of 50%
at 200 °C and experimental test results have confirmed an optical efficiency of 62% and a thermal efficiency near
50% at 200 °C. The stagnation temperature was measured at 333 °C. World-wide installations are presented.
Keywords: External compound parabolic concentrator, XCPC, medium temperature, nonimaging, solar thermal

1. Introduction
Low temperature collectors (<100 °C) for residential and commercial hot water typically take the form of flat
plate or evacuated tube collectors, the latter of which dominates the market space due to its widespread adoption
in China. Parabolic trough collectors (PTC) have historically been the most commonly used high temperature
collectors (>300 °C) for industrial process heating (IPH) and concentrating solar power (CSP), but have shared
the space with compact linear Fresnel (cLFR), dish, and recently with centralized solar tower installations. The
space in between these two classes of collectors (100 °C < medium temperature < 300 °C) has historically been
served by high temperature collectors at lower-than-design operating temperatures. Today there exist several
newer options including stationary evacuated flat plates (Buonomano et al. 2016), compound parabolic
concentrators (Duff et al. 2004, Kim et al. 2013), semi-tracking micro linear fresnel reflector systems (Sultana et
al. 2015), semi-passive tracking combined systems (Li et al. 2017), and tracking miniature trough (Fernandez et
al. 2010) and dish (Cohen and Grossman 2016) systems. The best performance of these systems typically
approaches 50% conversion efficiency at 200 °C under global irradiance.
In this paper we report on the most recent round of developments to the XCPC collector, a non-tracking solar
thermal collector, and the experimental performance results of the prototype tested at the University of California,
Merced (UCM).

2. Collector Design
The external compound parabolic concentrator (XCPC) consists of an evacuated tube receiver paired with a
nonimaging reflector and is depicted in Figure 1. Inside the evacuated tube is a selectively coated metal fin which
acts as the absorbing surface of the collector. The nonimaging reflector concentrates incoming radiation over a
wide range of angles onto the absorber surface. This eliminates the need for any mechanical tracking mechanism
as the optics provide passive sun-tracking. The combination of concentration and an evacuated receiver allows
the XCPC to reach temperatures between 100 - 300 °C.
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Figure 1 – Path of light ray in an XCPC collector.

The CPC profile was designed for a cylindrical absorber, but due to manufacturing limitations (specifically the
geometric requirements of the ultrasonic welding machine at the prototyping facility) a new absorber geometry
needed to be found. Optical simulations were performed in LightTools for the reflector profile with different
absorber shapes shown in Figure 2 to determine the geometric efficiency of each case. The results of these
simulations are summarized in Table 1.

Table 1 – Geometric efficiency of CPC with different
absorber shapes

Figure 2 – Simulated absorber geometries: original circular
absorber (dashed black), pentagon #1 (blue), pentagon #2
(red), and rotated square (black).

Shape

Geometric Efficiency

Original Circle

1.00

Pentagon #1

0.97

Pentagon #2

0.94

Upper Tube Exposed

0.90

Lower Tube Exposed

0.84

Square

0.89

Pentagon #2 was selected after the geometry of Pentagon #1 prevented it from being welded shut by the ultrasonic
welding machine. As is customary for practical reasons, the reflector was truncated to 95% of the original aperture
width yielding a final design concentration ratio of 1.4X. Encasing the absorber in a glass tube results in a gap
between the bottom of the absorber and the tip of the reflector. This should be minimized to reduce associated
optical losses. For this design the gap was reduced to 3 mm to allow a 0.8 mm space between the absorber and
the glass.
The incidence angle modifier (IAM) profile shown in Figure 4 was generated for the collector (truncated, with
gap loss, and new absorber shape) by sweeping the incoming incidence angle from 0-60°.
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Figure 3 – Ray Trace Analysis of 40° E/W Collector
with pentagon shaped absorber

Figure 4 – Incidence Angle Modifier for 40° E/W Collector

The energy-weighted geometric efficiency ߟ is calculated from Equation 1, where ߟǡఏ is the geometric efficiency
as a function of incidence angle reported in Figure 5.
ഇ

ߟ ൌ

బ ఎǡഇ ୡ୭ୱ ఏௗఏ

(Eq. 1)

ഇ

బ ୡ୭ୱ ఏௗఏ

As a result of the modified absorber shape and the 3 mm gap between the absorber and the bottom of the CPC,
the total geometric efficiency is reduced to 93% compared to an ideal CPC. The optical design parameters of the
final down-selected CPC design are listed in Table 2.
Table 2 – E/W XCPC Optical Design Parameters

Parameter

Value

Configuration

East-West

Acceptance Angle θ

±40°

Truncation Ratio (% of width)

0.95

Final Aperture Width

406 mm

Absorber Shape

Pentagon

Absorber Perimeter

285 mm

Concentration Ratio

1.4X

3. Materials Selection and Prototype Development
A selective coating is designed to absorb as much of the solar spectrum as possible while emitting as little as
possible during operation. Several commercial flat-absorber vacuum tubes with different coatings were placed
side by side outdoors, with thermocouples inserted to measure temperature. They were all uncovered at the same
time and the temperature rise was recorded. The results showed a difference in performance between suppliers.
Most coatings exhibited performance differences between batches, however, the Sunselect and TiNoX coatings
showed stable quality and performance and were down-selected for a second round of testing. The second round
of testing was performed again with the two commercially available flat absorber vacuum tubes, and for two
coating manufacturers who were able to supply material for the prototype XCPC absorber. An image of the test
setup is shown in Figure 5 and the results of the second test are presented in Figure 6.
As a result of these tests, SunSelect applied over a copper substrate was down-selected as the selective coating for
the E/W XCPC prototype. The coating has a solar-weighted absorptance of 95% and an emissivity of 5% at 100
°C.
Borosilicate glass is typically used in solar applications because of its high solar transmittance. A borosilicate
glass sample from the glass tube supplier was tested at NREL in 2007 and the transmission profile is presented in
Figure 7. A total solar-weighted transmission of 91.7% is obtained which is consistent with the two Fresnel losses
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going in and out of the glass.

Figure 5 – Side-By-Side Stagnation
Test Setup

Figure 6 - Stagnation test results.

Several commercial reflector materials exist with high reflectance (>90%) and good outdoor stability. At the time
of prototyping a reflective Mylar film was found for roughly $1/m2. The hemispherical reflectance of the film was
measured at 89%, which was maintained after 2 years of outdoor exposure (see Figure 8). As a result the film was
selected for the E/W XCPC prototype reflector.

Figure 7 – Borosilicate glass transmission profile tested at
NREL in 2007. The solar-weighted transmission is 91.7%.
Figure 8 – Aluminized polymer film reflectance over time

A rendering of the final prototype design is shown in Figure 9 with a close up of the plumbing connections in
Figure 10. Final specifications for the prototype are listed in Table 3.

Figure 9 – Final E/W XCPC collector prototype. 6
CPCs are plumbed off a centralized manifold box.

Figure 10 – Manifold Connections – Each side of the collector has 3
CPCs plumbed in series and both sides are plumbed in parallel.

Inside the evacuated glass tube is the selectively coated copper fin formed into the shape of a pentagon. A copper
pipe is ultrasonically welded to the top and bottom of the pentagon with a 180° U-bend at the end. The copper
pipe transitions into the glass tube via a glass to metal seal and the entire tube is evacuated and sealed below 10 -4
mbar. A gas getter maintains the vacuum integrity and provides visual indication of vacuum quality.

2139

B. Widyolar / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

The reflectors are formed of aluminum and overlaid with a reflective Mylar film. Their shape is supported by 4
ribs along the length of each reflector. The entire collector is formed by combining three XCPCs on either side of
a central manifold box. Inside the manifold box, the tubes are piped together using copper flare connections and
surrounded with fiberglass insulation. The two sides of the manifold box are piped in parallel, each with three
CPCs piped in series.
Table 3 – E/W XCPC Collector Prototype Specifications

Parameter

Value

Selective Coating

SunSelect

Solar Weighted Absorptance (α)

0.95

Emissivity (ε100 °C)

0.05

Copper Pipe OD

8 mm

Copper Pipe Thickness

0.75 mm

Absorber Tube Length

1.9 m

Glass Material

Borosilicate

Solar Weighted Transmission (τ)

0.92

Glass Tube OD

102 mm

Glass Tube Thickness

2.2 mm

Reflector Material

Mylar

Total Hemispherical Reflectance (ρ)

0.89

CPCs per Collector

6

Aperture Area

4.5 m2

Gross Area

5.4 m2

4. Optical and Thermal Performance Models
Simulation of the completed design was performed in LightTools for 1 million rays using optical parameters of
the materials used in the XCPC prototype. Ray trace diagrams are presented in Figure 11. At normal irradiance,
an optical efficiency ߟ of 71% is obtained.

Figure 11 – Ray tracing of E/W XCPC collector for normal incidence and off-angle incidence.

A two-dimensional finite element model was created for the absorber where the polygonal fin shape was
approximated by a generic 20-sided polygon (shown for n = 6 in Figure 12) and the tube length was divided into
40 nodes.
Uniform solar irradiance is assumed to be incident on all fins, which also radiate outward and conduct with their
radial and axial neighbors. The fins at the top and bottom of the absorber are assumed to be at thermal equilibrium
with the copper pipe, providing a conduction pathway to the interior surface of the pipe where heat is transferred
to the fluid via convection. Since the absorber tubes are evacuated, no other convection is modelled. The heat
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transfer coefficient between the inner pipe wall and the fluid is calculated based on the Nusselt number for laminar
flow and using the Gnielinski and Dittus-Boelter correlations for turbulent flow.

Figure 12 – Finite Element Analysis Mesh. The pentagon absorber is approximated by an n-sided polygon (shown for 6 sides here).
The actual model used a 20-sided polygon and the length of the absorber was divided into 40 nodes.
Table 4 – Heat transfer model parameters

Parameter

Value

L_abs

1.8 m

n

40 nodes

L_fin

272 mm

n_fins

20 nodes

Fin_thickness

0.125 mm

Fin and Pipe material

Copper (Cu)

Piper inner diameter

6.5 mm

Pipe outer diameter

8 mm

G

1000 W/m2

݉ሶ

75 g/s

kCu

400 W/m-K

ε

0.05 @ 100 °C, 0.08 assumed @ 200 °C

The parameters used in the model are listed in Table 4, assuming fluid properties for the mineral oil Duratherm
600. The emissivity of the selective coating is known to be 0.05 at 100 °C and was interpolated linearly to an
emissivity of 0.08 at 200 °C. Matrix inversion was used to solve for the temperature at each node and the process
was repeated until the temperature change between iterations was less than 0.01 °C.
The input solar irradiance to the model is calculated according to equation 2 and the solar irradiance absorbed by
each fin from equation 3.
 ୧୬ ൌ ܣ௦ ܥ௫ ܩ
 ୧୬ǡୟୠୱ୭୰ୠୣୢ ൌ 

୕ ఎబ
ೞ 

(Eq. 2)
(Eq. 3)

The net thermal generation of the collector ( ୲୦ୣ୰୫ୟ୪ ) is calculated based on the inlet and outlet temperatures from
the model. This simulation was performed for temperatures between 25 °C to 400 °C and the efficiency calculated
according to equation 5 is plotted versus temperature in Figure 13.
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୕౪౨ౣౢ
୕

(Eq. 4)
(Eq. 5)

The efficiency jump between 125/150 °C is due to the transition from laminar to turbulent flow at which point the
calculation of the heat transfer coefficient between the pipe wall and the fluid changes. Average temperatures
along the length of the tube are presented in Figure 14 for an inlet temperature of 200 °C, showing a maximum
temperature rise along the fin length of 40 °C.

Figure 13 – Simulated performance results for an input irradiance of
1000 W/m2.

Figure 14 – Temperature profile of fins for an inlet
temperature of 200 °C.

5. Experimental Test Results
Performance of the prototype XCPC collector was tested at the University of California Merced Castle Research
Facility. In this section is a description of the test platform, testing methods, and experimental performance results.
The half-collector prototype (3 tubes) was mounted on a dual axis tracker to measure on and off-axis performance
for characterization. A precision spectral pyranometer (PSP) and normal incidence pyrheliometer (NIP) mounted
on the tracker measure the solar resource. The main test platform is a medium temperature oil loop (Figure 15)
which contains a circulation pump, primary heating element, coriolis flow meter, thermocouple clusters, and an
in-line calorimeter. A total of 33 sensors are installed in the system, including: 1 Coriolis flow meter (± 0.1 %);
25 K-type thermocouples, 4 pressure gauges, 1 current clamp sensor, 1 Precision Spectral Pyranometer (PSP),
and 1 Normal Incidence Pyrheliometer (NIP). Data is collected using an Agilent 34970A data acquisition unit,
which scans and records all sensor readings every 5 seconds. The instrument and measurement error are listed in
Table 5.

Figure 15 – UC Solar Medium Temperature Test
Loop Schematic
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Table 5 – Instrument and measurement error

Temperature Coeff.

Device

Instrument Error

Keysight Measurement
Error

k-Type thermocouple

±1.1°C or 0.4%
(whichever is greater)

±1.0°C

+0.03%

Coriolis Mass Flow
Meter

±0.1% of reading

±0.01% of reading

+0.001% of reading

UNI-T UT210 current
clamp meter

±2.0% of reading

NA

NA

DC Voltage
Measurement

NA

±0.0045% of reading +
0.003% of range

±0.0005% of reading +
0.0003% of range

Precision Spectral
Pyranometer (PSP)

±2.5% of reading

±0.0050% of reading +
0.0040 of range

±0.0005% of reading +
0.0005% of range

Normal Incidence
Pyrheliometer (NIP)

±2.5% of reading

±0.0050% of reading +
0.0040 of range

±0.0005% of reading +
0.0005% of range

[/°C ambient above
28°C]

A stagnation test was performed on August 11, 2017. Three thermocouples inserted at various lengths inside the
upper fluid channel of a single evacuated tube on the XCPC collector measure the temperature over time. The
results of this test are shown in Figure 16. The inside of the evacuated tube reached a final stagnation temperature
of 333 °C.
Optical testing was performed between August 20th and September 6th using the setup shown in Figure 17. The
efficiency is calculated according to equation 6, where ݉ሶ is the mass flow rate of the HTF in kg/s, ܿ is the heat
capacity of the fluid in kJ/kg-K, ȟܶ is the temperature difference across the collector in °C, ܣ is the aperture
area of the collector in m2, and G is the global solar irradiance in kW/m2.
ߟ௧ǡ௪ ൌ 
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ൌ
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(Eqn. 6)

These tests were performed using city water as the heat transfer fluid. Thermocouple clusters measured the average
inlet and outlet temperature and the flow rate was measured manually by recording the time it took to fill up a 5
gallon bucket (which actually contains 5.6 gallons). The heat capacity of water was assumed to be a constant 4.18
kJ/kg-K. Results are presented in Figure 18 from which an average optical efficiency of 62% was obtained.

Figure 17 – Optical Testing

Figure 18 – Optical Test Results

The XCPC collector (Figure 19) was tested at elevated temperatures using the oil test loop. The instantaneous
thermal efficiency of the collector was calculated using the standard flow rate method (equation 7) and also using
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a calorimetric technique discussed below.
A calorimeter installed in-line with the solar collector generates heat using two 1 kW resistive heating elements
placed inside two counter-flow tubes. The heat transfer oil enters the outer annulus of the counter-flow tube and
exits through the inner annulus where it is in direct contact with the heating element (Figure 20). The two heating
elements and oil flow path are constructed in parallel and the entire calorimeter is wrapped in aerogel insulation
with the heated portions encased in all glass vacuum tubes to limit heat loss to the environment. Two k-type
thermocouple clusters containing six thermocouples each measure the inlet and outlet temperatures of the
calorimeter.

Figure 19 – Oil Testing

Figure 20 – Calorimeter Schematic

Since the calorimeter is plumbed in-line with the collector it sees the same heat transfer fluid (Cp) and flow rate
as the collector. A known amount of power input generates a repeatable temperature rise across the calorimeter.
By comparing the temperature rise across the calorimeter to the temperature rise across the collector, the power
output of the collector can be determined. For example if the collector raises the temperature 10 °C and the
calorimeter also raises the temperature 10 °C from 2 kW of power, we know the collector is generating 2 kW of
thermal power.

Figure 21 – Experimental Results

The use of a calorimeter provides a redundant measurement which eliminates the flow rate measurement and
dependence on heat capacity which is prone to change from the manufacturers specifications over time. Instead
they are replaced by more reliable temperature, current, and voltage measurements. The thermal efficiency
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determined by the calorimeter is calculated according to equation 7, where ȟܶ is the temperature rise across the
calorimeter, ܸ is the DC supply voltage, and ܫ is the DC current. Results are presented in Figure 21.
ߟ௧ǡ ൌ 
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(Eq. 7)

6. Installations

Figure 22 – Merced, CA Installation

The Merced installation shown in Figure 22 is a 20 kW array of the E/W collectors described in this paper installed
alongside an earlier generation 20 kW N/S array. These arrays are used to provide thermal power for various
projects including solar cooling (Widyolar et al. 2014), solar drum drying (Ferry et al. 2016), and is currently
being commissioned for solar wastewater evaporation.
Some representative data is presented below in Figures A, and B for September 8th, 2016. The total solar energy
incident on plane of the collector array between 11:45 pm and 5:00 pm was 175.5 kWh, resulting in a thermal
generation of 76.9 kWh and 70.6 kWh of cooling from the chiller.
Experimental testing on a single E/W collector showed an efficiency of 55% at an operating temperature of 160
°C while the efficiency of the array tested in this experiment at the same temperature was around 44%. The
decrease is attributed to heat losses through the insulated pipes which interconnect the collectors in the array. A
rough calculation shows this is on the order of 2-3 kW from the 150 m of ¾” pipe insulated with 2” of fiberglass.
Accounting for this heat loss makes the data from this experiment consistent with the previously reported test
results. The E/W array took approximately 2 hours to warm up to an outlet temperature of 180 °C and provided
15-20 kW of direct solar powered cooling for an additional 6 hours. A solar COP of 0.44 demonstrated by the
E/W array is comparable with other documented double effect solar thermal cooling systems.
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Figure 23 – Sept 8th, 2016 – E/W Array Performance

Figure 24 – Sept 8th, 2016 – E/W Array Temperatures

Table 7 – East-West Array – September 8th, 2016

(instantaneous)

Operational
Average*

Collector efficiency

Thermal power captured at 160 °C per
available solar power.

0.350 – 0.565

0.438

Thermal COP

Cooling power per captured thermal power

0.721 – 1.101

0.919

Solar COP

Cooling power per available solar power

0.288 – 0.488

0.402

Range

*Operational average taken between 11:45 am and 5:00 pm.

Figure 25 – UlaanBaatar, Mongolia Installation

The Mongolia installation shown in Figure 25 is a 5 kW E/W array installed to provide space heating (Winston et
al. 2014). The collector system is installed completely off-grid, using a small PV panel to power a 24 VDC
circulation pump which circulates antifreeze through the collector array. The heat is transferred into the ger by a
heat exchanger, which is stored in 55 gallon insulated drums of hot water.
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Figure 26 – Dubai, UA Installation

The Dubai installation shown in Figure 26 is the most recent installation and is currently being used to provide
boiler pre-heating for sugar refining.

7. Conclusion
In this paper we present the most recent round of developments on the external compound parabolic concentrator
(XCPC). The XCPC is a wide-angle concentrator which allows it to (1) collect sunlight year-round from a
stationary position, (2) accommodate installation misalignment, and (3) collect a significant fraction of the diffuse
solar resource while still providing 1.4X concentration on the absorber. The evacuated tube absorber allows
efficient operation regardless of external climate conditions (hot or cold). Optical and thermal simulations have
match the experimental data very closely. The collector has an optical efficiency of 62% and a thermal efficiency
of 59% at 100 °C and 50% at 200 °C. Current installations are located in California, Mongolia, and the United
Arab Emirates and the technology is being commercialized in the USA and India.
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Abstract

In this paper it is introduced the development of solar thermal including solar hot water, solar heating
combisystem, solar cooling, solar drying, solar cooker, solar desalination and solar thermal power etc during
2011 to 2015 and looking forward to these technologies developing including anticipation for technique
progress and projects spreading during 2016 to 2020 in China.
Keywords: solar hot water, solar heating combisystem, solar cooling, solar drying, solar cooker, solar
desalination, solar thermal power

1. Introduction
There are two influence factors for development of solar thermal during 2011 to 2015 in China. The favorable
factor is policy supporting from governments, such as “the Demonstration Items for Renewable Energy
Application in Buildings” supported by the Ministry of Finance and Ministry of Housing and Urban-Rural
Development of PRC and demonstration projects of “Green Small Towns” and “New Energy Cities” supported
by National Energy Administration, the Ministry of Finance and Ministry of Agriculture of PRC etc. The
unfavorable factor is market environment. As national economy developing speed changing slowly especially
gliding of real estate which has a close relation with solar thermal, developing of solar thermal also meet some
difficulties. So it is necessary taking positive and useful measures to overcome them on the base to sum up the
past experience for China’s whole profession of solar thermal.
China’s fast developing of solar thermal mainly depended on application of solar hot water in the past and now
this market becomes saturated. Therefore an important countermeasure is extending application fields, such as
from solar water heating system extending to solar heating combisystem, from solar heat for buildings extending
to solar heat for industrial and agricultural processes and we will have a rather favorable circumstances in the
next years. For decreasing serious air pollution, in the 13th Five-year plan (from 2016 to 2020) China
government has decided a higher goal for renewable energy application and especially has made a guiding
principle on cleaning space heating in countrysides of northern China. So under this background we can
anticipate hopefully that solar thermal in China will have a better development in the future, and we should pay
more attention to technical progress which includes raising product quality and improving system optimum
design etc. At the same time we should also promote the international cooperation with developed countries
having advanced technology of solar thermal and raise our ensemble capacity.

2. Development of Solar Thermal During 2011 to 2015
2.1. Industry of solar thermal
China has the largest solar thermal industry and market in the world. But it is different with many developed
countries where the flat-plate solar collectors are the main products; manufactures for evacuated tube solar
collector are still the most, although some manufactures have started to produce flat-plate solar collectors during
these years in China. Figure 1 is shown year-quality of sale for collectors and the figure 2 is capacity in
operation of solar thermal systems from 2005 to 2015 in China. We can know from these two figures that 2013
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is a changing year, the year-quantity of sale for collectors decreased after this year, but the capacity in operation
of solar thermal systems has still a little increasing.


























Fig. 1: Year-quantity of sale for collectors



 

 

 






 







 







 












 












 

   




















Fig. 2: Capacity in operation of solar thermal systems

2.2. Developing for new products
During 2011 to 2015 China enterprises of solar thermal developed following two key new products:
• Evacuated tube solar collector reaching 150  working temperature, when reduced temperature
difference Tm* is 0.13 (m2) / W, the collector instantaneous efficiency is 53%, its efficiency curve is
shown in fig.3. The scale of year output can get three hundred thousand evacuated tubes and one hundred
thousand collectors.
• Selective coating for flat-plate solar collector, absorptance is 0.940.95, emissivity is 0.050.07 and
having better anti-aging performance. Automatic production lines for absorber plate with selective coating
have been built in Sichuan, Shandong and Fujian provinces etc. The whole production capacity is 11 million
m2 and having own intellectual property.
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Fig. 3: Efficiency curve of collector

Fig. 4: Collector instead of balcony railing for a solar hot water system

The other important new product is solar air collectors having different structure types and some solar air
collectors have realized industrialization.

2.3 Solar water heating system
During 2011 to 2015 application for solar water heating systems had some bigger progress and mainly reflected
following three aspects:
• National standard Minimum allowable values of energy efficiency and energy efficiency grades for
domestic solar water heating systemsGB 26969-2011 was published and practiced in 2011. The standard
gives the energy efficiency grades according to the coefficient of thermal performance for domestic solar
water heating systems. There are three levels of energy efficiency grades, the highest is first level and the
threshold enter to market is to reach the third level. So some worse quality domestic solar water heating
systems are limited to sell in the market.
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• As high-rise residential buildings in the cities are main users of solar hot water in China, so some
suitable system types are developed to meet this special situation, such as collective-individual system
(collective installation of solar collectors, individual installation of water tanks in each apartments) for easy
hot water metering. At the same time to develop some new models for solar collectors integrated in buildings,
such as collector instead of balcony railing (shown in Fig.4) etc and suitable installation measures to raise the
safety and reliability for meeting the requirement of compulsory installation polices.
• Some new system auto-control measures are developed and got practical application, such as household
heat exchange control to reach well-distributed heat supply for a collective-individual system. Heat metering
was widely used; performance testing for a solar water system on site has became usual business of national
or local testing agencies in China. Some projects have realized long term performance monitor and testing
data can be delivered by internet.

2.4 Solar heating combisystem
Developing of solar heating combisystem is since 2000 in China and it is an important transition from
demonstration projects changing to scale application duration 2011 to 2015. National standard Technical code
for solar heating systemand complementTechnical Handbook for Solar Heatingpublished and in practice
in 2009 and in 2012 respectively, so give a stronger technical support to application of solar heating
combisystem in China. Most projects of solar heating combisystem used short-term heat storage and application
for solar heating combisystems with seasonal heat storage is still at the staring stage in China, but following two
projects established a better foundation to developing of solar heating combisystem in the future.
• More than 0.4 million m2 building area of peasant residences using solar heating combisystems with
short-term heat storage have been built in suburbs of Beijing (Fig.5). From monitoring to the solar heating
effects in a typical residence during whole winter, solar fraction is 100% in the case of room average
temperature 12 and the highest room temperature 16.The solar cost of the system is 0.44 RMB / kWh,
when the working life of the system is 15 years.
• For solar heating combisystems with seasonal heat storage, the technical level and application scale of
China have a bigger difference compare with developed countries such as Denmark, Germany and Canada
etc. Therefore the international cooperation project “Sino-Danish Renewable Energy Development
Programme: Testing, Research & Demonstration for Large Scale Solar District Heating Systems” which was
finished in 2015 gave a lot of best experience to China’s technicians and will promote its better application in
China in the future.

Fig. 5: Peasant residence of solar heating in suburb of Beijing

Fig.6: Parabolic-trough collectors for solar cooling

2.5 Solar cooling
Technology of solar cooling is developed since 1970’s in China but its application is still at the demonstration
stage. Following is some achievements in this field during 2011 to 2015.
• To develop heat-operated refrigerating machine be suitable to solar application, such as 50 kW
adsorption refrigerating machine and 1.N-effect absorption refrigerating machine etc.
• National standard Technical code for solar air conditioning system of civil buildings GB 507872012 was published and practiced in 2012.
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• A solar adsorption air conditioning system (the total area of the solar collectors is 49.4m 2) was
successfully used to a national grain depot and got better effects. At the condition of daily solar irradiation
16-21 MJ / (m2 day), the average daily refrigerating power is 3.3-4.4 kW and operation time of the
refrigerating machine in the system is 6.5-8.5h during each day.
• A solar lithium bromide absorption air conditioning system (323m 2 solar collectors and 35kW
refrigeration unit) was completed in 2013 and has being stably worked till now. Average solar fraction during
whole summer can reach 83% in the case of average environment temperature 32  and room average
temperature 26 and average efficiency of the solar collector system is 50%.
• To develop a lower cost parabolic-trough collector for solar cooling and build some demonstration
projects of solar air conditioning (Fig.6). According to the on-site testing for a demonstration project in 4
days having different solar radiation, average efficiency of the solar collector system is 55% and the average
solar fraction is 68% in the case of 30 average environment temperature and 25.6  average room
temperature.

2.6 Solar drying
Before 1980’s there are only 4 solar drying devices of 183 m2 total collector areas, but it developed faster after
2000 in China. At the present more than 200 solar drying systems were built and total solar collector areas are
more than 4 million m 2, but the most is small system with collector areas lower than 200 m 2. There are two main
types of solar drying device, using greenhouse or solar collector. The main drying materials are agricultural
products including grain fruit and tobacco etc, and industry products including wood (Fig.7) and building
materials etc.

Fig. 7: Solar wood drying

Fig.8 Concentrating solar cooker of sheet steel

Professional standard General specification for solar drying systemNB / T 34022-2015 was published and
practiced in 2015. It is a first standard for solar drying in China and gives a very important guidance to optimum
design and normal installation of the solar drying devices. As solar air collector is a key component of the solar
drying device, national standards  Specification for solar air collectors  GB / T 26977-2011and  Test
methods for the thermal performance of solar air collectorsGB / T 26976-2011 which were practiced in 2011
promoted the quality improving of solar air collector greatly.

2.7 Solar cooker
Solar cooker was developed since 1950’s in China. As solar cooker has important action for the peasants in the
areas where lack of fuel but having better solar radiation, its developing is always stable and the capacity in
operation for solar cookers is more than 4 million nowadays in China. In normal using condition one solar
cooker can save about 1000kg firewood every year and is about 2 years of paying back time for cost.
There are main two types of solar cookers, box solar cooker and concentrating solar cooker. As Chinese cooking
habit, the most of type is concentrating solar cooker in China (Fig.8), box solar cookers are fewer. China’s
agriculture professional standard Focusing solar cookerNY / T 219-2003 is the first concentrating solar
cooker product standard of this field in the world.

2.8 Solar desalination
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China is one of the 13 poor water countries listed by UN and water resource per person is only 1/4 of the world
average level. So solar desalination is a continual interest technology for long time in China, but it is still at the
research and experiment stage, although to get some better results such as patent of invention “solar air injection
desalination device” etc in recent years, there is not demonstration project of practical application up to now.

2.9 Solar thermal power
During 2011 to 2015 solar thermal power including four types of tower, parabolic-trough, dish and Fresnel was
all developed at different level in China. Some enterprises have already the capacity to produce heliostat, Stryn
generator and evacuated collector tube be used at parabolic-trough collectors etc. There are more than 14
enterprises who can produce evacuated collector tube be used at parabolic-trough collectors and more than 7
enterprises of producing heliostat in China. Part of products passed the testing of foreign professional agency
and performance can reach international level. Several solar thermal power systems have been built in China,
such as China’s first 1MW tower solar thermal power station (Fig.9) located in Badaling of Beijing, generated in
August, 2012 and 1MW dish Stryn solar thermal power system (Fig.10) located in Tongchuan of Shanxi
Province, completed in 2016 and Stryn generators are developed and produced by Xian Aero-Engine Plc.

Fig. 9: Tower solar thermal power station in Badaling of Beijing

Fig. 10: Dish Stryn solar thermal power system in Tongchuan

3. Technique prospect for solar thermal during 2016-2020
In 2020 the renewable energy will be 15% of total final energy use in China and among them contribution of
solar thermal is 13.7% share. Therefore solar thermal is a key technique for completing this object and we
should make more efforts during 2016-2020.

3.1 Industry of solar thermal
The industry of solar thermal in China will enter a key transitional stage, only those enterprises which have
technical innovative capacity can be developed faster and change stronger. Therefore some enterprises have
started cooperation with concerned department in advanced countries for improving own technical capacity. The
industry developing will focus to new products and technologies suitable to middle and high temperature
application of solar thermal, such as evacuated collector tube with working temperature higher than 250 .

3.2 Solar water heating system
As solar water heating systems integrated in buildings are main types of solar hot water application nowadays in
China, the most important tasks are further raising the system’s energy saving effects and quality improving of
hot water supply. It is necessary focus to system optimum design, automatic-control, heat metering and to step
up efforts recommending different types of fine solar water heating systems integrated in buildings by
publishing atlas of excellent projects and holding various training etc. At the same time supervision to
compulsory installation for solar water heating systems will be strengthened, so that the market can get further
normalization.

3.3 Solar heating combisystem
Solar heating combisystem will realize scale application gradually as two favorable policy decisions from
government in the future. One is winter space heating by clean energy in northern part of areas; another is to
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supply space heating for buildings in Tibet.
Coal is the main energy for space heating in northern part of China and it is an important influence factor to
cause air pollution in winter. Therefore the government makes a policy decision to change this situation by
using clean energy for space heating instead of coal for decreasing air pollution. In this year a demonstration
item for space heating using clean energy in northern part of areas has been initiated by 4 ministries together,
the Ministry of Finance, the Ministry of Housing and Urban-Rural Development, the Ministry of Environmental
Protection and National Energy Administration. The item can get different level ’s financial support from the
Ministry of Finance according to city’s size. As one of clean energies, solar heating combisystem can be
practiced in the item and get a chance to develop faster in the future.
Although the weather is very cold in Tibet, but there is no space heating measures in buildings in the past.
Therefore to supply space heating is a very important decision for improving living condition of Tibet people.
Tibet has the best solar energy sources but lacks of common energies, so to build scale demonstration projects of
solar heating combisystems in Tibet can solve space heating problem and avoiding environment pollution at
once. Several projects of solar heating combisystems have been carried out in practical implement items for
space heating of Tibet, at the same time in the national research plan of the 13 th Five-year Development Plan,
some research and application items of solar heating combisystem for space heating in Tibet have been also
listed. It can be expected that China’s technique level of solar heating combisystem will be raised substantially
after these items completing.

3.4 Solar cooling
As PV cost decreased continuously in recent years, solar PV electric refrigerating comes into a fine developing
chance and a discussion of comparison for solar PV electric refrigerating and solar thermal power refrigerating
is resulted. But to China’s condition most of areas need space heating in winter and air conditioning in summer,
so solar thermal power refrigerating can get better effects and cost performance compare with PV electric
refrigerating. Therefore solar cooling using thermal power refrigerating should still have more application and
we should pay more attention to two aspects. One is to expand the application scale of solar cooling in suitable
areas such as in Turpan of Xinjiang Uygur Autonomous Region where it is dry, hot daytime but cool at night in
summer and solar radiation is very nice. Another is to raise technical level for new product research such as to
develop small unit of refrigerating capacity lower than 50kW etc. Fortunately, a large demonstration project of
solar cooling has been practiced in Turpan, and it will promote the technology progress of solar cooling in China
through experience summarization of this project’s design, construction and operation etc.

3.5 Engineering construction national standards
In the past there are two types of engineering construction national standard in China. One is mandatory
standard which includes some (at least having one) compulsory provisions. The compulsory provisions are only
concerning safety, personal healthy etc requirements and must be executed strictly. Another is voluntary
standard which has not compulsory provisions. But this system will be reformed in the future, only mandatory
standard is still national standard, whole texts are compulsory provisions in it and the provisions will include the
requirements to capacity, performance and technical measures, except safety etc. Voluntary standard will be
changed to professional or association standard and not be controlled by government. For getting better
reforming results some items have been started to research the compiling principle and text contents included in
each mandatory standard etc. As the importance of energy efficiency and renewable energy to economy
developing, one of the items is “compiling research to code for energy efficiency and renewable energy
application in buildings” which includes the contents of solar thermal application in buildings. After the item
completing the next task is to compile “Code for energy efficiency and renewable energy application in
buildings” according to the item’s research results and this code will produce an advantage to standardize
application of solar thermal in buildings as well as to improve its energy saving effects in China.

3.6 Solar drying
Most of solar thermal application including solar hot water, heating combisystem and cooling is in buildings in
the past, but in the future more will be changed to the fields of industry and agriculture in China. Solar drying is
a main technique type used in the fields of industry and agriculture, so it can be expected that solar drying will
meet an excellent developing chance and have larger scale of application. In the aspect of technology progress,
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we should focus attention on to develop solar air collectors which have high efficiency and can be suitable to
solar drying systems for different materials, low cost heat storage devices and build more demonstration projects.

3.7 Solar cooker
Tourism industry developed very faster in recent years in China. So an important developing direction of solar
cooker is to research and produce new box solar cookers which are easy carry, having low cost and used to field
cooking such as barbecue etc for tour. Some enterprises have produced several model machines, the next step is
to improving performance further and to form a certain manufacture scale.

3.8 Solar desalination
During 2016-2020 solar desalination should be changed from theory and experiment research to demonstration
application in China. The main focuses are integrating technique for solar thermal system with common sea
water desalinization, system optimum design, to raise economical efficiency and to build demonstration projects
for solar desalination in the islands where lack of fresh water etc.

3.9 Solar thermal power
During 13th Five-year plan more demonstration projects for solar thermal power will be started in China and
several projects of solar thermal power have been approved by the National Energy Administration. After these
projects finishing and generating, they can get financial subsidies by 1.15 CNY/kWh of sales price to power
network. Compared with PV solar thermal power can be combined heat and power production, so research for
technology of heat and power cogeneration suitable to solar thermal power is one of the important tasks in the
field of solar thermal power, especially against the background of space heating using clean energy.
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Abstract
Ongoing water scarcity around the world caused researchers to investigate renewable based desalination
systems for providing fresh water. Direct contact humidification-dehumidification desalination is one of the
recently introduced technologies for decentralized small-scale water supply. Major energy source of the cycle is
heat that can be provided from any available low-grade heat sources such as waste heat or solar thermal collectors.
In this paper, a thermodynamic based analysis implemented to the cycle. And through a theoretically investigation,
effect of various operational variables such as bottom and top temperature, flow rates and components
effectiveness on the cycle performance parameters has been studied in order to evaluate the cycle
performance and address optimal working condition. Understanding optimum working condition of the
system can provide outstanding technical information for fabrication and sizing of experimental test rig as
well as actual module in advance.
Keywords: humidification dehumidification, HDH, Desalination, Solar energy, GOR

1. Introduction
Providing fresh water is a vital need of human being for living all around the world. Desalination methods are the
main technological solution for producing fresh water from saline or impure water. Therefore, various type of
desalination methods were proposed and developed that can be categorized in membrane and thermal type.
The first and widely commercialized desalination processes based on evaporation technique are multi-stage
ﬂash distillation, multiple effect distillation and vapor compression. The second category of desalination
processes uses membrane technologies including reverse osmosis, electro-dialysis and membrane distillation.[1]
Humidification-dehumidification (HDH) desalination distillation is a one of recently well-studied technologies
among the researchers.
The main features of the HDH cycle including remote area water supply, small scale application makes it a
competitive alternative application among other desalination technologies. Availability of solar irradiation and any
type of impure water such as seawater or brine can make it a sustainable solution for producing pure water.
Therefore, all regions of the world like small islands close to the equator with availability of daily solar irradiance
as well as saline water the HDH technology is a considerable option. Moreover, the components of the HDH
technology is using available and affordable materials that can be find in market as well as maintenance of the
system in not demanding in the terms of skilled labor [2, 3].
Basically, the direct contact (DC) HDH desalination system utilizes two main components for producing distilled
water. These are humidifier and dehumidifier. As it shown in Fig. 1 in humidifier saline water after heating up
through heat source sprayed over air in order to moisturizing it by increasing the air temperature. Then, the hot
moisturized air transferred to dehumidifier in which cold fresh water spraying over it and condensed the vapor
content of the humid air by decreasing the temperature of it. The distilled water with fresh cooling water will be
collected together at the bottom of the dehumidifier and fresh water will be cooled down through a heat exchanger
and sprayed again. It should be note that; humidifier and dehumidifier are heat and mass exchange (HME) devices
in which there is simultaneous heat and mass transfer occurrence for these devices. Heated fresh water after
dehumidifying process can be cooled down with saline water before it enters to heater. Therefore, the fresh water
can be cool down as well as the saline water can be preheated in practical approaches for system designing.
However, as matter of simplicity this possibility is not incorporated in this study.

There are different configurations of HDH cycles based on which stream is heated up as well as which stream is
open or close. In close air/water cycles, air/water is circulated in a closed loop between humidifier and
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dehumidifier while water/air is open loop. The air in these systems can be circulated by either natural convection or
fan forced by adding a blower. For instance, closed-air open-water (CAOW) water-heated cycle is demonstrated in
Fig. 1. Therefore, different types of the HDH cycle can be considered such as close-air open-water(CAOW) airheated cycle, close-water open-air (CWOA) water-heated and close-water open-air cycle (CWOA) air-heated. [2,
4, 5]

Fig. 1: Overview of the humidification-dehumidification with direct contact dehumidifier

There have been numerous works on non-direct condensers for dehumidification in the HDH cycle.[5-10]
Moreover, in this area, several studies have been performed to replace the thermal energy sources of the process
from fossil fuel with renewable ones and especially solar energy.[11-13] Also, in other studies, an alternative lowgrade heat source such as industrial waste heat or geothermal [14-17]were considered for supplying thermal energy
demand of the cycle. These sources of heat can be applied to the HDH cycle with direct contact as well. To make
the dehumidifying process in non-direct HDH cycle cost effective, an efficient low cost dehumidification method
can be alternated to condense water vapor out of the air stream. With a large fraction of the air/vapor mixture being
non-condensable, direct contact condensation is considerably more eơective than ﬁlm condensation. In addition,
direct contact condensation within a packed bed is more eơective than droplet direct contact condensation.
Bharathan et al. [18] initially introduced a direct contact condenser approach to enhance the heat transfer rate in
presence of non-condensable gas. James et al. [19] fabricated a laboratory scale direct contact condenser to study
the variation of temperature, humidity, and condensation rate through the condenser system. They evaluated their
result by considering a finite volume method for analyzing the packing condenser.
Eslamimanesh and Hatamipour[20, 21] conduct a theoretical analysis for the open-air open-water HDH cycle to
study effect of working parameters on water production rate as well as an economic study of the system. Mehrgoo
and Amidpour investigated the optimum water production rate utilizing constructal design theory for a fixed-size
HDH system.[22] Ettouney [19] introduced different types of the dehumidifier including vapor compression,
desiccant air drying, and membrane air drying.
A lack of study for the CAOW water-heated cycle can be observed from the literature review. Therefore, in this
study a comprehensive theoretical analysis of a HDH cycle with direct contact dehumidifier performed in order to
understand the optimum working condition of the system.

2. Mathematical modeling
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In order to study cycle’s behavior with variation of operational variables a theoretical study of the HDH cycle from
thermodynamic standpoint a theoretical modeling is implemented. As it shown in Fig. 2 the cycle components are
considered “black-box” that do not consider transport properties inside the components.

Fig. 2: Schematic diagram of the humidification-dehumidification with direct contact dehumidifier

Following assumptions are considered in theoretical modeling of the direct contact HDH cycle.
x

Cycles operate at steady state and steady flow conditions.

x Humidifier and dehumidifier are adiabatic and there is no heat loss from any of the cycle pipelines to their
surroundings.
x

Pumping and fan powers are negligible in comparison to total thermal energy input of the system.[5, 23]

x

Kinetic and potential energy terms are excluded in the energy balance.

x The water condensed in the dehumidiﬁer is assumed to leave at a temperature which is the average of the
humid air temperatures at inlet and outlet of the dehumidiﬁer.[5]
The presented model in this study is based on the energy and mass balance implementation on each system
components including humidifier, dehumidifier, heater and cooler, so they can be find in thermodynamic text
books.[24] However, to solve the governing equation some cycle variables should be known. These parameters are
saline water temperature of humidifier inlet, fresh water temperature of the dehumidifier inlet, effectiveness of
humidifier and dehumidifier as well as relative humidity of air entering humidifier and dehumidifier. Therefore, for
a range of variation of these variables the analysis is performed.
The governing equations can be summarized as following:
Humidifier energy and mass balance:

msw  mda
d Za ,b
mswhsww,t  mda
d ha ,b

mbr
b  mdaZa ,t

(1)

mbr
b hbr
b  mda ha ,t

(2)

Dehumidifier energy and mass balance:

mda
d Za ,t
m fwh fw,11  mda
d ha ,t

mdw
d  mda
d Za ,b

(3)

m fw
f h fw
f ,2
2  mda
d ha ,b  mdw hd
dw

(4)

It should be noted that, the dry mass ﬂow of air is constant through the humidiﬁer. Also, enthalpy of humid air is
considered as a binary mixture of dry air and water vapour, in other words:
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Heater and cooler:

Qin

msw
hssw
s
sw,,t  hsw,b

(5)

Qout
o

m fw
hffw,2  h fw,1
f

(6)

In order to discover outlet streams conditions in the humidifier and dehumidifier, effectiveness equation needs to
be defined and considered for mathematical solution. Principally, eơectiveness compares the actual thermal energy
versus ideal thermal energy transferred from each stream and is defined as actual enthalpy rate variation to the
maximum possible enthalpy rate variation, in other words H

'H 'H max [25]. Therefore, effectiveness of

humidifier and dehumidifier would be extracted as following:

§ H ,t  H a ,b H sw,t  H bbr ·
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¸¸l
¨H H
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In both humidifier and dehumidifier, the ideal outlet air enthalpy happens when the outlet air is fully saturated at
the water inlet temperature, and the ideal outlet seawater enthalpy is when its temperature is equivalent to the inlet
air temperature.
In addition to considering effectiveness equations, relative humidity of air at bottom and top air streams should be
known. Nawayseh et al. [11] assumed that exit air from humidification column was saturated according to the
experimental. Moreover, distilled water temperature is assumed as average of the humid air temperatures at inlet
and outlet of the dehumidiﬁer, in other words Tdw (Ta ,t  Ta ,b ) 2 as is required that the number of equations and
unknowns should be same. [5] Therefore, by solving the system of nonlinear equations, unknown variables can be
obtained.
For incorporating accurate and reliable thermodynamic properties of the moist air and water and seawater,
ASHRAE handbook[26] as well as Engineering Equation Solver (EES) software[27] are applied. EES software has
completer library of thermophysical properties for a wide range of substances including moist air properties with
the formulation presented by Hyland and Wexler[28] as well as water properties using the formulation of IAPWS
(International Association for Properties of Water and Steam) [29].
The obtained system of nonlinear equations was solved utilizing the EES software, which calculates moist air and
water properties using built-in functions. These functions have been previously defined in software and evaluate
the thermophysical properties of various substances based on a set database in the software. EES is a numerical
solver, using an iterative procedure for solving the system of equations. The EES automatically identifies and
groups equations that are solved simultaneously. The convergence of the numerical solution is verified by using
two methods: (i) ‘Relative equation residual’ which is the difference between left-hand and right-hand sides of an
equation divided by the magnitude of the left-hand side of the equation; and (ii) ‘Change in variables changing in
each iteration. The calculations are converged if the relative equation residuals are less than certain value for
example 10−6 or if variable change is less than 10−9. Both relative equation residuals and change in variables are
adjustable for desirable precision. Besides, there are two stopping criteria consisting of (i) ‘number of iteration’ and
(ii) ‘elapsed time’ that can be set for obtaining variables with higher accuracy. EES software is widely used by the
scientific community for thermodynamic system evaluations for thermodynamic analysis.[30, 31]

3. Cycle metrics
In order to evaluate the HDH cycle performance in the terms of thermal energy recovery, energy efficiency and
water production rate, performance parameters of the cycle are defined.[2] they are basically non-dimensional
parameters.
Gain output ratio (GOR): GOR is the ratio of the latent heat of evaporation of the distillate water produced to the
total heat input to the cycle from the heat source. It represents the amount of heat recovered in the cycle.
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GOR

mdw h fg
Qin

(9)

Recovery ratio (RR): recovery ratio is the amount of distilled water over inlet saline water to the cycle, which is a
criterion for water production efficiency of the cycle. It should be noticed that for low recovery ratios, brine
disposal treatment is not necessary.

RR

mdw
u100
u100
msw

(10)

4. Result and discussion
In order to study the effect of cycle’s variables on the performance a range of variation is considered. The fresh
water temperature in the cycle at the entrance to dehumidiﬁer may range between 15–30 °C due to the seasonal
temperature changes. The top brine temperature in the cycle at the humidiﬁer inlet is assumed to be in the range of
65–80 °C which is basically a low-grade heat source temperature. The effectiveness of both the humidiﬁer and
dehumidiﬁer are assumed to be within the range of 65–95%. As there is direct contact humidification and
dehumidification process, it is expected that air is fully saturated. However, to study the effect of air humidity a
relative humidity range of 70–100% is considered. Therefore, under the basic working condition including, fresh
water temperature of 20 ºC and top brine temperature of 70 ºC as well as humidifier and dehumidifier effectiveness
of 85% and top and bottom relative humidity of 90% simulation are performed.
In order to find effect of mass flow rate of saline water, fresh water and air on the system efficiency, mass flow rate
ratio of humidifier is defined. ( mrh

msw / mda
d ). In Fig. 3 effect of these mass flow rates on GOR is illustrated.

As it shown, by increasing both the flow rate of fresh water and flow rate of dry air at a constant saline water flow
rate, the GOR of the cycle would be enhanced. In practical approaches the minimum values of mass flow rate ratio
of saline water to fresh water based on available heat source and heat sink capacity can be determined. Therefore,
here in a case of flow rate of saline water to fresh water equal to 0.5, higher value of GOR can be obtained.

Fig. 3: Effect of mass flow rates saline water, fresh water and air on the cycle GOR

By determining the ratio of the saline water to fresh water, the effect of operational parameters on cycle
performance can be studied in detail. Therefore, for flow rate ratio of saline water to fresh water equal to 0.5,
impact of operational parameter on cycle performance are investigated in following section.
Fig. 4a demonstrates the GOR against mass rate ratio at fresh water inlet temperatures. As it shown by increasing
the humidifier inlet fresh water temperature, both gain output ratio and recovery ratio are decreasing. The
maximum value of GOR and RR happening at the same mass flow rate ratio of saline water to dry air. However,
for lower temperature of fresh water the optimum happening at smaller mass flow rate ratios. A maximum of 0.62
for GOR can be obtained.
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a)

b)

Fig. 4: Effect of inlet fresh water temperatures on gain-output-ratio (a), recovery ratio (b) at different mass flow rate ratios of
humidifier

In Fig. 5 the effect of top brine temperature on GOR and RR in depicted. Generally, higher temperature of top
brine temperature results is higher GOR and recovery ratio, however; the recovery ratio shows higher values of
improvement for higher temperature in comparison to lower temperatures of top brine temperature. Moreover, the
optimum value of mass flow rate ratio is slightly rising for higher temperatures of top brine temperature.

a)

b)

Fig. 5: Effect of top brine temperature on gain-output-ratio (a), recovery ratio (b) at different mass flow rate ratios of humidifier

Relation between the humidifier effectiveness with GOR as well as recovery ratio is shown in Fig. 6. As it
displayed, improving the humidifier effectiveness affects the enhancement of both recovery ratio and GOR. Also,
optimum point of mass flow rate ratio is almost same for all of the humidifier effectiveness values.

a)

b

Fig. 6: Relation between the gain-output-ratio (a), recovery ratio (b) and humidifier effectiveness against mass flow rate ratios of
saline water to dry air (mrh)

In Fig. 7, relation of dehumidifier effectiveness with GOR and RR are presented. In general, by increasing the
dehumidifier effectiveness both gain-output-ratio and recovery ratio would be enhanced. However, a high
effectiveness dehumidifier value would keep wider spectrum of the mass flow rate ratios rather than a low
effectiveness values.
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a)

b)

Fig. 7: Relation between the gain-output-ratio (a), recovery ratio (b) and dehumidifier effectiveness against mass flow rate ratios of
saline water to dry air (mrh)

Variation of the GOR and recovery ratio at different mass flow rate ratios is displayed in Fig. 8. As it shown, by
intensifying the relative humidity of the air after humidifier outlet, both GOR and RR slightly would be grown.
Further, the optimum mass flow rate ratio value shows a slight raise for higher mass flow rate ratios. It should ne
mentions that in the experimental study [11] outlet air from humidification column indicated as fully saturated.
However, to investigate the effect of air humidity on cycle performance this variable is studied as well.

a)

b)

Fig. 8: variation of gain-output-ratio (a), recovery ratio (b) and air humidity after humidifying process against mass flow rate ratios of
humidifier

In Fig. 9, variation of gain output ratio and recovery ratio for different values of air humidity are presented. Both
GOR and recovery ratio are enhancing by growing the relative humidity. The effect relative humidity after
dehumidifying process is pretty similar to the effect of relative humidity after humidification. The reason is that
both processes are naturally similar to each other except the working temperature is different.

a)

b)

Fig. 9: variation of gain-output-ratio (a), recovery ratio (b), and air humidity after dehumidifying process against mass flow rate
ratios of humidifier
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5. Conclusion
A parametric study of close-air open-water water-heated HDH cycle with direct contact dehumidifier are
performed in order to investigate the optimum working condition of system. To investigate the optimal working
condition firstly the mass flow rate of fresh water to saline water is determined. It shown that, by increasing both
the flow rate of fresh water and flow rate of dry air at a constant saline water flow rate, the GOR of the cycle would
be enhanced. Notice that, in practical design approaches the values of mass flow rate ratio of saline water to fresh
water can be determined based on available heating and cooling capacities. Then, at different working condition
the optimum mass flow rate ratio of saline water to dry air are discovered. Air flow rate can be adjusted at constant
saline water flow rate to reach desirable mass flow rate ratio.
Effect of the top brine temperature on recovery ratio in comparison to its effect on GOR is more considerable as it
shows higher values of enhancement. Also, higher top brine temperature is the main variable than can help to
improve the recovery ratio of the cycle.
Dehumidifier effectiveness is more important that humidifier effectiveness at high values of effectiveness. Also,
the cycle can work on a wider spectrum of mass flow rate ratios with highly effective dehumidifier. As the effect of
relative humidity on cycle metrics are small, therefore considering a fully saturated air can be assumed too.

Quantity
Temperature
flow rate
heat rate
enthalpy rate (kW)
Water to air mass flow rate ratio (–)
specific enthalpy (kJ/kg)
Recovery ratio (%)
gain output ratio (–)
speciﬁc heat capacity at constant pressure

Symbol
T
ṁ
Q̇
Ḣ
mr
h
RR
GOR
cp
Greek letters
absolute humidity of dry air or humidity ratio ω
relative humidity
φ
effectiveness
ε
difference or change
Δ
Subscripts
air
a
dry air
da
distilled water
dw
bottom
b
top
t
Seawater, saline water
sw
maximum
max
middle
m
brine
br
humidifier
h
dehumidifier
d
fw
fresh water
1,2
states of condition
Acronyms
closed-air open-water system
CAOW
Direct contact
DC
Cold-water open-air
CWOA
Humidification-dehumidification
HDH
heat and mass exchanger
HME

Unit
°C
kg s-1
kW
kW
–
kJ kg-1
%
–
Jkg-1K-1
kgwater kgair-1
–
–
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Abstract
Membrane distillation (MD) as a thermally driven process with moderate operating temperatures is a known effective
technology for salt-water desalination. In this research, the permeate gap membrane distillation configuration (PGMD), as a
novel sustainable MD design having internal heat recovery characteristics, is introduced, designed and the system performance
investigated in terms of permeate water flux rate and specific thermal energy consumption (STEC). The experimental results
show that, increasing the feed flow rate from 0.1 to 1.1 L/min for the feed salinity in a range of (0−30) ppt, led to increasing the
fresh water flux from 2 to 12 kg/m2h, however STEC of the system also showed an increase and varied in a range of 1000 and
2500 kWh/m3.
Furthermore, a single node theoretical model is developed and the modeling results validated with experimental values. It is
concluded, optimization of the MD module performance to improve internal heat recovery and produce higher fresh water rate
would be achievable by adjusting the effective membrane surface area and feed flow rate.

Keywords: Sustainable desalination, permeate gap membrane distillation, specific thermal energy consumption,
permeate flux rate

1. Introduction
According to the World Water Council, 17% of the world population will be living in short of the fresh water
supply by 2020 (Charcosset, 2009). Therefore, the demand for alternative sustainable water sources including
ground water, desalinated water and recycled water increased in recent years and thus, the implementation of
desalination plants is growing on a large scale. Fresh water can be derived from sea water by evaporation processes
e.g., multi-stage flash (MSF), multi- effect distillation (MED) or by membrane based processes, including reverse
osmosis (RO), electro dialysis (ED) and membrane distillation (MD).
Membrane distillation is a separation process which involves phase change (liquid-vapour equilibrium) across a
hydrophobic, highly porous membrane. In contrast to most membrane separation processes, which are isothermal
and have driving forces as trans membrane hydrostatic pressures, concentrations, electrical or chemical potentials,
MD is a non-isothermal process.
The commercially developed RO technology consumes high electrical energy normally ranging from 6 to 12
kwh/m3 that is presently being generated from non-renewable and polluting fossil fuels (Bai et al.). In contrast, MD
is a thermal desalination process using lower top temperature (80 °C or less) with respect to the traditional thermal
desalination processes.
However, the MD process is still under study and the lack of experimental data has indicated that there is a need
for more comprehensive research in this field. The central issues are the external energy source for MD units, lack
of MD membranes and fabrication of modules for each MD configuration. Overall, optimization of MD plants is
required in order to reach higher MD performance and to decrease energy consumption (Meindersma et al., 2006),
an appropriate redesign of the MD module is demanded in order to achieve mass transfer improvement and to
increase the membrane surface area per module volume. Moreover, the energy source of the MD process is an

2166

 
       
  !"  # $  "%  % &''
( ))*!$  + #  "(!!"    

F. Mahmoudi / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

important issue for commercialization of this technology as a sustainable process. Membrane distillation associated
with renewable energy is considered to be a highly promising process, especially for situations where lowtemperature solar, waste or other heat is available. The STEC of MD systems varies based on the module
configuration, setup scale and operating condition. A wide dispersion of reported values is observed in literatures
for STEC, which the ranges from 1 to 9000 kWh/m3 (Khayet, 2013).
Generally direct contact membrane distillation (DCMD) as depicted in Fig. 1-left is the most studied MD
configuration (Alkhudhiri et al., 2012). In DCMD the membrane is in direct contact with the feed solution on one
side and the permeate on the other side with the temperature difference across the two sides of the membrane as the
process driving force. A novel introduced configuration of MD, is called PGMD which by creating a third channel
for produced fresh water via an impermeable film on the permeate side, the cold fluid in the condenser side
separates from the permeate and therefore it could be any other liquid like saline feed water. The permeate is
extracted from the highest module position, so that the gap between the membrane and the impermeable film fills
with permeate during the operation (Fig. 1- right).

Fig. 1. Left: DCMD configuration; Right: PGMD module arrangement with internal heat recovery

In recent years, some commercial MD modules in different configurations have been developed. (Zaragoza et al.,
2014) made a comparison among the most advanced commercial MD prototype technologies with different
configurations (air gap, permeate gap and vacuum) and different structures including plate-and-frame and spiral
wound. Concerning comparing different MD configuration, Cipollina et al.(Cipollina et al., 2012) also developed a
lab scale plate-and-frame membrane distillation module for solar energy seawater desalination and investigated
three different channel configurations during this research, including free air gap, permeate-gap and partial vacuum
air gap. Winter et al. also developed and optimized MD setup with lowest STEC to reduce the external energy
demand of the system, with a 10 m2 spiral wound PGMD configuration (Winter et al., 2012).
In this paper, by considering the result of comprehensive literature review regarding recent projects in MD field, an
experimental approach by designing and developing a lab scale PGMD system configuration is followed to provide
a good estimation of the most important characteristic value of a MD setup, including permeate flux, STEC, GOR
and its dependency to the modular design and particularly operating conditions. Furthermore the numerical
modeling of the heat and mass transfer phenomena in this configuration is studied and a single node theoretical
model is developed using some simplifying assumption and the modeling results validated with comparing to the
experimental data

2. Laboratory scale PGMD system experimental rig
A novel optimized experimental approach was based on a lab scale plate-and-frame PGMD module with 0.12 m2
effective membrane area. The hydrophobic PTFE membrane, with 0.22 µm nominal pore size and (140 - 200) µm
thickness, with an effective surface area (760 * 160) mm2, was applied. This plastic PP film had a thermal
conductivity similar to that of the PTFE membrane. The permeate channel was separated from the condenser
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channel by an impermeable 100 μm clear polypropylene film, which filled with plastic net spacers both as
mechanical support between membrane and condensing polymeric films and also as turbulence promoters. The gap
width in condenser and evaporator channels was adjusted to 1.5 mm and the gap width in the permeate channel was
3 mm and rubber gasket frames were used for sealing purpose.
A schematic diagram of the lab scale experimental setup is shown in Fig. 2-left. The feed water was pumped from
a 100 L storage tank using a small 12 V DC water pump, the feed flow rate to the module controlled either by
adjusting the DC pump voltage or by an in-line control valve. A 100 µm pore size mechanical filter was installed
before the pump to protect the module and pump from unwanted solids. To adjust the inlet feed temperature to the
condenser channel, the lab cooling circuit was used.

Fig. 2. Left: Schematic diagram of the MD experimental setup; Right: Actual indoor lab scale PGMD experimental setup

The feed water gradually preheats whilst flowing through the condenser channel and using the latent heat of
condensation and conduction via the PP condensing film. The condenser outlet temperature was increased by using
an external electrical heat source immersed in an insulated electric water tank (2.4 KW), to provide the required
evaporator channel inlet temperature for the PGMD module. In the evaporator channel the hot water vaporizes at
the membrane surface, diffuses through the hydrophobic PTFE membrane pores and condenses on the permeate
channel film. The evaporator channel outlet feed, with higher salinity than the inlet feed to the condenser channel,
returns to the feed tank. In order to maintain the feed tank salinity at a constant level, the fresh water pumped from
permeate tank by applying a floating ball valve and electronic scale. The produced fresh water exited from the top
manifold of the permeate gap. Each experiment ran for at least 90 min to reach a steady state condition and the
average values of the recorded data in the steady state condition were used for analysis. Fig. 2-right, shows the
indoor lab scale MD setup.

3. Mathematical Model Development in PGMD
To predict the PGMD module performance, a single node theoretical model is developed using some simplifying
assumption. The following assumptions are considered:
Steady state condition; stagnant air inside the membrane pores; permeate channels fully filled with pure water; no
total pressure difference across the membrane, so no mass transfer by viscous flow; no heat loss by conduction to
the environment; stagnant permeate in the permeate channel and so no heat transfer by convection in the permeate
gap.
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Fig. 3. Single node approach for mathematical modeling of PGMD module

To model the PGMD system, the above assumptions, heat and mass conservation laws in all channels and the five
main thermal resistances between evaporator and condenser channels, as shown in Fig. 3 are considered. In
addition, by defining the known variables including: TCi, TEi, ṁCi, ṁEi, SCi and SEi which are respectively
temperature (°C), mass flow rate (kg/s) and salinity (g/kg) at the condenser and evaporator channels inlets,
governing equations are developed. It is also required to specify the membrane properties, bulk conditions and
module geometry in order to carry out numerical modeling.
The convective heat flux from the evaporator channel to the membrane surface is expressed in Eq. 1:

⎛ T + TEo
⎞
q E = hE ⎜ Ei
−TMe ⎟
2
⎝
⎠

(1)

Where, q̇E is the evaporator channel heat flux (W/m2),  is the heat transfer coefficient at the evaporator channel
(W/m2K). TEi and TEo are respectively the temperatures at the evaporator channel inlet and outlet and TMe is the
temperature at the evaporator side of the membrane surface.

The heat transfer rate from the membrane surface q̇Marises from the latent heat of the produced vapour flux and the
heat transferred by conduction across both the membrane matrix and the gas-filled membrane pores (Khayet,
2011).
Also

M =
q

(

)

Km
T − TMp + J p h fg
δ m Me

(2)

In this equation TMP is the membrane surface temperature at the permeate gap side,  is the water vaporization
enthalpy (kJ/kg), Km and δm are the membrane thermal conductivity (W/mK) and thickness (m) respectively. Jp (Kg
/m2s) (based on Eq. 3) is defined as a function of partial vapour pressure on the two sides of the membrane and of
the membrane mass transfer coefficient (Cm).
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J p = Cm ( Pv,swe − Pv,swp )

(3)

For the applied membrane samples with specified structure and under the system operating condition, the dominant
mass transfer mechanism is defined as a combination of Knudsen and molecular diffusion (0.01 < Kn <1)
(Schofield et al., 1987, Alklaibi and Lior, 2006, Alkhudhiri et al., 2012, Nakoa et al., 2014) . Figures for membrane
mass transfer coefficient ( C m ) also was in a range of 3     kg/Pa m2s for (30 - 80) °C
temperature range and assuming atmospheric pressure in the membrane pores, which was in close agreement with
some reported values(Winter, 2014, Swaminathan et al., 2016, Dow et al., 2016, Kullab, 2011).

Based on the assumptions made, the produced permeate is considered stagnant in the permeate channel, so that the
heat transfer from the gap takes place only in the form of conduction calculable by Eq. 5.

q PG =

1

δ PG
2K PG

(TMp − TPG )

(4)

In this equation, TPG is the permeate temperature at the permeate gap, KPG (W/mK) and δPG (m) are the permeate
gap thermal conductivity and thickness, respectively.
Moreover, the heat is transferred from the permeate gap to condenser channel by a series combination of thermal
resistances including permeate channel and impermeable polymeric film and condenser side thermal resistances.
Therefore, the condenser channel heat flux (q̇C) is defined as below:

qC =

T + TCo
1
(TPG − Ci
)
δ PG
δF
2
1
+
+
2K PG K F hC

(5)

Similarly, in this equation hC (W/m2K) is the heat transfer coefficients at the impermeable polymeric film and
condenser channel, KF (W/mK) and δF (m) are the impermeable polymeric film thermal conductivity and thickness,
respectively, TCi and TCo are the temperatures at the condenser channel inlet and outlet, respectively.
Considering the energy balance correlations for both evaporator and condenser channels and the total membrane
surface area (Am), Eq. 6 and 7 could be assumed respectively for the evaporator channel and condenser channel
heat fluxes (q̇hot and q̇cold).

qcold =
qhot =

2170

m Ci C pC (TCo − TCi )
Am
m EiC pE (TEo − TEi )
Am

(6)
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Given the assumption of a steady state condition, it may be concluded that:

q E = q M = q PG = qC = qcold = qhot

(8)

Solving the 7 main equations (1 to 7) using the Matlab Equation solver, the 7 unknown variables (TMe, TMP, TPG,
TCo, TEo, JP, q̇), as depicted in the mathematical modelling schematic, may be calculated. Furthermore, to be able
describe the performance of a MD system, permeate flux (JP), STEC and GOR parameters are investigated as the
most important characteristic values which are defined as:
The permeate flux JP could be defined by dividing the permeate output rate ṁPG (kg/s) to the total membrane area
(Am):

Jp =

m PG
Am

(9)

The quantity qSTEC is the amount of total energy input (Ei) to produce 1 m3 of fresh water (Sanmartino et al., 2016).
In this equation V̇P is the produced distillate rate (m3/s).

qSTEC =

Ei m EiC p (TEi − TCo )
=
Vp
Vp

(10)

The GOR is an indication of how well the total energy input to the system is utilized to produce fresh water:

GOR =

m PG h fg
Ei

(11)

4. Results and discussion
In this section, the effect of different feed water flow rates and salinities on internal heat recovery through the
system, besides the most important characteristic values including permeate flux, STEC, and GOR are presented.
The effect of feed water salinity on internal heat recovery is depicted in Fig. 4-left. As seen in this figure, the
amount of internal heat recovery inside the cold flow channel, decreased by increasing the feed flow rate within the
system operating condition. Increasing of feed flow rate, lead to the lower feed residence time in the flow channels,
so there was less time for heat transfer between hot and cold channels, so the temperature rises in condenser
channel was less significant (Xu et al., 2016, Khayet, 2011, Guillén-Burrieza et al., 2015). In addition, as seen in
this figure, by increasing the feed water salinity from fresh water feed (nearly 0% salinity) to seawater salinity
(around 30 ppt) and then up to a higher value to 130 ppt, the temperature rise in the condenser channel (internal
heat recovery rate) decreased. This pattern could be explained by the negative effect of salinity on permeate flux
rate, which leads to a lower amount of released latent heat of condensation at the higher salinity.
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Fig.4. Left: Fresh water temperature rise (TCo-TCi) by internal heat recovery through the membrane, Right; Permeate flux at different
feed flow rates and salinities, test condition: TCi=15ºC, TEi=82ºC

The effect of the feed flow rate on permeate flux is also shown in Fig. 4-right. As it is seen in this graph by
increasing the feed flow rate, the permeate flux increases. For fresh water feed (assuming zero percent salinity),
increasing feed flow rate from 0.14 to 1.03 L/min, led to approximately 400 per cent increase in the permeate flux.
For a feed sample with 130 ppt (nearly four times seawater salinity), doubling the feed flow rate led to a similar
upward trend on produced distillate rate. That is the, Jp increases from approximately 3 to 5 kg/m2h (nearly 70 per
cent increase). This effects may be explained by the higher turbulence in the flow channel at the higher feed flow
rate, associated with higher value for the Reynolds number, which improved the heat transfer rate in flow channels
and reduced the temperature polarization effect on the two sides of the membrane surface. As a result, the
temperature difference across the membrane surface increased, leading to higher permeate flux.
Fig. 4-left also presents the effect of salinity on permeate flux, which shows a decrease in permeate water flux for
saline water compared to the fresh water feed case. The produced distillate rate decreased significantly for high salt
concentration (200-300) ppt, which is near the saturated state of saline feed water. As seen in this graph, for a feed
sample with 20 ppt salinity and at nearly 1 L/min flow rate, the distillate flux decreased to less than 2 kg/m2h.

Fig.5. Left: STEC Right; GOR at different feed flow rates and salinities, test condition: TCi=15ºC, TEi=82ºC

The effect of feed flow rates on STEC of the system is shown in Fig. 5-left. The results show that by increasing the
feed flow rate, the required amount of thermal energy will increase. High feed flow rate leads to shorter feed
residence time in the flow channel, therefore a less efficient sensible heat recovery in condenser channel is
possible. As a result, for a similar operating condition, TCo decreases and the amount of external heat demand
(STEC) to reach the designed value for TEi, increases. On the other hand, as seen in Fig. 4, right by increasing the
feed flow rate, the permeate flux rate increases (higher value of V̇P in Eq. 10). However, the overall the effect of
higher energy demand is not completely compensated by higher permeate flux, so the STEC values increase at the
higher feed flow rate. As is seen from this figure, at higher feed salinities, the STEC is also increases because of
the lower permeate output at higher salinities which is also confirmed by previous studies (Winter et al., 2011,
Cipollina et al., 2012).
Gained output ratio is an alternative representation of the STEC and for analyzing the thermal efficiency of the
desalination systems may be used to quantify the module’s capability for internal heat recovery. As is explained by
Winter et al. (Winter et al., 2012), in MD desalination systems because of heat loss by conduction through the MD
module, all the thermal energy input can not be applied to the evaporation process and the GOR must be less than
1. However, in ideal MD systems with optimum internal heat recovery with high surface area for heat transfer
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between hot and cold fluids, a higher value of GOR would be possible.
As investigated in this study and illustrated in Fig. 5-right, by increasing feed flow rate and feed water salinity,
GOR values show a downward trend. The maximum value achieved for GOR was approximately one, which
confirmed the high heat loss rate through the lab scale module and insufficient internal heat recovery by the
developed PGMD module with the geometry described. A longer module flow channel with higher membrane
surface area will provide more efficient sensible heat recovery leading to a higher GOR value and so develop a
more thermally efficient MD system (Winter et al., 2012).
Based on the developed theoretical model described in section 3, the influences of feed flow rate and salinity on
two important desalination system characteristic of permeate flux (Jp) and internal heat recovery rate (TCo-TCi) are
plotted and the results are compared with the measured values. Figs. 6 shows a good comparison between
experimental results and theoretical values for produced fresh water rate and for internal heat parameters.
Comparison is made for feed flow rate in the range 0.1 to 1.1 L/min and with three inlet feed salinities of
approximately (0, 30 and 130) ppt. As is evident from these graphs, values obtained from numerical modeling
using heat and mass balance equations and using the Matlab Equation solver for a single node model, as explained
in the mathematical model development section, are in good agreement with experimental measured values. The
developed theoretical model could be applied as a reliable tool, to design the geometrical configuration of an
optimized PGMD system based on simulation of the system performance.
The theoretical study also provides a basis for developing a more efficient PGMD module by estimating the effect
of system parameters including module length, feed flow rate and temperature on the main output parameters
including permeate flux rate and STEC .

Fig. 6 Theoretical and experimental value comparison for influence of feed flow rate and salinity on: Left: permeate flux; Right:
internal heat recovery at condenser channel(Bai et al.)

5. Conclusion
A lab scale plate-and- frame PGMD module with 0.12 m2 effective membrane area has been developed and tested.
A set of experimental test has been performed to investigate the designed MD module's main characteristics in
different operating condition including feed flow rate and salinity. Under the designed system conditions, TCi=15
ºC, TEi=82 ºC, feed flow rate in range of 0.1 to 1.1 L/min and feed salinity in a range of (0 - 30) ppt the permeate
flux varied from (2-12) kg/m2h, specific thermal energy consumption was between 1000 and 2500 kWh/m3 and
GOR was below 1.
The experimental results show that lower feed flow rate provides higher residence time and lower STEC (higher
GOR). Operation at lower STEC is also achievable by increasing flow channel length and providing more contact
time between feed stream and membrane surface leading to higher heat recovery and lower external energy
demand of the system. However, working at low feed flow rate and high membrane surface area results in lower
permeate flux and higher investment cost respectively. Therefore, to develop a sustainable PGMD configuration
design, from the design point of view, the module length and effective membrane surface area need to be optimized
in order to improve internal heat recovery rate in the system and so reduce the external energy demand, especially
in the situation where the external energy source derives from non-renewable fossil fuels. In conclusion, the
research results provides an reliable technical data for a scaled up PGMD module characterization to design a more
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efficient and sustainable desalination system via minimizing the thermal energy demand of the system and also
producing higher distillate rate.
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7. Appendix: Nomenclature

Quantity

Symbol

Unit

Membrane surface area

Am

m2

Membrane mass transfer coefficient

Cm

Condenser channel specific heat capacity

CpC

J kg-1 K-1

Evaporator channel specific heat capacity

CpE

J kg-1 K-1

Hydraulic diameter

Dh

m

Total energy input

Ei

W

Gained output ratio

GOR

Specific heat of vaporization

hfg

J kg-1

Heat transfer coefficient at the condenser channel

hC

Wm-2 K-1

Heat transfer coefficient at the evaporator channel

hE

Wm-2 K-1

Heat transfer coefficient at the impermeable polymeric film

hF

Wm-2 K-1

Heat transfer coefficient at the permeate gap

hPG

Wm-2 K-1

Heat transfer coefficient at the membrane

hM

Wm-2 K-1

Permeate flux

Jp

Kg m-2 s

Evaporator channel thermal conductivity

KE

W m-1 K-1

Membrane thermal conductivity

Km

W m-1 K-1

Permeate gap thermal conductivity

Kpg

W m-1 K-1

Module length

L

m

Feed flow rate

ṁf

kg s-1

Inlet mass flow rate at the condenser channels

ṁCi

kg s-1

Inlet mass flow rate at the evaporator channels

ṁEi

kg s-1

Outlet mass flow rate at the evaporator channels

ṁEo

kg s-1

Permeate output rate

ṁPG

kg s-1

Pure water vapour pressure

Pv,w

Pa

Saltwater vapour pressure

Pv,sw

Pa

Specific thermal energy consumption

qSTEC

kWh m-3

Convective heat flux from the condenser channel

q̇C

Wm-2

Condenser channel heat flux

q̇cold

Wm-2

Convective heat flux from the evaporator channel

q̇E

Wm-2

Evaporator channel heat flux

q̇hot

Wm-2

Heat transfer rate from the membrane surface

q̇M

Wm-2

Specific conductive heat flux

q̇M.C

Wm-2

Specific latent heat flux

q̇M L

Wm-2

Salinity

S

g kg-1

Feed water salinity in the input of the condenser channel

SCi

g kg-1
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Feed water salinity in the input of the evaporator channel

SEi

g kg-1

Feed water salinity in the output of the evaporator channel

SEo

g kg-1

Temperature at condenser inlet

TCi

ºC

Temperature at condenser outlet

TCo

ºC

Temperature at evaporator inlet

TEi

ºC

Temperature at evaporator outlet

TEo

ºC

Temperature at the membrane surface on the evaporator side

TMe

ºC

Temperature at the membrane surface on the permeate gap
side

TMp

ºC

Temperature in permeate gap channel

TPG

ºC

Permeate flow rate

V̇p

m3 s-1

Impermeable film thickness 

𝛿F

m

Membrane thickness 

δm

m

Permeate gap thickness 

δPG

m
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Abstract
In this paper, we present the results of field study concerning a novel solar-assisted dual-source multifunctional
heat pump, installed in a detached house in Milan. The system couples hybrid photovoltaic/thermal (PVT)
panels with multifunctional and reversible heat pump. The proposed system is equipped with an “air source”
evaporator and a “water source” evaporator, connected in series and operated alternatively, based on the
ambient conditions and system parameters. The “air source” evaporator is an external unit; conversely, the
“water source” evaporator is connected with a storage tank, fed by the PVT system. The PVT system is
connected with the heat pump by two storage tanks to be used to produce domestic hot water and to be used in
“water source” evaporator. Based on the operating conditions, the hot water is sent to one of the storage tank.
The proposed system has been tested experimentally; the results show that the system was able to maintain high
efficiency in the different seasons and was able to produce domestic hot water. It was found that the use of the
“water source” evaporator was able to compensate the performance degradation of the “air source” source
evaporator caused by the low ambient temperature.
Keywords: Solar assisted heat pump, Hybrid photovoltaic/thermal panels, Dual Source, Domestic hot water,
PVT, SAHP

1. Introduction
Multifunctional heat pumps are widely used for heating and cooling applications, as well as for the production
of domestic hot water (DHW), by exploiting different heat sources (i.e., ground source, air source or water
source). In particular, the coefficient of performance (COP) of air-source heat pumps depends on the ambient
temperature, Tamb (viz. Tamb is related to the evaporating temperature, Teva). As a consequence, in the winter
season, when heating is needed and Tamb is lower, the system performance decreases, owing to the lower
evaporating temperature. Conversely, considering a reversible heat pump in the summer season, when cooling is
needed and Tamb is higher, the system performance decreases, owing to the higher condensing temperature. In
this respect, the coupling between solar technologies and heat pumps―“solar-assisted heat pumps”
(SAHPs)―is a promising technology to overcome the above-mentioned limitations, to reduce the consumption
of energy resources and to meet the targets set by the recent regulations (i.e., European Union targets).
Generally speaking, heat pumps can be coupled with photovoltaic (PV) panels, thermal collectors or hybrid
photovoltaic/thermal (PVT) panels, as outlined in the literature surveys proposed by Kamel et al. (Kamel, Fung e
Dash 2015) and by Mohantaj et al. (Mohanraj, et al. 2017). In practical applications, heat pumps are coupled
with thermal or PVT panels, in direct or indirect expansion configurations. In direct expansion SAHP, the solar
panel corresponds to the evaporator of heat pump; conversely, in indirect expansion SAHP, an intermediate heat
exchanger is used to couple the solar system and the heat pump. In addition, SAHP systems can be classified
into three sub-categories: (a) parallel systems, (b) series systems and (c) dual-source systems. In parallel
systems, the heat pump receives energy from the ambient, and the solar energy is supplied directly for either
space heating or for DHW production. In series systems, solar energy is supplied to the evaporator of the heat
pump, thus raising the evaporating temperature (thus, increasing the COP) and cooling the solar collectors (thus,
increasing the efficiency of the solar panels). In the dual-source systems, the evaporator can receive energy from
either the atmosphere or from the solar energy, depending on the ambient conditions and system operation .
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This paper contributes to the existing discussion concerning multifunctional SAHP for heating and cooling
applications, as well as for the production of DHW. In the last decades, different systems have been proposed
and, in the following, a brief literature survey is proposed to better outline the framework of this research. Wang
et al. (Wang, et al. 2011) experimentally investigated, in a laboratory-scale experimental setup, an indirect dualsource (“air-source” and “water-source” evaporators) SAHP for space heating and cooling and water heating. A
storage tank, connected to thermal panels, was used to supply heat to the “water-source” evaporator or to
produce DHW. They reported COP = 4, in the heating mode. Bridgeman and Harrison (Bridgeman e Harrison
2008) experimentally investigated, in a laboratory-scale experimental setup, the performance of an indirect
series SAHP for water heating. They observed COP = 2.8 – 3.3, depending on the evaporator and condenser
temperatures. Loose et al. (Loose, et al. 2011) performed field tests of various combined SAHP systems with
different heat sources, for space heating and water heating. The system employed solar thermal collectors and
geothermal heat pump with borehole heat exchangers. The collectors fed the storage tank directly when the
sufficient solar radiation was available. Otherwise, low grade energy from the collectors would be used in the
heat pump for space heating. Bakirci et al. (Bakirci e Yuksel 2011) investigated the performance of an indirect
SAHP system for space heating. The solar collectors directly charged a storage tank which was linked to an
evaporator to provide a heat source for the heat pump. They observed COP in the range of 3.3 – 3.8. Bai et al.
(Bai, et al. 2012) theoretically studied, by using a TRNSYS model, an indirect combined hybrid PVT SAHP
system for DHW production. Year round performance results were simulated under the different climatic
conditions (Hong Kong and different locations in France) and an average COP = 4.9 has been observed.
From the above-mentioned literature survey, as well as from the literature surveys proposed by different authors
(Hepbasli e Kalinci 2009, Ozgener e Hepbasli 2007, Parida, Iniyan e Goic 2011, Tian e Zhao 2013), it is
observed that there is a lack of field studies concerning practical demonstration and fields studies concerning
multifunctional dual source (“air-source” and “water-source” evaporators) SAHP. To this end, this paper
presents the field tests of a novel solar-assisted dual-source multifunctional heat pump, installed in a detached
house in Milan. The system couples hybrid PVT panels with a multifunctional and reversible heat pump. The
paper is organized as follows. First, the experimental setup and methods are presented and described; second,
the experimental results are commented and discussed; finally, main conclusions are drawn

2. Experimental setup and methods
In this section, the experimental setup and the experimental methods are presented and described. First, the
multifunctional heat pump system and main characteristic of the components are presented and discussed
(Section 2.1). Second, the details concerning the operation procedures are outlined (Section 2.2). Finally, the
experimental techniques (Section 2.3) and performance parameters (Section 2.4) are described and commented.

2.1 Experimental setup
The multifunctional heat pump system (Fig. 1) has been designed and installed in a detached house (Fig. 2)
located in Milan, at RSE Spa headquarter. The detached house has an heating/cooling area equal to 64 m2, with
a nominal load equal to 4 kWth (indoor temperature equal to 20 °C and outdoor temperature equal to -5 °C). Fig.
1 displays the layout of the multifunctional heat pump, which is composed by five parts: (a) a solar system, (b) a
DHW storage tank and an “intermediate-temperature” storage tank, (c) a reversible heat pump, (d) terminal
heating and cooling systems (viz. fan coils) and (e) circulating pumps (Tab. 1). Further details concerning the
different components of the system are provided in the following.
Solar system. The solar system consists in seven PVT panels and a PV panel (Fig. 2). The PV panel has the same
size and cells characteristic of the PVT panels, to compare the performance of the two technologies. The seven
PVT panels (south-oriented, 45° titled angle) have 1.75 kWel nominal power and are of the roll-bond technology
(Fig. 3a). They are composed by polycrystalline silicon cells, a steel heat-exchanger and a 0.002 m insulation. In
the heat exchanger part of the PVT, water/ethylene glycol mixture has been used as working fluid, to prevent
icing-related issues, with a nominal flow rate equal to 0.630 m3/h. It is worth noting that the comparison
between PV and PVT panels is not presented here and is a matter of ongoing research activities.
Storage tanks. The DHW storage tank (0.186 m3 in volume) has been used to produce hot water; conversely, the
“intermediate-temperature” storage tank (0.300 m3 in volume, Fig. 3b) has been used as “water-source” from
the heat pump, instead of the “air-source” one, to improve the performance in cold days and avoid defrosts and
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reduce temperature fluctuations. Inside the “intermediate-temperature” storage tank water/ethylene glycol
mixture has been used as working fluid, to prevent icing-related issues. The “intermediate-temperature” is
connected to the heat pump, by a plate heat exchanger (Fig. 3c) and the maximum flow rate “intermediatetemperature” towards the “water-source” heat exchanger is 1.45 m3/h.
Heat pump unit. The heat pump is a R410A reversible heat pump, 7 kWth nominal heating capacity and 3.47
nominal COP (water leaving temperature equal to 35 °C and air temperature equal to 7 °C), equipped with an
electronic expansion valve and a variable speed compressor.
Circulating pumps. As shown in Fig. 1, the experimental system includes circulating loops: (a) solar collector
loops; (b) “intermediate-temperature” storage tank to heat pump; (c) indoor terminal fan-coil side loop and (d)
DHW circulating loops. Details on pumps used are provided in Table 1.

Fig. 1: Experimental layout

Fig. 2: Photo of the detached house at RSE Spa
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(a) PVT roll-bond panels

(b) “intermediate-temperature” tank

(c) Plate heat exchanger between the heat ump and the “intermediate-temperature” tank
Fig. 3: Details of the experimental setup
Tab. 1: Details on circulating pumps used (see Fig. 1 for further details)

Code (Fig.1)

Location

Technical details

Power [W]

P1

Solar circulating pump

DEB Evolplus Small 60/180 M PWM

5 - 100

P2

“intermediate temperature” circulating pump

WILO Stratos Para 25/1-7 PWM

5 - 70

P3

Fan-coil circulating pump

WILO Stratos TEC RS 25/7 PWM

3 - 70

P4

DHW circulating pump

WILO ZRS 12/7

86 (fixed speed)

2.2 Operation modes and control
The multifunctional heat pump has been tested starting from 17th January 2017 and the monitoring is still
ongoing. The system has been tested in three operation modes in order to study the influence of the different
operation parameters; each mode was controlled aiming to (a) minimize the electricity consumption by the heat
pump, using solar thermal energy, and (b) maximizing the production of electricity of PVT panels keeping their
operating temperature as low as possible. The operating principles for each mode are provided in the following.
x

Mode#1. Heating mode without DHW production (from 17/01/2017 to 13/03/2017). The internal
set-point temperature was set at Tset-point = 22 °C, with night attenuation of 4 °C (from 22.00 to 7.30). In
this operation mode, the temperature of the water produced by the heat pump and sent to the fan-coils
was set by using a climatic curve: T3 = 43 °C with Tamb = 0 °C and T3 = 35 °C with Tamb = 15 °C. In this
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operation mode, valve V1 was set to deviate all thermal energy produced by the PVT panels to the
“intermediate-temperature” storage tank. The “intermediate-temperature” storage tank, is used as the
“water-source” for the heat pump when Tamb, is low and the resulting COP would decrease. Changes
from “air-source” evaporator to “water-source” evaporator are obtained by switching on/off the pump
P2 and switching on/off the external “air-source” unit.
x

Mode#2. Heating mode with DHW production (from 13/03/2017 to 24/05/2017). The operation
mode mode#1 has been modified as follows: (a) a daily profile of DHW production was set to produce
150 l (corresponding to, approximately, 4 KWh); (b) valve V1 was set to deviate the glycol-water
mixture, at the outlet of the PVT panels, depending on the temperature of the storage tanks (a) towards
the “intermediate-temperature” DHW storage (Tintermediate-temperature < 38 °C), (b) towards the DHW tank
(Tintermediate-temperature ≥ 38 °C) or towards the “intermediate-temperature” storage tank (TDHW,tank ≥ 58 °C);
(c) the DHW storage tank set-point temperature was set to TDHW,set-point = 48°C and its lower temperature
has been set TDHW,mantenance = 42°C. In the case, the temperature of the DHW storage tank would fall
below TDHW,mantenance, the heat pump would be used been used to increase the DHW tank temperature.

x

Mode#3. Cooling mode with DHW production (from 24/05/2017, ongoing). The internal set-point
temperature was set at Tset-point = 24 °C. In addition, the operation mode mode#2 was modified as
follows: (a) a daily profile of DHW production has been set to produce 150 l (corresponding to
approximately, 3 KWh; the DHW corresponding power is lower compared with the previous operation
mode, owing to the higher inlet water temperature, T1); (b) valve V1 was set to deviate the glycol-water
mixture, at the outlet of the PVT panels, depending on the temperature of the storage tanks towards the
DHW storage tank (Tintermediate-temperature ≥ 36 °C) or towards the “intermediate-temperature” storage tank
(TDHW,tank ≥ 57 °C); ).

2.3 Measurement system and procedure
All the main variables, to describe mass and energy balances, have been measured. The flow rate in each circuit
has been measured by an electromagnetic flowmeter meter (E&H Promag P50, ±0.2% read value). All the inlet
and outlet temperatures of the main equipments, the supply and return water temperatures of the different
locations, were measured by RTD Pt100 4wire 1/5DIN, inserted inside the pipes. The indoor and outdoor (near
the PVT panels) temperature and humidity were measured by an Pt100 4wire hygrometer (Siap+Micros). The
solar radiation intensity has been measured by a thermopile pyranometers (pyranometer Kipp&Zonen CMP11),
mounted at a 45° inclined angle near the PVT panels. The power consumption of the heat pump and the
circulating pumps (solar pumps, intermediate-storage tank, fan-coil pump) were measured by multifunction
electric meters (Shark 100, ±0.1%, and FRER MonoNano, ±0.5%). Evaporating and condenser pressures were
measured by pressure transducers (Keller series 21Y). All the temperature probes were verified with a
calibration procedure by using thermostatic batch, at RSE Spa. All data were recorded automatically at every 6
seconds interval in a data logger (Advantech ADAM 5000 and 4000 data logging devices) to be further postprocessed.

2.4 Performance evaluation
The performance of the system has been evaluated based on the mass and energy balances, based on the
recorded data (flow rates and temperatures). In particular, the energy fluxes across every component has been
computed as follows:
ܳ ൌ ݉ሶܿ ሺܶ௧ െ ܶ௨௧௧ ሻ

(Eq. 1)

In Eq. (1), Tinlet and Toutlet refer to the inlet and outlet temperatures, m is the mass flow rate, cp is the specific heat
of water. Based on the heat fluxes and the electric power measured, the COP (during heating mode; mode#1 and
mode#2, Eq. (2)) and the EER (during the cooling mode; mode#3, Eq. (3)) have been computed as follows:
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(Eq. 2)

 ܴܧܧൌ
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ܲ

(Eq. 3)
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In Eqs. (2-3), Pel is the electric power provided to the systems; QHP→fan-coil and QHP←fan-coil is computed based on
T3 and T4 and m3 = m4 (please refer to Fig. 1 for the location of the subscripts) and refer to the heat transfer from
the heat pump towards the fan-coils and vice-versa; conversely, QHP→DHW-tank refers to the het flux provided from
the heat pump to the DHW tank and is computed as follows:
ୀே

(Eq. 4)

ܳு՜ுௐି௧ ൌ  ߩܸுௐǡ௧ ܿ ሺܶ௧ୀ െ ܶ௧ୀିଵ ሻ
௧ୀ

In Eq. (4), VDHW,tank is the volume of the DHW tank, ρ is the density of water, and t is the time variable. Please
note that Eq. (4) is computed under the following constrains: (a) the temperature of the DHW storage is below
TDHW,maintenance, (b) the temperature of the DHW storage tank is increasing with time; (c) heat pump status is ON.
To study the influence of the “water source” evaporator and the “air-source” evaporator, Eq. (2) has been
modified as follows, based on the status of the storage tank circulating pump (pump P2, Fig. 1):
̶ܱܲܥǦ
̶ܱܲܥǦ

̶

̶

ܳܲܪ՜݂ܽ݊െܿ ݈݅ ܳܲܪ՜ܹܪܦെ݇݊ܽݐ
݂݅ ʹܲ݉ݑൌ ܱܰ
݈ܲ݁

(Eq. 5)

ܳܲܪ՜݂ܽ݊െܿ ݈݅ ܳܲܪ՜ܹܪܦെ݇݊ܽݐ
݂݅ ʹܲ݉ݑൌ ܱܨܨ
݈ܲ݁

(Eq. 6)

ൌ

ൌ

3. Experimental results
In this section, the experimental results are presented and discussed. First, the ambient conditions in the
monitored period are presented. Second, the performance of the heat pump are presented and commented with
reference to the three different operating modes. Finally, the influence of the “water-source” and the “airsource” evaporators on the performance are commented.

3.1 Ambient conditions
In order to provide an overview of the heat pump working conditions, Fig. 4 displays the value of ambient
conditions in the monitored period. In particular, Fig. 4 displays the daily averaged values of the ambient
temperature and relative humidity. It is worth noting that the heat pump was operated in a quite broad range of
operating conditions (i.e., daily averaged Tamb ranged between 0 and 33 °C; conversely, the instantaneous values
of Tamb ranged between -5°C and 40 °C).
Ambient temperature [°C]

Ambient relative humidity [%]
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30.0
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T [°C]
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70
60

20.0

50

15.0
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Ambiente relative humidity [%]

100

10

0.0

0

Day
Fig. 4: Daily-averaged ambient conditions: ambient temperature and relative humidity
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3.2 Seasonal performance
Fig. 5 displays the daily-averaged performance of the multifunctional heat pump in the three operating modes
described in Section 2.2. In addition, in Fig. 5, Tamb is displayed for the sake of clarity. The performance of the
multifunctional heat pump are computed by using Eq. (2)―the COP―and Eq. (3)―the EER. In the operation
mode#1, the useful effect of the heat pump is QHP→fan-coil (there is no DHW production; QHP→DWH-tank = 0);
conversely, in the other operation modes (viz. mode#2 and mode#3) the useful effect of the heat pump consists
in both QHP→fan-coil and QHP→DWH-tank. Please note that the electric consumption, Pel, considered in the evaluation
of COP and EER does not account for the contribution of the auxiliaries (i.e., circulation pumps, stand-by
consumption, etc…): (a) the solar circulating pump (its consumption was approximately 4.1 % of the total
energy consumption); (b) the “intermediate-temperature” circulating pump (its consumption was approximately
1.2 % of the total energy consumption); (c) the Fan-coil circulating pump (its consumption was approximately
3.7 % of the total energy consumption), (d) the DHW circulating pump and all other auxiliaries (their
consumptions were approximately 14.2 % of the total energy consumption).

Fig. 5: Daily-averaged performance of the multifunctional heat pump depending on the operation mode and ambient temperature

In the operation mode mode#1, the daily-averaged COP is in the range of 3 and 4.5; as expected, COP increases
with time, owing to the increasing daily-averaged Tamb. The relationship between Tamb and the heat pump
performance can be further understood, by considering the layout of the system. Indeed, the performance of an
heat pump may be related (for fixed component design), to the evaporating and condensing
temperatures/pressures. In the present case: (a) the condensing pressure is related to the internal conditions, that,
for a fixed set-point are periodical with time; (b) evaporating temperature Teva is related to Tamb, owing to the
variable speed compressor and the electronic expansion valve. Therefore, a variation in the ambient temperature,
mainly affects Teva and, thus, affect the performance of the system. To better discuss this concept, Fig. 6 displays
the relationship between the variables of the heat pump (i.e., evaporator pressure and condensing pressure), Teva
and COP. The reader may refer to the studies proposed by Kuang and Wang (Kuang e Wang 2006) and Ma and
Zhao (Ma e Zhao 2008) for a more detailed discussion on the role of variable speed compressors in heat pumps.
In addition, in Fig. 6 is also displayed the influence of the “water-source” evaporator. This point is further
discussed in Section 3.3. In the operation mode mode#2, the performance of the system, compared with mode#1,
shows a larger variability and are slightly lower. This behavior can be explained based on the system operations
as well as on the ambient conditions. First, in this period, beside DHW production, QHP→fan-coil is very low and,
in some days, QHP→fan-coil ≈ 0, owing to the high Tamb (the internal set-point temperature can be achieved also
with very low heat pump load). Therefore, COP is mostly related to QDHW-tank. Second, it should be noted that
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QHP→DHW-tank, is produced at higher temperature compared with QHP→fan-coil; therefore the expected performance
of the heat pump is reduced. In this respect it is well known that Eq. (2) does not take into account the grade of
heat produced, as it is related to energy balances and neglect the entropy/exergy concept. In the operation mode
mode#3, in the cooling mode with DHW production, the daily-averaged EER is in the range of 3 and 4.5. The
discussion concerning the relationship between the ambient conditions and the system performance is similar to
the above-discussion for the operation mode mode#1. It is worth noting that, owing to the high ambient
temperature, in the summer season, the PVT panels are able to contribute to the maintenance temperature of the
DHW storage tank, thus reducing QHP→DHW-tank and, thus, the energy consumption of the heat pump.
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Fig. 6: Daily performance of the multifunctional heat pump: performance parameters (data obtained at 13/02/2017, mode#1)

3.3 Comparison between water source and air source
In this section, an insight in the performance of the system is proposed, by analyzing the contribution of the
“water-source” evaporator and the “air-source” evaporator to achieve the averaged performance described in
Section 3.2. To this end, by applying Eqs. (5-6) in the in the operation mode mode#1, the corresponding “watersource” the “air-source” performances have been obtained; the results of this analysis have been summarized in
Fig. 7, in terms of daily-averaged values. Please note that in some days (viz. the data not displayed in Fig. 7), the
“water-source” evaporator was not used. Applying the whole dataset, (in the operation mode#1) and applying
Eqs. (5-6), an average COP increase approximately 35.5% from the “air-source” mode to the “water-source”
mode has been observed. In order to better understand the relationship between “water-source”/“air-source”
evaporators and the COP, Fig. 8 proposes three daily profiles of the heat pump operation.

COP - Water-source [-]

COP - Air-source [-]

6.0
5.5

COP [-]

5.0
4.5
4.0

3.5
3.0
2.5

2.0

Day
Fig. 7: Daily-averaged performance of the multifunctional heat pump: influence of “water-source” and “air-source” evaporators
(data obtained during operation mode mode#1)
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(a) data obtained at 17/01/2017, operation mode mode#1

(b) data obtained at 23/01/2017, operation mode mode#1

(c) data obtained at 27/01/2017, operation mode mode#1
Fig. 8: Daily performance of the multifunctional heat pump: influence of “water-source” and “air-source” evaporators
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Fig. 8 clearly displays the significant increase of COP, owing to the use of the “water-source” evaporator. For
example, it can be observed that, in Fig. 8a, by activating the pump P2 at 8.00 AM the COP increases from 2.7
to 8 (instantaneous values). Similar considerations can be drawn for the other days displayed in Fig. 8b and Fig.
8c. It is important to emphasize that the “water-source” evaporator avoided the defrost cycles of the aerothermal
heat pumps and the subsequent decrease in the performances. In this respect, the reader may refer to the defrostrelated issues described by Zhang et al. (Zhang, et al. 2017). It should be noted that the COP obtained using
water as source has been obtained in the most unfavorable conditions: the morning, when maximum building
load and with the highest delivery water temperature. Unfortunately, the use of the water source is limited in
time and depends on the thermal energy available in the “intermediate-temperature” storage tank. Future studies
should be focused on alternative technical solutions for storage tanks (i.e., phase change material, PCM, storage
tanks), to improve the availability of the “water-source”.

4. Conclusions, outcomes and outlooks
This paper presented the very first results of field study concerning a novel solar-assisted dual-source
multifunctional heat, installed in a detached house in Milan. The system couples PVT panels with a dual-source
(“air source” and “water source” evaporators) multifunctional and reversible heat pump. The multifunctional
heat pump has been tested starting from 17th January 2017 (the monitoring is still ongoing) in three operation
modes: (a) heating mode without DHW production; (b) heating mode with DHW (150 l) production; (c) cooling
mode with DHW (150 l) production.

4.1 Conclusions and outcomes
The main results of the filed study are as follows:
x

the averaged performance (COP and EER) of the multifunctional heat pump is approximately 3, in the
three different operation modes;

x

the thermal energy produced by the PVT panels have been successfully used to support the “watersource” evaporator in the winter/spring seasons;

x

the thermal energy produced by the PVT panels have been successfully used to support the production
of DHW in the summer period;

x

the use of “water-source” evaporator allows to significantly increase the performance of the plant;

x

the use of “water-source” evaporator allows to avoid defrost cycles;

4.2 Outlooks
Ongoing research as well as future studies may concern both experimental and numerical researches. On the
experimental part, outlooks are as follows:
x

extent the field study to the autumn ambient conditions, to provide a complete seasonal overview of the
system operation;

x

relate the daily and the seasonal operations, to provide a multi-scale evaluation of the heat pump
performance;

x

propose a comprehensive thermodynamic evaluation (energy and exergy evaluation) of the whole
system;

x

compare the performance of PV and PVT systems and provide insights in the relationships between
operating conditions (i.e., temperatures, flow rates, ambient conditions) and the panels performances
(i.e., thermal and electrical energy production);

x

study alternative technical solutions for storage tanks (i.e., phase change material, PCM, storage tanks),
to improve the availability of the “water-source”.

On the numerical part, future studies would concern the testing and validation of a TRNSYS approach, to extend
the results of the present experimental study to different climatic conditions and, finally, to assess the economic
feasibility of the proposed system.
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5. Nomenclature and abbreviation list
5.1 Acronyms
COP

Coefficient of performance

DHW

Domestic hot water

EER

Energy Efficiency Ratio

HP

Heat Pump

PV

Photovoltaic

PCM

Phase Change Material

PVT

Hybrid thermal-photovoltaic

SAHP

Solar-assisted-heat pump

5.2 Symbols
cp

Specific heat of water

[kJ/kg K]

m

Mass flow rate

[kg/s]

N

Time discretization in Eq. (4)

[-]

QHP→DWH-tank

Heat transfer from the heat pump to the DHW tank

[kW]

QHP←fan-coil

Heat transfer from the heat pump to the fan-coils

[kW]

T

Temperature

[°C]

t

Time in Eq. (4)

[min]

VDHW,tank

Volume of the DHW storage tank

[m3]

VDHW,tank

Volume of the “intermediate-temperature” storage tank

[m3]

ρ

Density of water

[m3/kg]

5.3 Subscripts
amb

Ambient conditions

el

Electrical energy

eva

Evaporator

inlet

Inlet condition

outlet

Outlet condition

th

Thermal energy
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Abstract
The aim of the present paper is to analyze ﬂat plates (FP) and capillary mats (CM) heat exchangers for solar-ice
systems. The optimum heat exchanger area needed in the ice storage is based on energetic transient system
simulations and on cost indicators. Solar-ice systems using ice storage volumes from 2 to 5 m3 and selective
uncovered collectors with 15 to 25 m2 in the city of Zurich were able to achieve system performance factors
SPFSHP+ ranging from 3.5 to 6 with both CM and FP in a single family house with 10 MWh yearly heating
demand. Considering the cost of the system, only simulations with CM were able to achieve lower heat
generation cost than that of a ground source heat pump (GSHP) with even higher SPFSHP+ (an SPFSHP+ of 4
was assumed for GSHP). For example a system with a collector area of 15 m2 and 5 m3 of ice storage volume
can reach heat generation cost of 29 Rp./kWh, 0.5 Rp./kWh below the GSHP average reference cost, with an
increase of SPFSHP+ of 20 % respect to the GSHP system. However, the targets can only be achieved using an
appropriate heat exchanger area. The optimal heat exchanger area was found to be around 4 to 5 m2 per m3
of ice storage for CM and around 10 to 14 m2 /m3 for FP. These heat exchanger ratios correspond to a distance
between heat exchangers of around 12 - 17 cm for both CM and FP. These results were obtained assuming a
conservative maximum ice fraction of 80 %.
Keywords: ice storage, heat exchangers, solar-ice.

1.

Introduction

One of the main priorities of the European Commision is to decrease the annual greenhouse gas (GHG) emissions in 2050 by 80% compared to the status of 1990 (Europen Commision, 2012). In order to reach this
ambitious goal, the energy supply system needs to be decarbonised. The heating and cooling demands in Europe are responsible of 40 % of the total energy demand. Therefore, the increase of system efﬁciency as well
as raising the share of renewable energy in the heating and cooling sector is necessary to mitigate the climate
change by reducing the GHG emmissions. A promising example for a heating system with a high share of
renewable energy is the combination of solar thermal and heat pump systems with ice storages, the so-called
solar-ice systems. The interest in solar-ice systems is growing in central Europe, where climatic conditions
are appropriate for this technology. One of the reasons for the market push of solar-ice systems is due to the
regulations established for drilling boreholes. For this reason, solar-ice systems have been established as an
alternative to ground source heat pump (GSHP) systems.
Some of the advantages of solar-ice systems respect to GSHP (Carbonell et al., 2016b, 2015) are: i) usually not
restricted to regulations of water and soil ii) no need to regenerate the ground as in regions densely populated
with boreholes iii) the ice storage is accessible, allowing for solving leakages or replace heat exchangers,
iv) the ice storage can be installed in the cellar when no ground space is available v) it is a ﬂexible system
able to adapt to building size restrictions, i.e. the same system performance can be reached with different
combinations of collector area and ice storage volume and vi) higher performance compared to GSHP can be
achieved while being cost competitive if direct solar heat is used extensively. However, solar-ice systems have
some disadvantages respect to GSHP such as: i) higher number of hydraulic components, ii) added complexity
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of the control, iii) higher installation cost if the same performance is desired, iv) degradation of performance
when ice grows, v) need of a back-up system to cover peak demands after long cloudy and cold periods.
Some of the frequently asked questions and answers concerning solar-ice systems are (Carbonell et al., 2017a):
• "How can a solar-ice system, which is based on a 0 o C temperature source for the heat pump, perform
better than a GSHP system which has usually a higher temperature source?" The main reason is that
a solar-ice system can also use solar heat directly without the need of the heat pump. During times
when solar heat is used directly, the system performance in terms of heat provided divided by electricity
consumed can be up to ﬁfty times higher compared to a GSHP system (only pumps consume energy).
Moreover, since solar collectors are also used directly as a source for the heat pump, the source temperatures in solar-ice systems when the sun is shining can be considerably higher than in a GSHP.
• "Whats is the use of the ice? Can it be spared?" The key aspect of the solar-ice system concept relies on
reducing the need of the storage volume by making use of the high latent heat of fusion released when
ice is formed. Icing a speciﬁc quantity of water releases the same energy as cooling the same amount of
water from 80 o C to 0 o C. Thus, although remaining always above the solidiﬁcation temperature of water
would lead to higher system performance, the required storage volume would be prohibitively large for
this concept.
The principal idea of a solar-ice system is shown schematically in Fig. 1.

Heat Storage

Demand

SFH
Heat Pump
Solar Thermal

MFH

Ice storage

Fig. 1: Principle concept of solar-ice systems. The arrows show the heat ﬂuxes that are on different temperature levels, i.e. red,
orange and blue for high (>30 o C), medium (>10 o C) and cold (<10 o C) respectively.

Most of ice storages installed in Europe are based on ice-on-coil heat exchangers, and although other heat
exchanger concepts exist on the market, their speciﬁc advantages and disadvantages remain unclear.
Several heat exchanger concepts for extracting the latent heat from water can be used. Each concept has to
ensure that the ice layer on the speciﬁc heat exchanger reaches thicknesses that do not result in too high heat
transfer resistance, and thus, in too low source temperatures for the heat pump. When ice grows on the surface
of the heat exchanger the overall heat transfer coefﬁcient of the heat exchanger decreases. If ice is not actively
removed, the heat exchanger design has to ensure that the heat transfer capacity will be high enough at the
maximum design mass ice fraction (ratio between mass of ice and total mass of water and ice) or ice thickness
on the surface of the heat exchangers. For example, let’s assume that ﬂat heat exchanger plates covering all
the height of the ice storage are installed with a distance of 10 cm between each heat exchanger plate. If the
heat transfer capacity with 3 cm of ice on the surface is not high enough, the temperature of the heat transfer

2191

D. Carbonell / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

ﬂuid will drop until the minimum temperature accepted by the heat pump is reached and the heat pump will be
stopped for security reasons. If this occurs, the ice thickness can not exceed 3 cm and part of the latent storage
capacity will be lost as 2 cm out of the theoretical maximum of 5 cm will not be used. Thus, the maximum ice
fraction will never grow above 60% and the desired maximum accepted ice fraction may not be reached.
In principle, two main strategies exist for the design of heat exchangers for ice storages (Philippen et al.,
2015) i) ice-on-hx and ii) free-of-ice-hx. In ice-on-hx, large heat exchanger areas, homogeneously distributed
throughout the whole storage volume, are necessary. Heat exchangers such as coils, plates or capillary mats
can be used. In free-of-ice-hx, several concepts such as ice slurries (Kauffeld et al., 2005) or de-icing, e.g
by hot gas in ice harvesting system (ASHRAE, 2007) or by solar thermal collectors (Philippen et al., 2012)
can be used. From all these concepts, only the ice-on-hx concepts are established in the solar and heat pump
heating market. In this paper, the ice-on-coil and ice-on-plate concepts will be analyzed from an energetic and
economic point of view.

2.

Methodology

Dynamic system simulations are used in order to assess the heat exchanger area and heat exchanger type on
a system level. The simulations have been conducted with the simulation environment TRNSYS-17 (Klein et
al., 2010). The basic components to model a solar-ice system are: collectors, heat pump, ice storage, sensible
thermal storage, building, climate and control. The ice storage model has been developed and validated in
Carbonell et al. (2017b), the remaining component models were provided in Carbonell et al. (2016b), where a
complete solar-ice system based on a de-icing concept was validated with monitored data of a pilot plant.
The time step of yearly simulations is set to 120 seconds. As a veriﬁcation process several systematic checks
are done for all simulations. Heat balances are checked in all individual components, hydraulic loops and also
from the system perspective. The convergence criteria from TRNSYS is set to 5e-4, which allows to achieve
heat imbalances always below 1.% with respect to the total heat demand. Iteration problems are also checked
for all simulations and are always below 10 time steps per year simulated. In most cases iteration problems are
in the order of 1 - 5 per year.

2.1.

Hydraulic scheme of the simulated system

The hydraulic scheme of the complete solar-ice heating system is shown in Fig. 2. The main components of
the heating system are the collector ﬁeld, the combi-storage, the heat pump and the ice storage.

Fig. 2: Simpliﬁed hydraulic scheme of the analysed heating system.
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The main energy source of the system is the solar irradiation. Some additional energy is extracted from the
air, especially when uncovered collectors are used 1 . Part of the total solar irradiation is transformed by the
collectors to useful heat for the system. This energy is transferred, either to the heat pump, to the ice storage,
or to the combi-storage. When the heat pump is running, two operation modes are possible, depending on
whether the collectors are able to provide energy or not: i) the heat pump uses the solar energy directly in a
series operation mode, meaning that collectors are used as heat sources or ii) the heat pump uses only the ice
storage as its source. With the hydraulic set-up proposed here, when the heat pump is running with solar energy
as a source, the mass ﬂow from the solar collector ﬁeld is divided: one part goes to the heat pump and the other
part goes to the ice storage. The split of the mass ﬂow is basically controlled by each circulation pump, i.e.
solar pump and heat pump evaporator pump. If these mass ﬂows are not equal, its difference will ﬂow to the
ice storage. On these conditions, if more energy is available from the collector ﬁeld than is needed by the heat
pump, the ice storage is also loaded while the heat pump is running. On the contrary, if the collector output
is lower than the heat pump needs, both, the ice storage and the collector ﬁeld are used to provide heat to the
evaporator of the heat pump. If none of these heat sources are available, which means that the ice storage is
full of ice and the solar radiation and the ambient temperature are very low, the temperature of the heat pump
evaporator drops below the minimum allowed value and the heat pump stops. In this case, a direct electric
back-up is used. A method to reduce the need of back-up in winter times is to send the whole mas ﬂow from
the collector to the heat pump. The idea is to use the collectors even if the temperature is lower than 0 o C2 .
This can be achieved with the proposed hydraulic scheme by setting the mass ﬂow from the collector equal
to the one demanded by the heat pump. This tends to reduce the working temperature of the circuit and as
a consequence decrease the heat pump COP. However, it reduces the times where the ice storage is used and
thus the times where the direct electric back-up is used. Usually, reduction of the time use of the direct electric
back-up is compensated by the loss of heat pump performance.

2.2. System control
The system part on the secondary side of the heat pump, i.e. the heating distribution and the DHW-preparation,
and the heat pump itself are controlled in a standard way. The brine cycle on the primary side, on the other
hand, needs some special operation modes to decide how to use the solar heat. The backup needs to be
controlled too, such that it runs when there is a heating demand in the building and the ice storage is fully iced
(no source available for the heat pump). Further, season-based priorities regarding the use of the solar heat are
implemented. The solar-ice system has a global control with three main priorities in the following hierarchy:
1. Use of direct solar heat to provide the space heat to the building without switching on the heat pump.
2. Switching on the heat pump when not enough energy is available in the combi-storage in order to provide
space heat. When heat pump is on, solar energy is prioritized as energy source.
3. Use solar heat to load the combi-storage and ice storage when the heat pump is off. Loading the combistore is usually referred as direct solar heat. Direct solar heat is usually prioritized in spring, summer
and autumn, but in winter the loading of the ice storage is prioritized.
The control has to cope with the fact that the ice storage is a cold sink for a long time during the year. Unless a
logic is implemented, that switches to loading of the combi-storage when appropriate, the ice storage would be
loaded predominantly. The control mode that actively stops the loading of the cold storage and tries to divert
the solar heat on a higher temperature level to the combi-storage is called warm storage priority. If the warm
storage priority is not active, the control mode cold storage priority is on, which loads the ice storage. For
small sized systems regarding collector ﬁeld and ice storage it is usually a better option to use a cold storage
1 All
2 In

results shown in this paper are obtained with selective uncovered collectors.
this case the ice storage would provide a higher temperature, i.e. around 0 o C.
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priority in winter in order to avoid the time when the direct electric back-up is needed. As soon as there is no
risk to fully ice the storage, then warm storage priority should be used.

2.3.

Performance indicators

The main performance indicator for the systems is the System Performance Factor calculated as described in
Malenkovic et al. (2012):
SPFSHP+ =

QD
QDHW + QSH
=
Pel,T
Pel,T

(1)

Q is the yearly heat energy demand and Pel,T the total yearly electric energy consumption. The subscripts
SHP, DHW , SH and D stand for solar and heat pump, domestic hot water, space heating, and total demand
respectively.
The total electricity consumption is calculated as:
Pel,T = Pel,pu + Pel,hp + Pel,cu + Pel,back−up + Pel,pen

(2)

where the subscripts pu, hp, cu, aux and pen refer to circulation pumps, heat pump, control unit, back-up
and penalties respectively. The symbol "+" in the SHP+ from Eq. 1 refers to the consideration of the heat
distribution circulating pump in the electricity consumption. Therefore, the system performance indicator
used in this work includes all circulation pumps of the system and also all thermal losses/gains from storages
and piping. Penalties for not providing the heating demand at the desired comfort temperature are calculated
according to Haller et al. (2012). Pel,aux is the energy used from the direct electric back-up system.

3.

System energetic performance with varying heat exchanger type and area

Dynamic yearly system simulations have been carried out for different heat exchanger areas and for two types
of heat exchangers, capillary mats (CM) and ﬂat plates with stainless steel (FP-SS). Simulations have been
performed for ice storage volumes of 3 m3 , 4 m3 and 5 m3 and collector areas of 15 m2 , 20 m2 and 25 m2 .
All simulations are carried out using a single family house building located in Zurich with approximately 9.5
MWh of total heating demand for SH and DWH.
Results for the SPFSHP+ are shown in Fig. 3 as a function of the ratio between the heat exchanger area and the
ice storage volume and as a function of the distance between heat exchangers. The same distances between heat
exchangers are used both for CM and FP-SS. However, since FP-SS have almost twice the area3 compared to
CM, results for FP-SS are shifted towards higher Ahx /Vice axis. Both heat exchanger types are able to provide
very high SPFSHP+ , up to 6 for the sizes used in these simulations. System performances above 44 are always
achieved if the collector area is ≥ 20 m2 . For collector areas in the order of 15 m2 , an SPFSHP+ above 4 can be
achieved with CM and Vice = 4 m3 and with FP-SS if Vice = 5 m3 . Using a collector area of 15 m2 and an ice
storage volume of 5 m3 both heat exchangers are able to provide an SPFSHP+ above 4.
Very high system performances, in the order of 5 to 6, can be achieved with different component sizes. These
results conﬁrm the ﬂexibility of the system concept, i.e. the same SPFSHP+ can be obtained using different
conﬁgurations of ice storage volume and collector area. This allows to achieve a speciﬁc SPFSHP+ even if
there are restrictions such as small cellar capacity or available roof area. However, there is a limit on the lowest
size of the collector ﬁeld since the solar-ice system is based purely on solar energy as heat source. The system
ﬂexibility of solar-ice systems was discussed in Carbonell et al. (2014). Of particular interest are results with
4 m3 , since this storage volume could ﬁt in many cellars of single family homes using two separated storages
of 2 m3 allowing to achieve an SPFSHP+ ≥ 5 with collector areas of 20 m2 .
3 The
4 As
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Fig. 3: Yearly system performance as function of (top) heat exchanger area divided by ice storage volume and (bottom) distance
between heat exchangers for three ice storage volumes of (left) 2 m3 , (mid) 4 m3 and (right) 5 m3 .

Regarding the heat exchanger type, the SPFSHP+ is usually higher for CM compared to FP-SS except for large
distance between heat exchangers, e.g. > 25 cm for Vice =3 m3 . System performances for CM when distances
between heat exchangers are small are higher because of the better heat transfer coefﬁcient when icing at high
ice fractions. The SPFSHP+ of CM is worse than that of FP-SS for cases where the distance between heat
exchangers is way higher than that between the tubes in one CM. One can imagine a CM like a FP with empty
spaces between tubes. Let’s imagine the limit case where all tubes in one CM are in contact to each other.
Under those circumstance CM would be worse than FP because of the higher resistance of polypropylene
compared to stainless steel. When ice ﬁlls all the gaps between tubes, there is the added limitation that not all
area is used due to the spaces between tubes.
Differences between FP-SS and CM are more prominent for low collector areas and low ice storage volumes.
Results for 25 m2 and 5 m3 tend to an asymptotic solution where differences between CM and FP-SS are
negligible. In those situations the direct electric back-up is not used because the system components are sized
largely enough such that not all the latent heat capacity of the storage is necessary. The direct electric back-up
is shown in Fig. 4 as a function of the ratio between Ahx and Vice . Clearly, the increase of collector area and
storage volume decrease the use of the direct electric back-up. The direct electric back-up is used exclusively
in winter, when the ice storage if full (maximum ice fraction of 80 % has been assumed) and there is not
enough solar energy to provide the heat for the evaporator of the heat pump. The use of the electric back-up is
the dominant factor that inﬂuences the SPFSHP+ . In larger systems where the electric back-up is avoided, the
system performance is quite independent of the heat exchanger area and less dependent on the collector area
or ice storage volume. A SPFSHP+ value below 5.5 usually indicates the need of direct electric back-up.
In order to establish the optimum heat exchanger area in terms of SPFSHP+ it is of importance to investigate the
maximum ice fraction achieved, as shown in Fig. 5. If the heat exchanger area is too low for the speciﬁc system
design, some latent heat may not be used because the heat transfer coefﬁcient will be too low at the maximum
ice thickness achieved. This would lead to a situation where the heat pump would not be able to extract enough
power from the ice storage while there is still liquid water present. For CM the maximum ice fraction of 80 %
is reached approximately for ratios of Ahx /Vice of 5-10 m2 /m3 . For FP the maximum ice fraction is reached at
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Fig. 4: Direct electric back-up as a function of heat exchanger area divided by ice storage volume for three ice storage volumes of
(left) 2 m3 , (mid) 4 m3 and (right) 5 m3 .

higher ratios of 10-15 m2 /m3 . For both cases these ratios correspond to a distance of around 7-12 cm between
heat exchangers.
For some conﬁgurations, it is not possible to use all latent heat of the storage. For example for Vice = 5 m3
and Acol = 25 m2 , non of the heat exchangers setup can achieve an ice fraction of 80 %. This indicates that
the system is oversized and either the ice storage or the collector area could be decreased and the system
performance would not be penalized much. For example in Fig. 3 the SPFSHP+ of Acol = 25 m2 is almost the
same if the storage volume is 4 m3 or 5 m3 . Another way to make use of the latent heat and also to increase
the SPFSHP+ would be to give more priority to the warm storage loading.
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Fig. 5: Maximum yearly mass ice fraction as a function of (top) heat exchanger area divided by ice storage volume and (bottom)
distance between heat exchangers for three ice storage volumes of (left) 2 m3 , (mid) 4 m3 and (right) 5 m3 .
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4.

Cost analyses of solar-ice systems

In the section above the system performance in terms of energy has been provided. In this section, costs are
taken into consideration in order to further evaluate different system designs. For all analyzed heating systems,
investment costs and heat generation costs for prices of the Swiss energy market in 2016/2017 are calculated.
The comparison of costs is used to ﬁnd the optimum heat exchanger area considering both energetic system
performance and a good value for the money.
The investment costs of the solar-ice systems are based on real costs that were gathered from several sources.
Some data was obtained from the realization of two demonstration projects of solar-ice systems in RapperswilJona, Switzerland. The data from the solar part was obtained from the SFOE project ReSoTech (Philippen
et al., 2016). This data was used to derive cost functions per component. The cost functions are then used to
calculate investment costs per speciﬁc system size simulated. All received cost functions were veriﬁed by a
Swiss seller of heating systems in terms that they represent actual average market prices.
A ground source heat pump system is used as a reference to compare the system performance in terms of
energetic efﬁciency and cost. Using a borehole length of 130 m for a single family house in the region of
Zurich an SPFSHP+ around 4 is expected. Investment costs for GSHP are based on two offers of Swiss sellers
for a GSHP system that supplies heat to a single family house (Causi, 2010). The cost functions were derived
from average costs of the two offers. These two offers were used to estimate an uncertainty range on the heat
generation cost. The average heat generation cost of a GSHP system based on the annuity is calculated as 39.6
± 3.3 Rp./kWh.
For each system the present value of costs and the annuity are calculated following the methodology of VDI
(2012) and Bangerter (1985) with some simpliﬁcations. Heat generation cost are calculated using the annuity
factor. Main assumptions for the economic analysis are given in Table 1 and details for the calculation method
were provided in Philippen et al. (2015). The electricity prices are taken from the price list of a regional
Swiss utility and represent typical prices for small customers. The increase of electricity cost is based on the
assessment of this utility. An interest rate of 2% is assumed, which represents an average interest used in
credits for buying a house or for refurbishing it in Switzerland. An increase of the interest rate would shift
all heat cost predictions to higher values, but differences between systems on the range of interest would be
similar.
Tab. 1: Assumptions for calculation of heat generation costs.

Rate of interest
Analysis period
Yearly Maintenance
Lifetime
Electricity costs (incl. VAT)
Increase of electricity costs

2.0 % p.a.
25 years
0.25 % of investment costs
25 years
Fixed costs: 171 Fr. per year
Variable costs: 0.13 Fr. per kWh
1 % p.a.

The system performance (top) and the heat generation cost (bottom) are shown in Fig. 6 as a function of the
distance between heat exchangers for CM and FP-SS for Ac = 15 m2 and all storage volumes analyzed in the
section above. The SPFSHP+ is repeated here in order to compare directly graphs of SPFSHP+ and cost. The
reference values for the GSHP system are included in all graphs. The objective is to achieve a solar-ice system
with same or higher performance than GSHP and with similar heat generation costs. Therefore, the focus is
on solar-ice systems with an SPFSHP+ ≥ 4. It should be noted that cost calculations are based on offers for
installations in single family houses that vary signiﬁcantly among each other. Therefore, heat generation cost
should be seen as orders of magnitude. To consider the large variation a 10% error band in the installation cost
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has been assumed for all cases. The uncertainty range of the heat generation cost of the GSHP is estimated as
39.6 ± 3.3 Rp./kWh which can be visualized in Fig. 6 and 7 as a gray shadow area.
CM, Acol = 1.6 m2/MWh

FP, Acol = 1.6 m2/MWh

Reference : Ground source heat pump (GSHP)
Vice = 0.3 m3/M W h

Vice = 0.4 m3/M W h

Vice = 0.5 m3/M W h
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Fig. 6: System performance (up) and heat generation cost (bottom) as function of the distance between heat exchangers. Three ice
storage volumes are used: (left) 3 m3 , (mid) 4 m3 and (right) 5 m3 .

The heat generation cost calculated using the annuity factor are shown in bottom part of Fig. 6. There are
two conﬁgurations where the SPFSHP+ ≥ 4 and the heat generation cost are within the uncertainty range of the
GSHP. Both conﬁgurations are using 15 m2 of collectors, and 4 (CM) and 5 (CM and FP) m3 storage volumes.
These two system set-ups are of particular interest due to the cost comparable to GSHP and high efﬁciency.
All systems using FP-SS show higher heat generation cost compared to CM. However, FP-SS are oxygen tight,
and thus black steel can be used in the collector loop. In the other hand, CM made of polypropylene are usually
installed with stainless steel pipes in the collector loop increasing its cost. Unfortunately, this cost difference
has not been considered in the present calculation.
Using the cost function alone is not a good approach to decide on the heat exchanger area. For example,
the lowest area seems to provide the cheapest system even when the energetic performance is relatively low.
Thus, besides the cost function, the SPFSHP+ and also the maximum ice fraction achieved as shown in Fig.
5 should be used. Considering all these values it seems that the optimum heat exchanger area is in the order
of 4-5 m2 /m3 for CM and around 10-14 m2 /m3 for FP-SS. Those ratios correspond to distances between heat
exchangers of 12 - 17 cm for both heat exchanger types.
The heat generation cost along with the system performance are shown in Fig. 7 as a function of the collector
area using a distance between heat exchangers of 16.6 cm. The heat generation costs increase linearly with
collector area. The minimum of the cost function can not be observed with the simulated collector area.
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Fig. 7: System performance (up) and heat generation cost (bottom) as function of the collector area and ice storage volume for a
distance of 16.6 cm between heat exchangers.

5.

Conclusions

In this paper, the complete solar-ice system has been simulated with a well validated ice storage model from
Carbonell et al. (2016a). From the system simulations the following conclusions can be drawn:
• A solar-ice system with ice storages volumes between 0.3 and 0.5 m3 /MWh (of total heating demand),
and collector areas between 1.6 to 2.1 m2 /MWh can reach an SPFSHP+ in the range of 3.5 to 6 in Zurich
for a single family home with 9.5 MWh total (SH + DHW) heating demand.
• Besides the sizes of the ice storage and collector ﬁeld areas, the most relevant factor affecting the
SPFSHP+ is the electric back-up necessary to run the system in winter periods. Control strategies should
be focus on reducing it as a ﬁrst target. When the electric back-up is minimized, control strategies should
focus on the maximization of direct solar heat.
• Solar-ice systems can reach very high SPFSHP+ regardless of the heat exchanger type, but when the
heat generation cost are included, capillary mats seem to be the most economic option. However, the
heat exchanger area needs to be well design to reach these targets. An ice storage volume of 4 m3 with
capillary mats and 15 m2 of collector area can reach an SPFSHP+ of 4.2, which represents an increase of
SPFSHP+ of 5 % respect to GHSP with a similar heat generation cost.
• Considering both energetic and economic indicators, capillary mats are found to be the most promising
solutions for solar-ice applications when compared to the other heat exchangers analysed along the
project. Nevertheless, other factors could be used to choose other heat exchangers. For example, one
may choose ﬂat plates made of stainless steel instead of capillary mats due to the robustness of the heat
exchanger, with a life time guarantee in the range of 25 years. Another reason to select stainless steel
heat exchangers can be that they are oxygen tight and therefore an expensive stainless steel piping system
in the collector loop can be avoided. The cost of the stainless steel piping system needed when plastic
capillary mats are used could overcome the more expensive heat exchangers. However, this has not been
considered in the cost calculations, where the piping system was the same for all heat exchangers.
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• A strategy to reduce the direct electric back-up in small systems, e.g. using ice storages in the range of
0.3 - 0.4 m3 per MWh of total heating demand and collectors areas in the range of 1.6 - 2.1 m2 /MWh, is to
reduce the working temperature of the primary brine loop connecting the solar collectors, ice storage and
heat pump. For those systems, priority should be set to use the collectors as primary source for the heat
pump in winter, even that the working temperature decreases well below 0 o C. In those circumstances,
the use of the ice storage would increase the instantaneous COP of the heat pump. However, it would
increase the operating times of the direct electric back-up. The better instantaneous heat pump COP can
hardly compensate the higher use of the electric back-up at a COP of 1. For larger systems, where the
back-up is seldom used in winter, the control should give priority to the combi-storage. Those systems
will have roughly an SPFSHP+ in the order of 5.5 or above. However, results form this paper suggest that
only "small" sized systems with an SPFSHP+ around 4 - 4.5 could be cost competitive.
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Abstract
The Austrian “Klima- und Energiefonds” started 2010 a funding program for the development and further market
penetration of large-scale solar thermal systems. The most interesting projects in terms of innovation were selected
for a system monitoring, analysis and optimization of about 12 months by a scientific partner. Since 2010 about
25 combined solar thermal and compression heat pump systems (STHP systems) were selected within this
framework and for eleven of these systems monitoring data is available. In this paper the selected systems are
categorized and findings from the monitored systems are presented. Therefore, the performance of the systems is
assessed with technical, economic and ecological parameters. In principle, the compression heat pump suits well
to the solar thermal system to generate low temperature heat for space heating purposes and hot water preparation.
The compression heat pump acts flexible and generates heat whenever the solar energy is not available. STHP
systems show also a very positive effect for reductions of environmental impacts. But lack of standards for
planning and realization leads to higher effort, higher risk and costs. Up to now the knowledge transfer by the
scientific partners to the market players is essential for the further development of this technology.
Keywords: large-scale solar thermal system, compression heat pump, monitoring

1. Introduction
The Austrian “Klima- und Energiefonds” introduced a funding program for large-scale solar thermal systems in
2010 for innovative solar thermal concepts of between 100 and 2000 m² collector area. In this funding program
the implementation of following concepts is addressed:
o
o
o
o
o

Solar process heat applications
Solar district heating systems
Solar cooling applications (until 2015)
Solar combisystems with high solar fractions of above 20 %
Novel technologies and innovative concepts (since 2013)

A scientific consultancy in the application phase for the funding program ensures the high quality of the addressed
systems. For the most interesting projects a system monitoring is done for a period of about 12 months. Therefore
operating data is continuously recorded and analyzed. Based on this analysis the heat generation systems (solar
thermal, heat pump, biomass, oil, etc.) and their controls as well as the heat distribution systems are optimized.
Any existing cold supply is analyzed, as well. Conclusions of the system monitoring and optimizations are
published.
Since 2010 about 25 combined solar thermal and compression heat pump systems (STHP systems) have been
funded and selected for the monitoring. For eleven of these systems monitoring data of the entire period is
available. In this paper the selected STHP systems are categorized and findings from the monitored STHP systems
are presented. In chapter 2 an overview and categorization is given. In chapter 3 an assessment of the STHP
systems by means of following parameters is shown:
o
o
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o
o
o

Seasonal performance factor (SPF) of the heat pump system
Operation time and number of operating cycles of the compression heat pump
Greenhouse gas impact measured by CO2 equivalents and primary energy consumption

In chapter 4 the results are summarized and a conclusion is given.

2. Overview and categorization
Solar thermal systems and compression heat pumps can be combined in many ways. The possibilities how to
combine these systems were analyzed and described within the IEA SHC Task 44 documented by (Paula 2014)
and (Ruschenburg and Herkel 2013). The main categories are “parallel”, “serial”, “regenerative” and “complex“
concepts. A short description of these four concepts is given in Tab. 1, Fig. 1 shows the energy flow schemes of
the four concepts.
Tab. 1: Short description of different STHP concepts and their functionality

Concept

Short description

Parallel

Heat from the solar system and the heat pump is fed in one heat storage. The solar system
and the heat pump work independent from each other, only coupled via the storage.

Serial

The solar system and the heat pump are hydraulically connected in a way, that the solar
system delivers heat to the evaporator of the heat pump. This concept allows low
temperatures in the solar system and the collectors act as air heat exchangers (ST+PV hybrid
collectors and unglazed collectors).

Regenerative

The solar system delivers heat into ground heat exchangers to regenerate the ground. In that
way heat from sunny periods is used in cold periods and the ground acts as seasonal storage.

Complex

Combination of parallel, serial and/or regenerative concepts.

Parallel concept

Serial concept

Regenerative concept

Complex concept

Fig. 1: Energy flow schemes of four STHP concepts by IEA SHC Task 44 (Paula 2014)
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Of the 25 selected systems (sum of dark and light blue bars in Fig. 1), 19 (76%) STHP systems can be assigned
as complex systems and six (24%) STHP systems as parallel systems. For eleven of the 25 selected STHP systems
the monitoring is already finished and monitoring data of the entire period of 12 months is available (dark blue
bars in Fig. 1). Ten of the monitored systems are complex systems and one system is a parallel system.
In realization

Mean specific solar gain - indirect

Mean specific solar gain - direct

Mean SPF
700

12

600

10

500

8

400

6

300

4

200

2

100

Specific solar gain (kWh/(m²a))

Number of systems, SPF (-)

Monitoring completed
14

0

0
With seasonal storage

Without seasonal storage

Complex STHP systems

Heat pump as auxiliary heater

Parallel STHP systems

Fig. 2: Classification of selected STHP systems and overall results

For further distinction and better overview including the functionality following subcategories are established (see
Fig. 1):
Complex STHP systems:
o
o

Systems with seasonal storage
Systems without seasonal storage

Parallel STHP systems:
o

Systems with heat pump as auxiliary heater

The subcategory „systems with seasonal storage“ covers systems with horizontal ground collectors and depth
probes. Heat from the solar system can be delivered to the ground and used by the heat pump. In “systems without
a seasonal storage” systems are summarized where the combination of solar thermal and compression heat pump
enables solar heat at the evaporator of the compression heat pump without a seasonal storage. Within the category
“parallel systems” a (brine-to-water or air-to-water) heat pump acts as auxiliary heater to the solar system.
14 systems are in implementation (light blue bars in Fig. 1), seven of these systems are covered by the category
“systems with seasonal storage”, two belong to “systems without seasonal storage” and five systems are “systems
with heat pumps as auxiliary heater”. In three of five “systems with seasonal storage” with finished monitoring,
the heat pump is used for heating and cooling and the seasonal storage is partly regenerated by the heat pump.
The following assessment covers only heating mode of the systems.

3. Assessment
For the assessment of the specific solar gains and the mean collector temperature two different operating modes
of the solar system are distinguished. The operating mode “direct” considers the solar gains and collector
temperatures in periods where the heat is directly delivered to the respective use (e. g. space heating or hot water
preparation) or to a short-term storage (i.e. buffer tank). The operating mode “indirect” includes solar gains and
collector temperatures in periods where the heat is given to the evaporator of the compression heat pump or to a
seasonal storage. The solar gains in the two operating modes are shown in Fig. 2, which also shows the mean
seasonal performance factor (SPF) of the heat pump. The SPF is the ratio of the useful heat taken from the
condenser of the compression heat pump divided by the electrical energy consumption of the compression heat
pump. It is typically analyzed to assess the efficiency of a heat pump and gives also a value for the assessment of
the economical operation. It was analyzed only for heating mode and not taking into account auxiliary devices
like circulation pumps due to the fact that auxiliary devices need not to be measured regarding the funding scheme.
All STHP systems with completed monitoring are analyzed and the results are given at Fig. 3 to Fig. 5 for each
subcategory. This graphs show the specific solar gains (direct and indirect operating mode), the mean collector
temperature (direct and indirect operating mode) and the SPF as most significant parameter of the heat pump.
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Fig. 3: Results of complex systems with seasonal storage

By means of the specific solar gains in ”direct” and ”indirect” operating mode different behavior of each STHP
system is presented. In all STHP systems heat from the solar system in ”direct” operating mode is generated at a
higher temperature level than in ”indirect” operating mode. The average of the mean collector temperature in
”indirect” operating mode is about 25 K lower than in ”direct” operating mode. With lower collector temperatures
the efficiency of the solar collector and the solar gain increases. In many cases heat at lower temperature cannot
be used directly and needs to be lifted by the compression heat pump. This operating mode causes an electrical
energy demand. The higher the difference of the temperature of the heat source to the heat sink of the heat pump,
the higher the electrical energy demand and lower the SPF.
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Fig. 4: Results of complex systems without seasonal storage

An optimization of the respective STHP system in consideration of diametrical optimization criteria (minimum
electrical energy costs, maximum reduction of CO2 emissions, etc.) is a sophisticated task and done by the
operators with different optimization targets and different framework conditions (e.g. storage sizes, collector area,
energy prices, etc.).
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Fig. 5: Results of parallel systems with heat pump as auxiliary heater. In this specific case an air-to-water heat pump is used.

2205

F. Helminger / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

The specific solar gain differs significantly within each category. Even if the configuration of the STHP systems
is similar within one category, each STHP system is planned, realized and operated individually (collector area,
storage size, orientation of solar collectors, heat demand, temperature level of consumers, etc.). Therefore, it is
not possible to give clear conclusions and generally applicable recommendations.
The monitoring results of the compression heat pumps are very good for almost all STHP systems, only at „OBI
Baumarkt Graz-Nord“ and „ETG Sonnenhaus“ the SPF is low. At these two STHP systems, the operating
conditions for the compression heat pumps are very unfavorable and therefore, a higher SPF cannot be reached.
At the STHP system „OBI Baumarkt Graz-Nord“ the ground collectors are placed below a parking area and are
not sufficiently insulated against outside air. The operating temperature of these ground collectors is very close to
the outside temperature and especially in winter lower than expected. At the STHP system „ETG Sonnenhaus“
the air-to-water heat pump is operated only in December and January with a very high temperature lift from
outside temperature to the heat delivery system.
The compression heat pump at the STHP system „Franziskanerkloster Graz“ was not operated during the
monitoring period and therefore, the SPF can not be calculated.
A continuous operation of the heat pump is generally an advantage for an economical use. To assess the continuity
of the heat pump operation of the STHP systems the yearly operation period, the mean operation period per
activation in the monitoring year, the mean operation period per activation in the month with longest operation
period and the number of activations per year are compared in Tab. 2. The mean operation period per activation
in the monitoring year is between ten minutes and about ten hours. Very short operation periods per activation
have negative consequences for the lifetime of the compressor(s) of the heat pump (lubrication gap has to be built
up), and for the SPF, because on start up (takes at least one minute) the efficiency is lower than in steady state
operation. Mean operation periods below 30 minutes are disadvantageous, but can not be avoided due to varying
energy demands.

Heat pump as
auxiliary heater

Systems without
seasonal storage

Systems with
seasonal storage

Tab. 2: Analysis of activation periods and number of activations of the compression heat pump

Yearly
operation
period (h)

Mean operation
period per
activation in the
monitoring year
(min)

Mean operation
period per activation
in the month with
longest operation
period (min)

Number of
activations
per year

Easy Life Schütz

2790

90

62

1868

Stihl Vertriebszentrum

790

44

63

1074

OBI Baumarkt Graz-Nord

313

14

21

1349

Dorfvilla "alles anders"

1887

176

206

644

Trotec Marchtrenk

1113

43

69

1536

Brandnertal Gastronomie

570

10

10

3552

Pfarrzentrum Rif

1067

24

32

2721

Ökoenergiepark Bergheim

3055

114

371

1609

Franziskanerkloster Graz

No heat pump operation during monitoring period

Salzburg Lehen

3744

567

781

396

ETG Sonnenhaus

146

194

182

45

Fig. 6 shows the results given in Tab. 2 and emphasises that due to different applications of the STHP systems
and different share of energy from the solar system and the compression heat pump, a wide range of operation
periods occured in the monitored systems. An example with continuous operation of the heat pump is given in
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”Salzburg Lehen”, where the yearly operation period is long (3750 hours, about 5 month). The main reason for
this behavior is that the capacity of the STHP system is very low compared to the energy demand. The STHP
system covers a part of the base load, therefore, it is activated continuously.

Mean operation period per activation of the monitoring year (min)

Mean operation period per activation of the month with longest operation period (min)

Number of activations per year (-)

Operation period (h),Nnumber of activations (-)

Yearly operation period of compression heat pump (h)

3960

990

3600

900

3240

810

2880

720

2520

630

2160

540

1800

450

1440

360

1080

270

720

180

360

90

Mean operation period per activation (min)

During monitoring periods numerous improvement measures were implemented in the considered STHP systems.
In some cases, due to planning mistakes (e.g. dimensioning of storage), just small improvements were possible.
High effort would be necessary to correct such planning mistakes. In some STHP systems the heating capacity of
the compression heat pump is too high compared to the energy demand or the storage size. This leads to short
activation periods of the compression heat pump, because the compression heat pump is deactivated when the
storage is loaded and no heat is needed. The dimensioning of the compression heat pump has to be done according
to standards and is calculated to cover the energy demand at the coldest day of the year. To compare STHP systems
the mean operation period per activation is assessed, on the one hand for the monitoring year and on the other
hand for the month with the longest operation period. The mean operation period of the month with the longest
operation period is normally longer than the mean operation period of the monitoring year. Only for the STHP
systems „Easy Life Schütz“ and „ETG Sonnenhaus“ the mean operation period of the monitoring year is longer
than the mean operation period of the month with the longest operation period. At both STHP systems the reason
is the specific use of the buildings. The mean operation period should be longer than about 45 to 60 minutes.
Otherwise, a compression heat pump with less capacity would be sufficient to cover the energy demand. Looking
at the past years, the lowest outside temperature of each year was rising. Therefore, the nominal capacity of the
overall heating system is rarely needed, the heating system is operated in partial load, and operating periods are
shorter. A bigger but more expensive energy storage could improve the situation and lead to lower electrical
energy demand of the heat pump.

0

Systems with seasonal storage

Systems without seasonal storage

ETG Sonnenhaus

Salzburg Lehen

Ökoenergiepark Bergheim

Pfarrzentrum Rif

Brandnertal Gastronomie

Trotec Marchtrenk

Dorfvilla "alles anders"

OBI Baumarkt Graz-Nord

Stihl Vertriebszentrum

Easy Life Schütz

0

Heat pump as
auxiliary heater

Fig. 6: Operation periods and activations of compression heat pump

STHP systems enable a reduction of negative environmental impacts (CO2 emissions, primary energy
consumption, etc.) compared to heating systems operated with fossil fuels. An ecological assessment of the yearly
reduction of CO2 equivalents and primary energy consumption was done by comparing the monitoring results to
a reference scenario. Therefore, following assumptions were made:
o
o

As reference scenario a gas boiler with 96 % efficiency was chosen.
At STHP systems without any additional heating system (listed below) it was assumed that the gas boiler
delivers the overall energy demand without storage losses.
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Easy Life Schütz
Dorfvilla "alles anders"
ETG Sonnenhaus
o

Stihl Vertriebszentrum
Trotec Marchtrenk

OBI Baumarkt Graz-Nord
Pfarrzentrum Rif

At STHP systems with additional heating systems (listed below) it was assumed that just the energy
delivered from the solar system and the heat pump is compared to the reference.
Brandnertal Gastronomie

Ökoenergiepark Bergheim

Salzburg Lehen

This assumption neglects that the behavior of the additional heating systems is affected by the operation
of the STHP system and the reference. At these STHP systems the heat pump operates as a booster and
lifts low temperature heat to heat at temperature levels used by the heat consumers. It is neglected that the
additional heating systems have an influence to the ecological emissions. As this paper wants to present
the effect of the STHP systems, all these neglections cause a simplification of the analysis.
o The electrical energy consumption of auxiliary devices of the STHP systems was estimated out of the
monitoring results as it was not measured. The electrical energy consumption of the auxiliary devices was
assumed to be 3.5 % of the electrical energy consumption of the compression heat pump of each STHP
system.
o At the STHP system “Franziskanerkloster Graz” the heat pump was not activated during the monitoring
period. As there is an additional heating system, just the solar heat delivered to the entire system is
compared to the reference. The electrical energy consumption of the auxiliary devices was assumed to be
3.5 % of the solar heat delivered to the entire system.
The CO2 equivalents and primary energy consumptions for Austria and EU-25 (abbreviated EU) were determined
for the reference scenario and the monitored STHP systems (see Tab. 3 and Tab. 4). Following factors from (ÖkoInstitut Freiburg) were used:
o
o
o
o
o
o
o
o

Greenhouse gas emissions to air – CO2 equivalent for natural gas in Austria
Greenhouse gas emissions to air – CO2 equivalent for natural gas in EU
Greenhouse gas emissions to air – CO2 equivalent for electrical energy in Austria
Greenhouse gas emissions to air – CO2 equivalent for electrical energy in EU
Resource requirements – primary energy consumption ratio for natural gas in Austria
Resource requirements – primary energy consumption ratio for natural gas in EU
Resource requirements – primary energy consumption ratio for electrical energy in Austria
Resource requirements – primary energy consumption ratio for electrical energy in EU
Tab. 3: Yearly reduction of CO2 equivalents using emission factors for Austria and EU, respectively

Yearly reduction of CO2 equivalents (t)

Systems with seasonal
storage

Systems without seasonal
storage

Heat pump as auxiliary
heater
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Austrian energy mix

EU energy mix

Easy Life Schütz

7.58

6.59

Stihl Vertriebszentrum

44.05

38.34

OBI Baumarkt Graz-Nord

91.01

73.94

Dorfvilla "alles anders"

14.30

14.55

Trotec Marchtrenk

38.14

40.47

Brandnertal Gastronomie

4.07

3.65

Pfarrzentrum Rif

9.71

9.83

Ökoenergiepark Bergheim

312.18

311.55

Franziskanerkloster Graz

20.10

21.27

Salzburg Lehen

239.60

242.02

3.93

4.05

ETG Sonnenhaus
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Tab. 4: Yearly reduction of primary energy consumption using consumption factors for Austria and EU, respectively

Yearly reduction of primary energy
consumption (MWh)

Systems with seasonal
storage

Systems without seasonal
storage

Austrian energy mix

EU energy mix

Easy Life Schütz

29.82

19.46

Stihl Vertriebszentrum

173.35

113.07

OBI Baumarkt Graz-Nord

336.16

165.41

Dorfvilla "alles anders"

65.06

63.91

Trotec Marchtrenk

180.44

191.94

Brandnertal Gastronomie

16.47

11.81

Pfarrzentrum Rif

43.95

42.70

Ökoenergiepark Bergheim

1394.78

1316.76

Franziskanerkloster Graz

94.84

100.40

1082.62

1048.22

18.09

18.22

Salzburg Lehen
Heat pump as auxiliary
heater

ETG Sonnenhaus

The results of the assessment shown in Tab. 3 and Tab. 4 vary in a wide range due to the fact that the heat demands
of the STHP systems are very different. The ecological improvement was additionally analysed by a comparison
of relative improvements of each STHP system. Therefore, the ratio of the yearly reduction of emissions and
primary energy consumption of the monitored STHP systems to the CO2 emissions and primary energy
consumption of the reference scenario was determined and is shown in Fig. 7 for CO2 equivalents and in Fig. 8
for primary energy consumption. In both graphs the grey bars represent the reduction, if the STHP system was
powered by the EU energy mix and the dark red bars represent the reduction, if the STHP system was powered
by the Austrian energy mix. The reduction of CO2 equivalents is between 40 % and 96 % for the EU energy mix,
and between 53 % and 97 % for the Austrian energy mix. The reduction of primary energy consumption is
between 19 % and 95 % for the EU energy mix, and 41 % and 96 % for the Austrian energy mix.
Yearly reduction of CO2 equivalents - EU energy mix

Yearly reduction of CO2 eqivalents - Austrian energy mix

100%
90%
80%
70%
60%
50%
40%

30%
20%
10%

Systems with seasonal storage

Systems without seasonal storage

ETG Sonnenhaus

Salzburg Lehen

Franziskanerkloster Graz

Ökoenergiepark Bergheim

Pfarrzentrum Rif

Brandnertal Gastronomie

Trotec Marchtrenk

Dorfvilla "alles anders"

OBI Baumarkt Graz-Nord

Stihl Vertriebszentrum

Easy Life Schütz

0%

Heat pump as
auxiliary
heater

Fig. 7: Yearly reduction of CO2 equivalents (Austrian and EU energy mix, respectively) by use of STHP systems compared to a gas
boiler
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Yearly reduction of primary energy consumption - EU energy mix

Yearly reduction of primary energy consumption - Austrian energy mix

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

Systems with seasonal storage

Systems without seasonal storage

ETG Sonnenhaus

Salzburg Lehen

Franziskanerkloster Graz

Ökoenergiepark Bergheim

Pfarrzentrum Rif

Brandnertal Gastronomie

Trotec Marchtrenk

Dorfvilla "alles anders"

OBI Baumarkt Graz-Nord

Stihl Vertriebszentrum

Easy Life Schütz

0%

Heat pump
as auxiliary
heater

Fig. 8: Yearly reduction of primary energy consumption (Austrian and EU energy mix, respectively) by use of STHP systems
compared to a gas boiler

4. Conclusion
The number of STHP systems within the framework of the funding program for large-scale solar thermal systems
was increasing in recent years. Eleven systems are realized and monitoring results are available, additional 14
systems are selected and should be realized within coming years.
In principle, the compression heat pump suits well to the solar thermal system to generate low temperature heat
for space heating purposes and hot water preparation. The compression heat pump acts flexible and generates heat
whenever the solar energy is not available. STHP systems show also a very positive impact for reductions of
environmental impacts.
Although experience in STHP systems is available for planers, installers, operators, and owners, the lack of
standards for planning and realization leads to higher effort, higher risk and costs. Up to now the knowledge
transfer from the scientific partners to the market players is essential for the further development of this
technology. Within the framework of the funding program some planers with long-time experience apply for
funding, but also planers with no or nearly no experience take part. For both groups tools, standards and guidelines
for STHP systems would lower costs and risks. As the STHP systems are mainly composed for the individual
situation, a detailed simulation is advantageous. Some of the planers do not take care of this and therefore the risk
for mistakes and dissatisfaction occurs.
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Abstract
Silicon enriched zeolites of type DAY (dealuminated Y) have been investigated by BET-Isotherm
measurements, infrared spectroscopy, thermogravimetric and water sorption measurements with respect to their
characterization of crystal state and water uptake properties. Variation of the adsorption behavior of samples is a
result of a steaming process at different temperatures in dependence of time. It was found that different Si/Al
ratios affects the typical characteristic of the silicon enriched zeolites, relating to their ad- and desorption
temperatures. In comparison with other usual DAY zeolites it was found a different microporous and
mesoporous hierarchy of the pore system. As a result of the steaming process, the silicon enriched zeolites
enable more possibilities of low temperature application under specific conditions.

Keywords: dealumination; water adsorption; zeolites; adsorption heat pump; thermal adsorption storage

1. Introduction
In recent years more and more new materials have been developed which are specifically adapted for
applications in solar driven heat pumps or thermal adsorption storage processes. But actually low-temperature
heat pumps gain in importance, due to the increasing necessity to provide cold in industrial processes. It is well
known that thermally driven heat pumps are ecological much more efficient in comparison with electrically
operated heat pumps. In conjunction with the use of renewable energies it is even possible to develop such a
system as carbon-neutral alternative. Quite expensive materials such as silicoaluminophosphates (SAPO) find
application in adsorption heat pumps which depend upon low-temperature heat for regeneration
aluminiumphosphates (ALPO) have proven their operational capability in low-temperature heat pump
applications, too. But silica gel is still most commonly used in those applications due to its low price. On basis
of previous results, which have shown that dealuminated Y zeolites [1, 2] are possible substitutes for SAPO’s
and ALPO’s, we redesigned the adsorption affinity of DAY zeolite to a bigger operating range for water vapor
pressures level and capacity that it is actually needed in the process. This way offers the possibility to substitute
materials of nearby all types.
From catalysis it is well known that a post-synthesis modification of zeolites by hydrothermal treatment [3]
reduces the lattice aluminum concentration and improves the thermal stability and catalytic performance. A
partial dealumination of the parent zeolite Y by steaming reduces the hydrophilic character of the zeolite as well
as leads to a lower energy for water desorption. The observed healing process of the aluminium framework
defects by silicon building units reduces the loss of microporous sorption volume.
The aim of this contribution is therefore to describe more in detail the steaming process and its influence on the
water adsorption properties of DAY with respect to optimized adsorption/desorption heats and the influence on
the secondary pore system hierarchy.
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2. Methods and materials
The adsorption properties of the potential heat pump application materials have been studied by different
thermogravimetric methods (TG/DTA), the TG-programs for the H2O desorption measurements started at 298 K
and then followed by a heating range with 3 K/min up to temperature of 723 K, in permanent N 2 current of 1l/h.
The samples where preconditioned for 48 h, at temperature of 298 K in a p/ps=0,33 water atmosphere.
The investigated samples were also studied by gravimetric isotherm measurements using a McBain-Bakr quartz
spring balance (tempered at 303 K). The high vacuum glass apparatus works in a pressure range between 10 -5 up
to 1013 mbar and in a temperature range between - 253K up to + 368K (± 0.1K). The apparatus has a measuring
sensitivity of 4 mg / mm, with a amplitude of 0.01 mm measured with a Cathetometer. The minimum sample
value is between 150 and 100 mg.
The BET nitrogen isotherms of the different DAY and parental NaY samples were measured with a
Quantachrome NOVAe 2000e after outgassing the samples at a temperature of 623 K for minimum 2h.
The DAY samples were obtained by a steam treatment at 1 bar water pressure and temperatures of 673 K up to
973 K in dependence on time (1-5 h). The parent NaY zeolite with a framework Si/Al ratio of 2.6 was
introduced into the active NH4Y modification by ion-exchange. The resulting framework Si/Al ratios were
characterized by infrared spectroscopic measurements using the specific double-ring vibration band at 278 cm-1
for the parent NaY sample for calculation.

3. Results and discussions
In Table 1 the chemical composition and adsorption capacity of the DAY samples are presented. For better
overview and understanding the results of the parent zeolites NaY (Grace), SAPO-34 and Silica gel are included
are presented, too. A moderate dealumination up to Si/Al=3.4 doesn’t have a strong influence on the adsorption
capacity, which is still comparable the reference materials that are used for heat pump applications actually. At
higher Si/Al-ratios the water sorption capacity is reduced, for desorption temperatures up to 523 K. In contrast,
the influence on the BET surface is quite strong. It depends on the operating temperature and healing time that
is given during the synthesis. For the optimized synthesis condition process it is necessary to find a perfect
combination of the three conditions temperature, healing time and Si/Al ratio.

Tab. 1: Si/Al-ratio and adsorption capacity of 48h in RH=33% (p/ps=0.33; 20.45 mbar partial water vapor pressure) conditioned
samples, desorbed up to a temperature of 723 K, BET Surface.
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Sample

Dealumination conditions

Si/Al

Adsorpt. capacity in g/g

BET Surface in m²/g

DAY1

673K; 1h

2.8

0.32

DAY2

673K; 3h

3.1

0.31

DAY3

773K; 1h

3.4

0.30

623

DAY4

773K; 3h

3.8

0.29

578

NaY

2.6

0.32

684

SAPO-34

-

0.30

630 - 650

Silica gel

-

0.20

600 - 700
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From Fig.1 (see below) it is easy to find out, that the steaming process has a positive influence on the desorption
capability of the modified Y-type zeolites. In spite of the difference of the desorption level that is reachable at
120°C by DAY2 and SAPO-34, the desorption kinetics of DAY2 seems to be better, due to the steeper slope of
the TG-curve at the beginning.

adsorbed amount in g/g

0,4

0,3

0,2

0,1

0
0

100

200
temperatur in °C
DAY2
SAPO34

NaY

300

400
Silica gel

Fig. 1: Thermogravimetric profiles of the parent Y-zeolite, the dealuminated forms of Y-zeolite (DAY2) , SAPO34 and silica gel.

The low angel of the presented thermogravimetric profiles at a temperature above 200 °C is without interest for
the relevant regeneration temperatures of those materials. But the clear shift from the light purple parental NaY
to the dark red DAY2 curve shows that the dealuminating steaming process gives the opportunity to lower the
regeneration temperature level and related to that the desorption time and performance of such a material.

adsorbed amount in g/g

0,40

0,30

0,20

0,10

0,00
0,00001

0,0001

0,001

0,01

0,1

1

p/p0
NaY

DAY2

SAPO34

Fig. 2: Water isotherms of zeolite NaY, the dealuminated form of a Y-type zeolite and the zeotype SAPO-34 at 298 K.

The adsorption isotherms shown in Figure 2 of DAY2 and SAPO-34 show a similar beneficial steep rise in the
usual working range for low temperature heat pimp applications. This results through the dealumination of the
parental Y type zeolite (NaY). The Figure 2 gives also information about the position of the water isotherms of
the dealuminated zeolite and the SAPO-34 compared with the parent NaY. As it can be seen, the DAY2
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isotherm is shifted towards the SAPO-34 isotherm into the pressure interval between 0.01-0.3 mbar as the heat
pump needs for low temperature applications.

Fig. 3: Nitrogen isotherm of the parental NaY zeolite measured with a Quantachrome NOVAe 2000e after outgassing the samples
at a temperature of 623 K for minimum 2h.

The influence of the dealuminting steaming process on the inner pore system of the Y-type zeolite is proven
with the measurements given in Fig. 3 and 4 and the results illustrated in Table 2.The microporous inner pore
structure is dissolving partly, through the influence of free H 3O+ molecules, provided by the steaming process.
Those molecules are able to remove the alumina part of the faujasite structure, in result the adsorption capacity
is degrades slightly (see Tab. 1), the transformation of secondary pore system at the surface to a larger average
diameter, has a positive influence on the mass transfer in and out of the material itself. Which explains the
observed shift of the desorption temperature to the lower temperatures in Fig. 1. and a previous observation that
the dealumination process improves the adsorption kinetic (not shown).

Fig. 4: Nitrogen isotherms of DAY3 zeolite measured with a Quantachrome NOVAe 2000e after outgassing the samples at a
temperature of 623 K for minimum 2h.
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Tab. 2: BET surface, pore diameter (BJH), pore volume (BJH), pore volume (p/p 0 = 0.97), micropore volume (t-Plot)
micropore surface (t-Plot)

parameter

NAY

DAY3

DAY4
4

unit

684 ± 20

623 ± 20

578 ± 20

m² g-1

pore diameter (BJH)

3,6

4,0

3,8

nm

pore volume (BJH)

0,49

0,40

0,48

cm3 g-1

pore volume (p/p0 0,97))

0,39

0,41

0,38

cm3 g-1

micropore volume (t--Plot)

0,31

0,28

0,23

cm3 g-1

micropore surface (t--Plot)

629

539

463

m² g-1

BET surface

As it is shown in Table 2 the influence of the streaming process on the BET surface is quite strong. It depends
on the operating temperature and the so called healing time (time for regenerating the disturbed inner lattice
structure) that is given during the dealumination. For the optimized synthesis condition process it is necessary
to find a perfect combination of the three conditions temperature, healing, time and Si/Al ratio (see Table 1).

4. Conclusions
The optimized post synthesis steaming process seems to be a powerful tool to tailor the hydrophilic character
and the inner structure of Y-type zeolites and to reach the special needs of nearby all kind of heat pumps and
storages.
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Abstract
The combination of solar thermal and heat pump (STHP) systems is a promising hybrid concept for the efficient
and sustainable energy supply of buildings. In general, the modeling and simulation of such complex energy
systems is a challenging task as it requires expert knowledge in modeling as well as in the behavior of the real
systems. As an alternative to the complex and lengthy general modeling process, a TRNSYS-based stand-alone
tool is presented which enables users to analyze different predefined SHP concepts with hardly any knowledge in
modeling and simulation itself. The predefined STHP concepts are explained in detail and the simulation results
for a comparison of the performance of different system concepts are presented. The predefined systems are
ground or air source heat pump systems with or without parallel integration of solar thermal collectors. In addition
to earlier work, these system concepts are extended by solar thermal and ice storage heat pump systems. On the
one hand, the simulation results show that in case of moderate climate and new as well as renovated buildings,
solar thermal and air source heat pump systems can compete with ground source heat pump systems without solar
integration and can achieve the same or even higher values of seasonal performance factors. On the other hand,
the results show that solar thermal and ice storage systems are efficient solar thermal heat pump systems, which
can achieve higher SPFs than air source heat pump systems and for new buildings even SPFs in the range of
ground source heat pump systems. Furthermore, this contribution shows the advantages and the possible
performance improvements by parallel integration of solar collectors in different system concepts.
Keywords: modeling, simulation, solar thermal, heat pumps, combined systems, performance, TRNSYS

1. Introduction
The combination of solar systems and heat pumps (HP) is a promising hybrid concept for the efficient energy
supply of buildings. The notion combined solar and heat pump (SHP) system comprises basically all combinations
of these systems, including photovoltaic (PV) and solar thermal (ST) systems. Combined solar thermal and heat
pump (STHP) systems only comprise combinations with ST integration. Depending on the heat source of the HP,
STHP systems can be divided in systems with ground source (SGSHP), air source (SASHP), ice storage (SISHP)
and others, like combined solar and water source or waste heat source HP systems. Independently of the heat
source of the HP, the systems can be classified in parallel, serial and regenerative system concepts by the
interaction between ST system and HP (Frank et al., 2010). Parallel systems (fig. 1a) are systems with independent
supply of useful energy for space heating (SH) and/or domestic hot water (DHW) preparation by the ST system
and the HP. Serial systems (fig. 1b) are systems in which the ST system is used as heat source of the HP.
Regenerative system concepts (fig. 1c) are systems in which the ST system is used for the regeneration of the main
source of the HP, usually the ground. Furthermore, there is the possibility to combine these system concepts, as
individual concepts do not exclude each other (Frank et al., 2010; Ruschenburg and Herkel, 2015). The
classification in parallel, serial and regenerative system concepts (or combinations) can be indicated with -P, -S
and -R at the end of the abbreviation of the general STHP concept, e.g., SGSHP-P means parallel combined solar
thermal and ground source heat pump systems.
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During the past decade, a wide range of combinations of these systems entered the market. A statistical analysis
on market-available STHP systems can be found in Ruschenburg et al. (2013) and Ruschenburg and Herkel (2013,
2015). As a main result, parallel systems were identified as the market-dominating system concepts with a
proportion of 61% of the surveyed systems (Ruschenburg et al., 2013). Hence, the following investigations will
focus mainly on parallel STHP systems with ground or air source HP and on HP systems without ST collectors.
As addition, (serial and serial plus parallel) concepts with ice storage systems will be considered as solar only
concept without additional heat source.

a) parallel

b) serial

c) regenerative

Fig. 1: Classification of solar thermal and heat pump systems in parallel, serial and regenerative system concepts

The variety of possible investigations on SHP systems requires well-validated simulation tools. One possibility to
simulate these systems is the use of the simulation environment TRNSYS. Model design in TRNSYS is a complex
task, which requires expert knowledge in different fields. The objective of this work, based on the former
contributions published in Jonas et al. (2017a, 2017b, 2017c), is the development of a user-friendly TRNSYSbased simulation tool (SHP-SIMFRAME) which can be used for the simulation and the model-based analysis of
different SHP concepts. In Dott et al. (2013) and Haller et al. (2013a), the International Energy Agency (IEA)
Solar Heating and Cooling Programme (SHC) Task 44 / Heat Pump Programme (HPP) Annex 38 defined
boundary conditions for a better comparability of results of STHP system simulations, which are also implemented
in the simulation tool of this contribution (see section 3). At present, the tool contains four predefined STHP
systems (GSHP, ASHP, SGSHP-P, SASHP-P). However, it will be expanded by SISHP systems and PV systems
to analyze SHP concepts for heat and electricity supply of buildings. Overviews of simulation results of STHP
systems within the IEA SHC Task 44 / HPP Annex 38 were provided by Haller et al. (2014, 2015). The authors
presented summaries of simulations which were performed by different authors and different simulation platforms
using the boundary conditions of IEA SHC Task 44 / HPP Annex 38. Investigations focused on SGSHP-P and
SASHP-P systems can be found in Carbonell et al. (2014a, 2014b), Jonas et al. (2017a) and Poppi et al. (2016).
In the following sections, the system concepts (section 2) and the model design in TRNSYS as well as the
developed TRNSED application (section 3) will be explained in detail. This is followed by a simulation study of
the considered STHP concepts (section 4). Finally, section 5 provides the main conclusions and an outlook on
further work.

2. System concepts
Fig. 2 shows the considered system concepts without ST collector integration (fig. 2a) and with parallel ST
collector integration (fig. 2b) regardless of the heat source of the HP. The GSHP system consists essentially of a
brine/water HP with borehole heat exchanger as heat source and a buffer storage tank as heat sink of the HP. The
buffer storage tank is used for the energy supply of the SH system and the heat exchanger for DHW preparation.
The HP charges the buffer storage tank in two different zones. The lower and middle zones of the storage are used
for the SH circuit, the upper zone supplies the DHW circuit on a higher temperature level. Depending on the
current demands, the heating by the HP is switching to the different zones with priority on DHW preparation. The
SGSHP-P system corresponds to the GSHP system with additional solar loop. The solar collectors supply the
buffer storage with solar energy via two internal heat exchangers depending on the current solar collector outlet
temperature. If the temperature of the solar collectors is high enough, the upper heat exchanger is charged and the
return of the upper heat exchanger is used as input for the lower heat exchanger. Otherwise, the solar collectors
supply only the lower heat exchanger with solar energy. The advantage of this solution is to supply the upper
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DHW zone of the storage with solar energy on a high temperature level, if possible, and thus avoid storage mixing
and exergy losses and achieve better storage stratification. The ASHP system and the SASHP-P system correspond
to the GSHP and SGSHP-P systems with a replacement of the GSHP by an ASHP. The SISHP-S systems
correspond to the GSHP system with a replacement of the borehole heat exchanger by an ice storage, which is
charged by solar absorbers, as heat source of the HP. The SISHP-S+P concept corresponds to the SISHP-S system
with additional solar loop using solar collectors for the direct supply of the buffer storage tank (indicated by “S+P” instead of “-S,P” which could be used for concepts with switching of solar absorbers from heat source to
direct buffer storage (heat sink) charging).
Space
Heating

DHW

DHW
Solar Collectors

Space
Heating

Heat Source
(ground, air or ice
storage)

Heat Source
(ground, air or
ice storage)
Heat Pump

Heat Pump
Buffer Storage
Tank

Buffer Storage
Tank

a) GSHP, ASHP and SISHP-S

b) SGSHP-P, SASHP-P and SISHP-S+P
Fig. 2: STHP system concepts

According to the approaches in Frank et al. (2010) and Ruschenburg and Herkel (2015), visualizations of the
energy flows of the considered STHP system concepts are shown in fig. 3. At this, flows of final energies, which
are obtained externally (like electricity as driving energy for the HP), are shown on the left boundaries of the flow
charts. The environmental energy sources (like sun, ground or ambient air) of the HP and the ST systems are
shown on the upper boundaries. The useable energy output of the system (e.g. for SH or DHW preparation) is
placed on the right boundaries. The system components (like HP, ST collectors or absorbers, thermal storages on
the source or sink side of the HP and backup heating systems) have fixed positions and are highlighted if existing
in the respective concepts. In case of the considered system concepts, the ST collectors (flat-plate collectors), the
solar absorbers (uncovered collectors), the source side storage (ice storage), the HP and the sink side storage
(buffer storage) are highlighted as well as the used environmental energy sources (sun and ambient air or ground).
In addition, the electricity used as driving energy for the HP is highlighted as well. The energy flows between the
components are shown as connections in the flow chart. The distinction between various carrier media is indicated
by different types of lines.
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Fig. 3: Visualization of energy flows in the considered solar thermal and heat pump system concepts

3. Model design and simulation framework
3.1 Background
The aim during the development of the TRNSED application SHP-SIMFRAME was to create a tool, which can be
used for the simulation of SHP systems with hardly any knowledge in modeling or programming. The tool should
be a user-friendly framework which can be used to perform parameter studies and analyses of SHP systems (e.g.
for different locations and/or buildings) or test individual components (e.g. ST collectors or HPs) for the use in
SHP systems by editing the component specific parameters and data sets. In its latest version, SHP-SIMFRAME
contains GSHP, ASHP, SGSHP-P and SASHP-P system models. In future work, the tool will be expanded by
SISHP systems including the TRNSYS models used for the simulation study of this contribution. Furthermore, as
the name “SHP”-SIMFRAME implies, it will be extended by electrical solar energy (PV and PV thermal) systems
to analyze SHP concepts for the heat and the electricity supply of buildings.

3.2 TRNSYS models
The simulation models of the main system components, especially the SHP system components, in TRNSYS are
summarized in tab. 1. For a better structure and a higher level of modularity and flexibility, the TRNSYS model
is divided in the subsystems Reference System and Storage, SHP and SHP Control. The subsystems include
TRNSYS equation blocks, which are used as inputs and outputs of the subsystems for their connection via
variables (see Kuethe et al., 2008). The subsystem Reference System and Storage include the reference system of
the IEA SHC Task 44 / HPP Annex 38 (including boundary conditions and building model) and the MultiportStore Model Type 340. General boundary conditions contain weather data for three different locations which
represent warm (Athens), moderate (Strasbourg) and cold (Helsinki) climates (Meteonorm, 2009)1 and ground
properties for the simulation of ground coupling losses of the building and ground heat exchangers (Haller et al.,
2013a). Within the reference framework, three different buildings are defined. The different buildings represent
single-family houses (SFH) with heat loads for SH of 15 kWh/m²a (SFH15), 45 kWh/m²a (SFH45) and
100 kWh/m²a (SFH100) for the climate of Strasbourg. SFH15 represents a new building with very high energetic
quality, SFH45 a renovated building with good thermal quality of the building envelope and SFH100 a nonrenovated existing building. The boundary conditions also include the design supply and return temperatures of
the heat distribution system for SH for the different locations and buildings (Dott et al., 2013) as well as the DHW
draw off profiles. The DHW draw off profiles correspond to an average draw off of 140 l per day with a draw off
temperature of 45 °C and are equivalent to an energy consumption for DHW preparation of 5.845 kWh/d with a
cold water temperature of 10 °C. According to the boundary conditions of IEA SHC Task 44 / HPP Annex 38, the
borehole heat exchangers are simulated as double-U pipes. The main properties of the borehole heat exchangers

1

The permission of Meteotest for using Meteonorm climate data for simulations within the IEA SHC Task 44 / HPP Annex 38 is gratefully
acknowledged.
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are also defined within the framework (Haller et al., 2013a). The annual heat loads for SH (QSH ) and DHW
preparation (QDHW ) for the climate of Strasbourg and the different buildings are summarized in tab. 2. Further
information on the reference system, boundary conditions and building models can be found in Dott et al. (2013)
and Haller et al. (2013a, 2015).
Tab. 1: TRNSYS models of the main system components
Component

TRNSYS Model

Building

Type 56 (TRNSYS, 2014)

Solar collector / absorber

Type 832 (Haller et al., 2013b)

Compressor HP

Tab. 2: Annual heat loads for SH and DHW preparation
Location

Building

Strasbourg

SFH15

Type 401 (Wetter and Afjei, 1997)

Borehole heat exchanger
Buried ice storage tank

Type 557a (TESS, 2014)
Type 343 (Hornberger, 2006)

Multiport storage tank

Type 340 (Drück, 2006)

Single speed pump

Type 3d (TRNSYS, 2014)

Variable speed pump

Type 803 (Heimrath and Haller, 2007)

Pipe

Type 31 (TRNSYS, 2014)

Bi-directional noded pipe
Buried noded pipe

Type 604a (TESS, 2014)
Type 952 (TESS, 2014)

Flow diverter

Type 11f (TRNSYS, 2014)

Tee-piece

Type 11h (TRNSYS, 2014)

QSH

QDHW

[kWh/a]

[kWh/a]

2474

2076

SFH45

6476

2076

SFH100

14031

2076

In general, the SHP subsystem includes the HP and the heat source models. In case of GSHP systems, the
subsystem contains the components for the heat source circuit, the brine/water HP, the pump for buffer storage
charging and the pipes from the HP to the storage. The heat source circuit consists of the vertical borehole heat
exchanger, the heat source pump, buried pipes and an additional circuit with adiabatic pre-pipe in front of the input
of the borehole heat exchanger. The adiabatic pre-pipe is used for a better representation of the short-term behavior
of the borehole heat exchanger in the simulation due to missing short-term heat capacity effects of Type 557. More
information on the pre-pipe concept, the model validation and parameterization rules can be found in
Bertram (2015) and Pärisch et al. (2015). In case of ASHP systems, the subsystem includes the air/water HP, the
pump for buffer storage charging and the pipes from the HP to the storage. In case of SISHP-S systems, the
subsystem contains the components for the heat source circuit, the brine/water HP, the pump for buffer storage
charging and the pipes from the HP to the storage. The heat source circuit consists of the buried ice storage tank
model, the heat source pump to the HP, buried pipes and an additional solar absorber circuit with solar absorber
circuit pump and pipes from the solar absorber to the ice storage tank for ice storage charging. Furthermore, in
case of systems with parallel ST (flat-plate collectors) integration (SGSHP-P, SASHP-P and SISHP-S+P), the
subsystems contain an additional solar loop with ST collectors, solar circuit pump and pipes from the solar
collectors to the buffer storage. Using the example of a SGSHP-P (fig. 4a) and a SISHP-S (fig. 4b) system, the
subsystem SHP is shown graphically in fig. 4. The subsystem SHP control includes the control of the HP and ST
system and consists of a combination of differential controllers (Type 2b) and equation blocks. Due to their
simplicity, the subsystems of SHP control are not shown graphically. The used control strategies and
parametrization possibilities are described in section 3.3.
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Fig. 4: TRNSYS Subsystem SHP
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3.3 TRNSED application
The developed TRNSED application for the simulation of SHP systems are based on the TRNSYS models
illustrated in section 3.2. In addition to a navigation page (see fig. 5a) as initial interface, the tool consists of the
submodules Simulation Parameters, Climate and Building, Solar Collectors (in case of ST integration), Heat
Pump (and Ground Source in case of GSHP, SGSHP-P), Storage Tank, Controllers and Outputs for the
parameterization of the simulation models. The submodules of the tool and the assignments to the TRNSYS
subsystems mentioned before are illustrated in fig. 5b. In future work, an Ice Storage submodule will be added for
the simulation of SISHP-S and SISHP-S+P systems.

SHP-SimFrame
General Information and Reference System

Simulation
Parameters

Climate and
Building

Outputs

Solar
Collectors

Storage Tank

SHP and Storage

Heat Pump
(+ Ground Source)
SHP Control

Controllers

a) Navigation page, example: SGSHP-P

b) Submodules

Fig. 5: TRNSED application as stand-alone tool

The submodule Simulation Parameters can be used to set general simulation parameters like the simulation time
step and length depending on the simulation requirements. The submodule Climate and Building allows the user
to choose the pre-defined climate data (Helsinki, Strasbourg and Athens) and the building type (SFH15, SFH45,
SFH100) from a pull-down menu. The Outputs submodule contains a selection of predefined outputs, which can
be selected for the graphical (plotter) and data file (printer) based evaluation of the simulation results. The Storage
Tank submodule is used to set the general thermal storage parameters (volume, initial tank temperature, insulation
thickness and additional loss factors) and the relative heights of the temperature sensors for the control of the SHP
system. This includes temperature sensors for storage protection, for collector loop control as well as for charging
of the DHW zone and the SH zone. In addition, within this submodule, the user can specify the relative heights of
the storage tank connections. This includes in general the relative heights of the HP connections (for reheating the
SH zone and DHW zone) and the SH and the DHW supply connections. In case of ST integration, the submodule
also includes the relative heights of the connections to the solar loop. In general, the Heat Pump submodule
contains a pull-down menu to select data sets, which are used in Type 401 for the HP modeling, and the definition
of HP parameters like power, heat exchanger temperature differences of the HP, mass flow rates, set points of
low-pressure and high-pressure thermostat or heat-up and cool-down constants. In addition, within this submodule,
the user can specify the piping between the HP and the storage tank. In case of ASHP systems, the user has the
possibility to define additional parameters for a better consideration of icing and defrosting effects. Furthermore,
in case of GSHP systems, this submodule allows the user to define ground properties and borehole properties like
number and depth of the boreholes, space between boreholes or the length of buried pipes between ground heat
exchanger and HP. In case of STHP systems, SHP-SIMFRAME includes the submodule Solar Collectors. This
module allows the user to define the solar collector field (area, tilt, azimuth and specific mass flow) and the
collector loop pipes properties as well as the solar collector efficiency parameters. The submodule Controllers can
be used to set the control parameters for the solar loop and the reheating of the storage tank for SH and DHW
preparation by the HP. The set point calculation of the supply temperatureTSet,SH for SH depends on different
factors (e.g. the ambient temperature or the design heat load of the specific building and location) and is described
in Dott et al. (2013). The HP buffer storage charging for SH is turned on if the difference between the storage
temperature sensor for SH (TS,SH,up ) and the set point for the supply temperature TSet,SH for SH falls below ∆TSH,on
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(predefined: 0 K) until the temperature difference is higher than ∆TSH,off (predefined: 3 K). The buffer storage
charging for DHW depends on the value of the storage temperature sensor for DHW preparation (TS,DHW ) and is
turned on if the temperature falls below TDHW,on (predefined: 53 °C) until it reaches TDHW,off (predefined: 55 °C).
In SGSHP-P and SASHP-P systems, the solar loop is switched on if the difference between the supply temperature
of the ST collectors ሺTSol ሻ and the storage temperature sensor (TS,c ) is higher than ∆TSol,on (predefined: 5 K) and
will remain on until the temperature difference falls below ∆TSol,off (predefined: 2 K). If the difference between
TSol and TS,DHW is higher than ∆TSol,DHW,on (predefined: 5 K), the upper heat exchanger is additionally charged by
the solar loop and the return of the upper heat exchanger is used for the supply of the lower heat exchanger (DHW
mode) until the temperature difference falls below ∆TSol,DHW,off (predefined: 2 K). Otherwise, the ST collectors
supply only the lower heat exchanger with solar energy (SH mode). In addition, for storage protection, a maximum
storage temperature (TSet,S,max , predefined: 80 °C) of the storage temperature sensor for storage protection (TS,sp )
is defined (storage protection mode). Furthermore, a high limit cut-out for the ST collector temperature is defined
in the controller to avoid damage of the components in the solar circuit if the supply temperature of the ST
collectors (TSol ) reaches TSet,Sol,max (predefined: 130 °C). In this case (ST protection mode), the solar loop is turned
off until TSol falls below a defined temperature TSet,Sol,max,off (predefined: 120 °C).

4. Simulation study
4.1 Parameter
An exemplary application of the model-based analysis of STHP systems is the investigation of the influence of
system concepts on the seasonal performance factor (SPF, see section 4.2). The performed TRNSYS simulations
consider GSHP, ASHP, SGSHP-P and SASHP-P (using SHP-SIMFRAME) as well as SISHP-S and SISHP-S+P
systems. The simulations were performed for SFH15, SFH45 and SFH100 and the climate of Strasbourg with
variations of the solar collector area (or absorber area in case of SISHP systems) with a maximum available roof
area of 25 m². The main model parameters for the simulation of the HP, the solar collectors and the solar absorbers
are summarized in tab. 3-6. In case of SFH100, characteristics of market available air/water HPs and brine/water
HPs were used as data basis for the parameterization of the HP models. In case of SFH15 and SFH45, the power
data was down-scaled to a nominal heating power of 6 kW due to a better fitting of the design heat loads.
Tab. 3: Key values of brine/water heat pump models,
performance data based on data sheets of Viessmann
BW301.B10 (Viessmann, 2017)
Parameter
COP at B0/W35 [-]

Value
5.01

Tab. 4: Key values of solar collector models, flat-plate selective
(Heimrath and Haller, 2007)
Parameter

0.80

heat loss coefficient c1 [W/m²K]

3.50
0.015

condenser power at B0/W35 [kW]
- nominal heating power for Strasbourg SFH100

10.36

temperature dependence of heat loss coefficient c2 [W/m²K²]

- scaled heating power for Strasbourg SFH15

6.01

effective thermal capacity of the collector c5 [J/m²K]
first order IAM b0 [-]

7000

IAM for diffuse radiation Kd [-]

0.90

and SFH45

Tab. 5: Key values of air/water heat pump models,
performance data based on data sheets of Viessmann
Vitocal 350-A AWHI 351.A10 (Viessmann, 2013)
Parameter

Value

0.18

Tab. 6: Key values of solar absorber models, based on measured
data and parameter identification of the TRNSYS model with
GenOpt
Parameter

Value

3.66

collector optical efficiency ߟ0 [-]
heat loss coefficient c1 [W/m²K]

0.699

- nominal heating power for Strasbourg SFH100

10.60

wind speed dependence of the heat loss coefficient c3 [J/m³K]

4.64

- scaled heating power for Strasbourg SFH15

6.36

sky temperature dependence of the heat loss coefficient c4 [-]

0.9338

effective thermal capacity of the absorber c5 [J/m²K]

20000
0.034

COP at A2/W35 [-]
condenser power at A2/W35 [kW]

and SFH45

wind speed dependence of the zero loss efficiency c6 [s/m]
first order IAM b0 [-]
IAM for diffuse radiation Kd [-]
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Value

collector optical efficiency ߟ0 [-]

32.79

0.0327
1.00
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For the control of the systems, the predefined control parameters from section 3.3 were used. In case of SISHP
systems, an additional controller for the charging of the ice storage is needed. In these system concepts, the solar
absorber loop is switched on if the difference between the supply temperature of the solar absorbers ሺTSol,abs ሻ and
the ice storage temperature sensor (TS,ice,c ) is higher than ∆TSol,abs,on (predefined: 3 K). The solar absorbers loop
will remain on until the temperature difference falls below ∆TSol,abs,off (predefined: 1 K). In addition, a maximum
ice storage temperature (TSet,S,ice,max , predefined: 15 °C) of the ice storage temperature sensor (TS,ice,c ) is defined.
If the ice storage temperature reaches this value, the solar absorber loop is turned off until TS,ice,c falls below a
defined temperature TSet,S,ice,max,off (predefined: 14 °C). In case of SISHP-S+P systems, the predefined control
concept from section 3.3 was used for the control of the ST collector loop.

4.2 Performance figures
The SPF quantifies the final energy efficiency of a whole SHP system and is defined as the overall useful energy
output to the overall driving final energy input for an adopted system boundary over a period of one year
(Malenković et al., 2013). In some cases, the systems may not permanently provide the DHW tapping temperatures
or the room temperature of the building. For a better comparison between simulation results, penalty functions are
defined as direct electric heating for times in which the system does not reach the required comfort criteria
(Heimrath and Haller, 2007; Jordan et al., 2003). The SPF of the overall SHP system with penalties (SPFSHP+,pen )
is defined as the amount of useful energy for SH (QSH ) and DHW preparation (QDHW ) divided by the amount of
electric energy consumption (Wel,SHP+,pen ) of the overall SHP system (including all electrical consumptions of the
SHP system and penalties) (Haller, 2013):
SPFSHP+,pen = (QSH +QDHW ) / Wel,SHP+,pen

(eq. 1)

For the comparison of simulation results of SHP systems with a defined reference system (e.g. without ST
collectors) the relative increase 'SPFSHP+,pen is defined as:
'SPFSHP+,pen = (SPFSHP+,pen െ SPFSHP+,pen,ref ) / SPFSHP+,pen,ref

(eq. 2)

where SPFSHP+,pen is the SPF of the considered system and SPFSHP+,pen,ref is the SPF of the corresponding reference
system. Another figure for the comparison of system concepts to a reference system are the absolute electricity
savings Wsave,el , defined as difference between the electric energy consumption of the defined reference system
Wel,SHP+,penǡref and the considered system configuration Wel,SHP+,pen :
Wsave,el = Wel,SHP+,pen,ref െ Wel,SHP+,pen

(eq. 3)

4.3 Results and discussion
The results of the evaluation of SPFs for the different STHP systems concepts and buildings are shown in fig. 6
and are summarized, with respect to the used collector / absorber areas and storage sizes, in tab. 7. In general,
SGSHP-P systems achieve the highest SPFs for all types of building, which are in the range of 4.3 to 6.2 (SFH15),
4.9 to 6.7 (SFH45) and 4.5 to 5.4 (SFH100). For GSHP systems without ST integration, the SPFs are 3.1 (SFH15),
4.0 (SFH45) and 4.1 (SFH100). ASHP systems without ST collectors achieve the smallest SPFs, which are 2.6
(SFH15), 3.1 (SFH45) and 2.9 (SFH100). SISHP-S systems achieve higher values of SPF than ASHP systems for
all types of building and in case of SFH15 even the same values as GSHP systems, which are in the range of 3.0
to 3.1 (SFH15), 3.6 to 3.7 (SFH45) and 3.4 (SFH100). The smaller values of SPF in case of SFH15 buildings with
high fraction of DHW demand (46 %) show the impact of demand on high temperature level for DHW and as a
result a lower performance of the HP in all system combinations without ST collectors. Additionally, the SH
demand occurs predominantly in winter season with low ambient / source temperatures, especially in case of
ASHP systems, and the HP runs with a lower performance. The simulation results show that the SPF can be
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increased for all system concepts by adding a parallel ST collector system. Due to the direct use of solar thermal
energy, SASHP-P systems can even reach higher SPFs than GSHP systems without ST integration. In case of
SFH15 with a minimum collector area of 5 m² (SPF: 3.4) and in case of SFH45 with a minimum collector area of
10 m² (SPF: 4.2). However, in case of SFH100 the simulated SASHP-P systems cannot reach the performance of
GSHP systems.
8

SFH15 SGSHP-P
SFH45 SGSHP-P
SFH100 SGSHP-P
SFH15 SISHP-S
SFH45 SISHP-S
SFH100 SISHP-S

7

SFH15 SASHP-P
SFH45 SASHP-P
SFH100 SASHP-P
SFH15 SISHP-S+P (10 m² Absorber)
SFH45 SISHP-S+P (15 m² Absorber)
SFH100 SISHP-S+P (20 m² Absorber)

SPFSHP+,pen [-]

6
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2
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Collector / Absorber Area [m²]

Fig. 6: SPF for Strasbourg depending on ST collector area (SGSHP-P, SASHP-P and SISHP-S+P) or absorber area (SISHP-S).
SGSHP-P includes GSHP systems and SASHP-P includes ASHP systems (collector area = 0 m²).

The SPFs of SISHP-S systems can also be increased by adding small areas of ST collectors and can reach higher
SPFs than GSHP systems without ST integration with a minimum collector area of 5 m² for SFH15 (SPF: 4.0) and
SFH45 (SPF: 4.3). In case of SFH100, the simulated SISHP-S+P systems cannot reach the performance of GSHP
systems. In case of SISHP systems, the benefit of adding flat-plate collectors to a SISHP-S system with design
absorber area is higher than adding additional solar absorbers. If the roof area is limited to 25 m², this is shown by
an increase of the SPF in the range of 33.8 % to 72.9 % in case of SFH15 and 20.5 % to 34.7 % in case of SFH45.
In comparison, the maximum increase of SPF by adding additional solar absorbers is 2.0 % for SFH15 and 3.0 %
for SFH45.
Tab. 7: Simulation parameter and results for the climate of Strasbourg
Building

System

GSHP

SGSHP-P

ASHP
SFH15
SASHP-P

SISHP-S
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AC

AAbs

VBuffer

VIce

SPF

∆SPF

Wsave,el

[m²]

[m²]

[l]

[m³]

[-]

[%]

[kWh]

5
10
15
20
25
5
10
15
20
25
-

10
15
20
25

1000
1000
1000
1500
2000
2000
1000
1000
1000
1500
2000
2000
1000
1000
1000
1000

10
10
10
10

3.1
4.3
5.1
5.6
5.9
6.2
2.6
3.4
4.1
4.5
4.8
5.1
3.0
3.0
3.1
3.0

Reference for SGSHP-P
37.5
397
65.5
576
79.0
643
89.3
686
100.8
731
Reference for SASHP-P
33.9
446
60.2
663
75.2
757
86.7
819
98.1
873
Reference for SISHP
1.3
20
2.3
34
2.0
31
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Building

SFH15

System

SISHP-S+P
GSHP

SGSHP-P

ASHP
SFH45
SASHP-P

SISHP-S

SISHP-S+P
GSHP

SGSHP-P

SFH100

ASHP

SASHP-P

SISHP-S
SISHP-S+P

AC

AAbs

VBuffer

VIce

SPF

∆SPF

Wsave,el

[m²]

[m²]

[l]

[m³]

[-]

[%]

[kWh]

5
10
15
5
10
15
20
25
5
10
15
20
25
5
10
5
10
15
20
25
5
10
15
20
25
5

10
10
10
15
20
25
15
15
25
20

1000
1000
1500
1000
1000
1000
1500
2000
2000
1000
1000
1000
1500
2000
2000
1000
1000
1000
1000
1000
1000
1000
1000
1500
2000
2000
1000
1000
1000
1500
2000
2000
1000
1000

10
10
10
10
10
10
10
10
20
20

4.0
4.8
5.2
4.0
4.9
5.5
5.9
6.3
6.7
3.1
3.7
4.2
4.5
4.8
5.0
3.6
3.6
3.7
4.3
4.8
4.1
4.5
4.8
5.1
5.3
5.4
2.9
3.1
3.3
3.5
3.6
3.8
3.4
3.6

33.8
383
59.2
563
72.9
639
Reference for SGSHP-P
22.2
386
37.2
577
47.8
689
57.6
778
66.1
847
Reference for SASHP-P
19.3
441
33.0
675
43.8
830
52.7
940
61.0
1032
Reference for SISHP
1.9
43
3.0
69
20.5
407
34.7
617
Reference for SGSHP-P
10.0
357
18.6
617
24.2
767
29.2
888
33.8
994
Reference for SASHP-P
9.3
476
16.4
792
22.0
1012
27.1
1195
31.5
1341
Reference for SISHP
7.9
349

5. Conclusions and outlook
This contribution presented the TRNSYS-based stand-alone tool SHP-SIMFRAME for the simulation of STHP
systems and a performance evaluation of different STHP system concepts. The main advantages of the tool for
the end-users are the possibility to analyze different predefined SHP concepts without any knowledge in modeling
and simulation itself as well as the related time saving and error prevention for model-based system design or
system analysis by simulation. On the one hand, the performance evaluation shows that in case of moderate climate
and new as well as renovated buildings, SASHP-P systems can compete with GSHP systems without solar
integration and can achieve the same or even higher values of SPF. On the other hand, the results show that
SISHP-S systems are efficient STHP systems, which can achieve higher SPFs than ASHP systems and for new
buildings even SPFs in the range of GSHP systems. Furthermore, SISHP-S+P systems with parallel integration of
solar collectors can achieve higher values of SPF for new as well as for renovated buildings than GSHP systems
and even than SASHP-P systems with same ST collector area. However, the highest performance in the
simulations can be reached by SGSHP-P systems for all type of buildings and in case of the considered nonrenovated building, the SPFs of GSHP systems cannot be reached by the considered SASHP-P and SISHP-S+P
systems with a limited available roof area of 25 m². In addition, the results illustrate the need of simulation tools
to design SHP systems depending on the boundary conditions of the specific application and the comparison of
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different system concepts. In future work, SHP systems with electrical solar energy (PV and PV thermal) systems
will be investigated and integrated in the simulation framework.
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Abstract
Due to increasing living comfort and climate change, an increase in building air-conditioning demand can be
expected. Solar air-conditioning is intuitively a good solution, because of the coincidence of solar irradiation and
cooling demand. The Austrian research project SolarHybrid deals with the systematic processing and optimization
of solar thermal and photovoltaic driven cooling technologies, especially in order to design promising (solar-)
hybrid solutions. The project includes the construction and measurements of functional models of a single/half
effect NH3/H2O absorption chiller and a NH3 vapour compression chiller. The system design and optimization is
carried out by means of annual dynamic system simulations for three load profiles.
The combination of the absorption chiller and the vapour compression chiller represent an interesting initial
position for effective and economic attractive solar driven HVAC solutions. Under the considered boundary
conditions the solar thermal configurations appear to be more efficient and more cost competitive than the PV or
PVT variations. Solar heating and cooling can become cost competitive when systems are designed clever with
simplified HVAC layouts, advanced control strategies and high efficient components.
Keywords: ammonia vapour compression chiller, absorption chiller, hybrid system, solar cooling

1. Introduction
The supply of heat and cold in the building and industrial processes has a large potential for non-renewable
primary energy savings. However, the substitution of non-renewable energy sources should always follow the
basic premise of firstly reducing energy demands before applying renewable systems. High solar fraction and thus
high non-renewable primary energy saving can be achieved with solar thermal (ST) or solar electric (PV)
supported systems. However, there is a controversial discussion about these two technologies and their technical
and economic aspects ongoing. Both solar technologies can offer energetic and/or economic advantages
depending on the boundary conditions and the ratio of heating to hot water demand.
Within the project SolarHybrid different hybrid concepts for solar heating and cooling (SHC) are investigated.
The major challenge for introduction of SHC systems to the market are the initial investment costs. Therefore,
one focus of this project is the radical reduction of system components (e.g. no storage, etc.). The approach to
achieve this goal is (i) to define possible system configurations, (ii) to examine them in software simulations, (iii)
to test the real components in Hardware-in-the-Loop (HiL) tests, (iv) to validate the simulations with the measured
data and run annually simulation studies and (v) to evaluate the results in terms of technical and economic
performance.
Both technologies (ST, PV) but also the combined one (PVT) are investigated, their applications in HVAC system
are optimized and new solar hybrid systems are developed. The aim is to improve the efficiency of individual
components and the overall HVAC systems. The systems are optimized in order to increase primary energy
efficiency and economic feasibility in respect to entire load profiles. The optimized components are integrated
into system solutions resulting in innovative, radically minimized solar hybrid solutions.
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The economic and energetic optimization of the solar thermal concepts is achieved by means of adapted hydraulic
layouts, radically minimized number of components and improved, more efficient control strategies. The technical
as well as the economic potential is assessed by means of the T53E4 Tool (Neyer 2016). Extensive sensitivity
analyses are used to determine the impact of changing technical and economic boundary conditions on key
performance indicators (KPIs).
In the course of the project two components were built and optimized for the hybrid operation; (i) a vapour
compression chiller (VCC) and (ii) an absorption chiller (ACM). The ammonia/water ACM, developed in the
research project DAKTris (2013), has been further optimized in SolarHybrid, and was driven in hybrid operation
with the ammonia VCC in Hardware-in-the-Loop laboratory measurements.
The project is based on detailed research of the components and systems, their modelling and the different load
profiles. The systematic analysis of the simulation approaches and the individual models with their part load
behaviour and application limits are an essential base for modelling. Through the appropriate choice of the models,
dynamic system simulation models are created. Further investigations are carried out with suitable dynamic
simulation models, which were adapted according to the laboratory measurements. Three profiles are investigated;
an office building, a hotel and a potential study. The hybrid systems are optimized regarding non-renewable
primary energy savings and economics. Figure 1 is showing the overall methodological approach of the project.

Fig. 1: Methodological approach and workflow of SolarHybrid

This paper is focusing on the simulation results of the hotel profile and the potential study of the hybrid ACM and
VCC operation.

2. Methodology
Three main methods are described here. The assessment and its key performance indicators, the steady state and
dynamic laboratory measurements and the simulation study for the hotel and the potential study. Table 1
summarizes the main nomenclature and subscripts.
Table 1: Nomenclature and Subscripts

ACM
SE

Absorption chiller,
Single effect

fsav

Savings

PV

Photovoltaic

C

Cooling

in

Input

Q

Energy [kWh]

CR

Cost ratio (-)

η

Efficiency

ref

Reference system

DHW

Domestic hot water

HB

Hot Backup

SH

Space heating

ε

Primary Energy Factor
(kWh/kWhPE)

loss

Losses

SPF

Seasonal Performance Factor (-)

EC

Energy Carrier

NRE

Non-renewable

sys

System

el

Electrical

out

Output

VCC

Vapour compression chiller

equ

Equivalent

PER

Primary Energy Ratio

WD

Water Distribution
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2.1 Assessment – T53E4-Tool
The performance assessment of SHC systems can be complex. Performance indicators can be determined in
numerous ways by taking different system boundaries into account or using different energy quantities.
Performance evaluation of integrated SHC systems distinguish in the distribution of collected solar heat and
backup energy sources to space heating (SH), domestic hot water (DHW) and cooling (C) applications.
The assessment is performed with the techno-economic evaluation tool of IEA SHC Task 53. The T53E4-Tool
offers a database of primary energy factors (ε), efficiencies and economic data for all main SHC components. The
evaluation is based on non-renewable primary energy for electricity and all energy carriers. Electricity exported
towards the grid does not reduce the primary energy effort of the system, but the economic benefits is considered.
The most important key figures are briefly discussed, the according equations are shown in Table 2. The key
figures are fully discussed and defined in the IEA SHC Task 53 (Neyer et al. 2016).

•
Non-renewable Primary Energy Ratio (PERNRE)
The evaluation is carried out based on non-renewable primary energy (NRE). The PERNRE quantifies the nonrenewable primary energy efficiency of the system (eq. 1). The primary energy factors (ε) required for the
conversion are depending on type of energy, the location of the plant and the season.
•

Non-renewable primary energy savings (fsav.NRE)

The primary energy of the entire SHC system is compared with a reference system. The standardized Task 53
reference system is an air-cooled compression chiller (VCC) and a natural gas boiler and its primary energy ratio
PERNRE.ref is calculated according equation 2. Applying both PERs (SHC and ref) the savings can be calculated
according to equation 3.
•

Equivalent Seasonal Performance Factor (SPFequ)

The SPFequ is the ratio of useful energy (supplied to satisfy the needs of the building) to consumed energy from
external sources (eq. 4). The energy inputs are converted into electrical equivalents units according to the primary
energy factor of electricity (εel).
•
Cost Ratio (CR)
The cost ratio is determined with the levelized costs of energy for the SHC system (Cuse.SHC) and the levelized
costs of energy for the reference system (Cuse.REF). These costs include investment, replacement, maintenance,
electricity, energy, water as well as feed-in tariffs. The costs are discounted according to the annuity method and
are summed up on a yearly basis. If the CR equals one cost equity is reached for the SHC system compared to the
reference system.
Table 1: Overview technical and economic key performance figures defined in IEA SHC Task 53

Non-renewable Primary
Energy Ratio
Non-renewable primary
energy savings
Equivalent Seasonal
Performance Factor
Levelized Costs of
energy
Cost Ratio
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(eq. 1)

(eq. 2)

(eq. 3)

(eq. 4)
(eq. 5)
(eq. 6)

2.2 Measurements & Hardware-in-the-Loop
Two chiller prototypes were tested in the laboratories; (i) an ammonia/water (NH3/H2O) absorption chiller (ACM)
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and (ii) a vapour compression chiller (VCC). The ACM was developed in the research project DAKTris (2013),
it has a nominal cooling capacity of 20 kW and enables the possibility to switch from single- to half-effect
(SE/HE). This permits the possibility of high heat rejection temperatures (up to 45°C), the use of a dry cooling
tower and the possibility of high useful temperatures in heat pump mode. Within this project, the ACM is adapted
and optimized concerning the findings in DAKTris and the requirements of SolarHybrid (e.g. automation of the
solvent compensation, etc.). In consideration of the hybrid operation of both chillers the cooling capacity of the
VCC is also 20 kW (at evaporation temperature 4°C, condensing temperature 50°C) and the chosen refrigerant is
ammonia (R717). The main components of the vapour compression chiller are a frequency controlled piston
compressor, a flooded evaporator and a hot gas bypass.
In a first step steady state performance of both chillers are measured and characteristic curve diagrams are
generated. Further dynamic Hardware-in-the-loop (HiL) tests of the components integrated in the simulated
overall systems and the evaluation of the results are carried out.
•

Laboratory infrastructure

The Unit for Energy Efficient Buildings at the University of Innsbruck provides the lab infrastructure for various
tests of HVAC components. The infrastructure contains a heat-sink and -source facility. The sink is cooled by a
vapour compression chiller (50 kW cooling power) and offers, depending on climatic conditions, the possibility
of free-cooling. Three immersion heaters supply the heat for the source, each with a capacity of 15 kW. The
temperature ranges up to 95°C for the source and down to -10°C for the sink. Four test benches with a capacity of
10 kW and 30 kW respectively are affiliated.
A multifunctional software is developed with the software platform LabView (National Instruments – NI) to
provide the control of the laboratory. It is working on compactRIO (NI) real time devices and enables flexible and
easy configurable tests. The communication is based on a dynamic link library, which offers the possibility to
connect arbitrary software (TRNSYS, Matlab, Excel, BCVTB, etc.) to the lab.
•

Steady state measurements

Steady state measurements are used to identify the performance at several conditions. The settings are adjusted
accordingly considering the settling time and the measurement period to calculate a representative mean value
and the corresponding deviation.
The measurements of the ACM and the VCC are executed at a wide range of operating conditions. The absorption
chiller is tested in SE and HE mode, various volume flows (LT: 1.5–3, MT: 4.25–6, HT: 3–4.5 m³/h) and inlet
temperatures (LT: 6–22, HT: 80–90, MT: SE 20–35, HE 20–45°C). The compression chiller capacity is varied
through the compressor speed and with the hot gas bypass as well as variable volume flow rates (LT: 2–3.5, MT:
3.5–6 m³/h) and inlet temperatures (LT: 12–22, MT: 25–45°C).
•

Dynamic measurements

Overall system performance and components interaction can be evaluated by dynamic measurements. Building
up complex systems is time and cost intensive, therefore Hardware-in-the-Loop (HiL) tests are a promising
alternative. HiL tests combine system simulations and real component testing. The overall system is designed in
an adequate accuracy with a software (here TRNSYS) and the investigated components are connected to the lab.
This coupling of simulation and lab in real time enables the determination of the overall system performance.
Based on the steady state results (limiting boundary conditions) and defined system configurations (see next
paragraph) a simulation model is set up in TRNSYS. Each configuration is measured under the boundary
conditions of two significant days (one sunny, one cloudy) at the chosen location in different variations (different
temperatures, mass flows, control strategies, machine modes, etc.).
Following description is one variation of the combined chiller and heat pump mode of ACM and VCC
(configuration c). The main purpose of this system is the supply of heat and simultaneously the optional allocation
of cooling energy. The defined temperature levels are 12/6°C for LT circuit, 14/40°C for MT circuit and variable
HT input (60~95°C). HT (4.5 m³/h) and LT (3.5 m³/h) volume flows are fixed, MT (min. 0.5 m³/h) volume flow
is controlled to reach set outlet temperature (40°C). The ACM delivers as much as possible (depends on solar
irradiation) and the VCC is complementing to deliver the set LT outlet temperature.
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Subsequent to the measurements the evaluated data and energy balances are used to fit the simulation model of
the ACM and VCC. Annual simulation studies are carried out accordingly.
•

System configurations for Hil tests

As a consequence to the idea of minimized and reduces number of components the measured configurations are
defined accordingly as direct solar thermal driven systems. The climatic conditions are simulated for different
locations (Innsbruck, Sevilla, etc.). The solar collector field, the cooling tower and the other components are
designed accordingly. The grid provides the required electrical energy.
a) Chiller-mode ACM and VCC: The generator (HT) circuit of the ACM is directly connected to a solar
collector field (ST), re-cooling (MT) circuits of both machines are connected in parallel with a dry
cooling tower and the chilled water (LT) outlet of the ACM is connected in serial to the inlet of the VCC.
b) Heat pump-mode ACM (SE and HE): HT circuit of ACM is directly connected to the collector, MT mass
flow is controlled to reach the desired temperature at the MT outlet of the ACM and the chilled water
could be used optionally.
c) Combined chiller- and heat pump-mode ACM and VCC: HT circuit of ACM is directly connected to the
ST, MT and LT circuits of the ACM are connected in serial to the VCC, MT mass flow is controlled to
deliver the defined temperature and VCC capacity is controlled to reach set LT temperature.

2.3 Simulation studies
The simulations are set up in TRNSYS and base on a load file approach. This concept enables the separation of
building- and HVAC-simulation.
•

HVAC simulation models

The individual models (ACM, VCC, cooling tower, etc.) have been investigated and improved on their partial
load behaviour. The ACM and VCC are built up as characteristic curve models and are adjusted to the measured
steady state and dynamic data.
The ACM model (Type 1005, Neyer et al., (2015b)) is based on semi-physical models of a single-effect (SE)
ACM (Hannl et al., 2012) and a half-effect (HE) ACM (Zotter et al., 2015). The model can switch between
the two operating modes (SE/HE) and its nominal capacity is scalable. A new characteristic curve model has been
developed for the VCC. It’s also based on a semi-physical simulation model (Luger 2017) that was fitted to the
according measurements. The deviation between the simulation model and the daily dynamic measurements is
smaller than 3% of the total energy balance.
•

Load profile

The building simulation of a four-star hotel was set up in TRNSYS. This hotel has a capacity of 240 beds and an
area of 10’080 m². Internal loads and geometry are based on different standards (e.g. SIA, etc.). The south oriented
building has a high quality thermal envelope. Shading is achieved by construction and active shading elements.
The hotel includes the following zones: accommodation, reception, lobby, bar/restaurant, kitchen and spa area
with a pool. Geometry, design and control strategies determine the load profiles and energy demand for space
heating, pool heating, domestic hot water and cooling accordingly. The ventilation includes heat recovery in
winter and the air change rates and specified temperatures correlate with each usage.
In table 3 the annual energy demands and maximum loads for the locations Innsbruck and Sevilla are summed up.

Table 3: Energy demand and loads for the hotel profile in Innsbruck and Sevilla

Innsbruck
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Sevilla

Application

Demand [MWh]

Load [kW]

Demand [MWh]

Load [kW]

Space heating (SH)

271.2

190

7.1

38

Pool heating (pool)

274.8

208

227.8

205

D. Neyer / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Domestic hot water (DHW)

562.5

260

562.5

260

Air–conditioning (C)

85.7

80

315.5

135

The load profiles are used individual and in several combinations: DHW only, DHW+C, DHW+C+SH+pool.
•

HVAC layouts for the hotel

Six HVAC layouts are compared in detail for the hotel profile and are briefly described here.
REF: The standard Task 53 reference system consists of a modulating natural gas boiler and an air-cooled vapour
compression chiller.
ST: The solar thermal collector field (ST) feeds a hot water storage tank, which is used to ensure the heat supply
and operation of the ACM. A natural gas backup boiler is used for DHW and SH only. The ACM is used to cover
the base load (19 kW) and the conventional VCC (70 kW) covers the remaining demand using grid electricity.
Both chillers operate with a dry cooling tower.
HP: A heat pump operates reversible and feeds the hot water storage tank for domestic hot water usage and a cold
water storage. Groundwater is used as the source for the heat pump.
HP+PV: A PV area, which is dimensioned for the operation of the reversible heat pump, complements the system.
The HP is not controlled specifically, thus the coincidence of HP operation and PV electricity results from the
simultaneousness from load and irradiation. The demand of electricity from the grid and the excess of PV
electricity result correspondingly.
PVT: The system consists of a solar thermal collector field for domestic hot water purpose with a natural gas
backup. The PVT collector is used to preheat the fresh water for the pool heating and to cool the PV accordingly.
The cooling is supplied by a water-cooled conventional VCC (dry cooler).
PVT(P2H): in this variation the surplus PV electricity is used to heat up the hot water storage (power to heat).
PV(P2H): The reference system is equipped with PV. The PV is only used to heat up the hot water storage (power
to heat).

Fig. 2: Principle schemes of three solar hybrid HVAC solutions

The collector area for the entire system was varied during the simulation study: solar thermal (ST: 220, 420, 720,
820, 920, 1’120 m²) and photovoltaic (PV: 26, 49.5, 73, 84.5, 94, 130 kWp), PVT (420m² ST + 5, 12.5, 25, 50,
75, 100 kWp) and PV(P2H) (25, 46, 100, 150, 100, 200, 300 kWp).
•

Potential study

The same configurations that are measured in the dynamic Hardware-in-the-Loop test are investigated in annual
simulations. The system configurations are described above (cf. configurations a, b, c for HiL tests). The
absorption chiller (in different modes) is directly solar driven, no hot water storage is included. Due to the design
of the system the collector can deliver sufficient generator power to run the ACM if the solar irradiation is greater
than 200 W/m². The maximum potential is investigated by means of constant return temperatures of LT- and MTcircuit and the operation through the entire year as soon as there is sufficient radiation available.
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Selected boundaries for configuration (c) are presented in table 4. Three operation modes are analysed in order to
reach different solar fractions: the ACM in single operation (without LT outlet temperature set point), the ACM
with controlled VCC support (to reach the set LT temperature) and the ACM with maximum capacity VCC. The
MT inlet temperature (returned to the chiller) is kept constant at 14°C and controlled to reach 40°C outlet (useful)
temperature. The LT inlet is kept constant at 12°C or at ambient temperature plus 3 K to simulate an air source
heat pump. The measurements are executed for the location of Innsbruck and Sevilla and are distinguished
between the use of MT only and the simultaneous MT and LT usage.
Table 4: matrix of boundary conditions of the annual simulation for configuration (c)

Use
MT
MT+LT

Location

LT return

Innsbruck

Amb. +3 K

Innsbruck
Sevilla

12°C

MT temp
14/40°C

LT set temp.

Operation mode

Free floating

ACM only

6°C

ACM + VCC controlled

Free floating

ACM + max VCC

3. Results
This paper only shows a short selected survey of measured and simulated results. More details can be found in
the final report of the project SolarHybrid (Neyer 2017).

3.1 Measurements & Hardware-in-the-Loop
•

Characteristic curves vapour compression & absorption chiller

The steady state measurements of ACM and VCC are executed according to the defined measurement matrix.
Figure 3 shows the performance maps of ACM (left) and VCC (right).

Fig. 3: Performance maps of ACM (left) and VCC (right), LTout=12°C, VWMT=6.5m3/h, VWLT.ACM=3m3/h and VWLT.VCC=3.5m3/h

The LT inlet temperature is kept at 12°C for both cases (left ACM, right VCC). The MT volume flow is 6.5 m3/h,
LT volume flow is 3 m3/h for the ACM and 3.5 m3/h for the VCC measurements. The upper diagram of the ACM
map shows the LT capacity and the lower diagram the Energy Efficiency Ratio (EERth) in dependence on the
MTin inlet temperature. The different lines represent different modes (SE/HE) and different HT inlet temperatures.
In SE mode recooling temperatures up to 35°C are possible; HE modes enables recooling temperatures up to 45°C,
but at nearly half EER (caused by double generator power). In terms of energy production, switching from SE to
HE could be reasonable at a MT inlet temperature higher 32°C (cf. upper diagram).
The VCC map shows values in relation to the nominal capacity, x-axis indicates the relative LT capacity and yaxis the relative EER. The lines represent different MT inlet temperatures, the capacity is first reduced by
controlling rpm (100, 75, 50% – right three points of each line) and second on the basis of opening hot gas bypass
(left three points of each line). The EER of the VCC is maximized at minimal rpm with closed hot gas bypass,
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caused by better heat transfer in condenser and evaporator.
Both machines show a good performance, especially under consideration of the prototype status. The adaptations
of the ACM show the expected impact and improve the performance significant. The VCC show EERs far above
average small-scaled chillers and enables a capacity control for a large range.

•

Dynamic measurements

Following the results of the described configuration (c) – combined chiller and heat pump mode of ACM and
VCC – are discussed. The measurements are analysed visually, energies are summed up and characteristic
numbers (e.g. electrical/thermal seasonal performance factor – SPF) are calculated.
Figure 4 shows the course of the cloudy day (Innsbruck); the upper diagram shows the capacities (HT, MT, LT,
electrical) of ACM and VCC and the irradiation (multiplied with factor 10) on the collector field; the lower
diagram shows the corresponding temperature (MT, LT in- and outlet; HT inlet temperatures multiplied with
factor 0.1; ambient temperature)

Fig. 4: Combined chiller and heat pump mode of ACM and VCC – trend over the cloudy day (upper diagram: powers and
irradiation; lower diagram: temperatures)

The power devolution shows the correlation between ACM and VCC, as soon as the ACM delivers less power
the VCC increases the capacity to reach the set point. This results in a constant LT outlet temperature (cf. Figure 4
lower diagram), constant MT outlet temperature is reached by means of controlled MT mass flow.
Table 5 shows the energy balances and system SPFs over the daily courses (sunny and cloudy day). The SPFs are
distinguished in used energy (MT or MT+LT); the thermal SPF (SPFth) represents the ratio of delivered energy
(MT, MT+LT) to provided thermal energy (HT); SPFel (electrical) shows the ratio of delivered energy to electrical
energy (all circuit pumps, ACM solvent pump, VCC compressor).
Table 5: Energy Balances and SPFs of combined chiller and heat pump mode of ACM and VCC

Energy ACM
[kWh]

Energy VCC
[kWh]

ACM+VCC
[kWh]

System SPF [-]
MT+LT

MT

QHT

QLT

QMT

QMT

QLT

Qel

QMT

QLT

SPFth SPFel SPFth SPFel

Sunny day

233

125

349

96

80

21

445

205

2,03 20,19

1,50 13,82

Cloudy day

102

57

152

102

86

21

254

143

2,04 12,33

1,49

7,89
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The configuration with the ACM and VCC used as heat pump reaches in all cases electrical efficiencies of >8.
The difference between sunny and cloudy day get obvious but still provide optimization potential as the pumps
are all calculated with constant power, including further speed-controlled auxiliaries enables systems with
electrical performance of > 10.

3.2 Simulation studies results
•

Hotel profile

Table 6 shows the most important results of all six simulated HVAC systems for the entire building load
(DHW+C+SH) and the location of Innsbruck.
The solar yield is highest for ST (423 MWh), the PVT variation consist of ST+PVTth (220+46 MWh) and PVTel
(61 MWh). The PV variation yield is 112 MWh. The demand for backup (natural gas) and/or grid electricity is
reduced according to the yield. The surplus PV electricity is fed into the grid for the PV/PVT variations. A
corresponding non-renewable primary energy input (PENRE) is resulting and expressed as savings (fsav.NRE) in
relation to the reference system.
Table 6: Comparison energy balances, costs and savings for maximum building load
(DHW+C+SH/562+82+542 MWh/a) for each system

Unit

REF

ST

HP

HP+PV

PVT

PV(P2H)

Collector area

m²

-

720

-

720

420 (ST)+ 326 (PVT)

652

Solar yield

MWh/a

-

423

-

112

ST:220, PVTth:46, el:61

113

Gas

MWh/a

1210

795

-

-

880

1071

Electricity supply

MWh/a

48

32

518

408

33

30

Electricity feed in

MWh/a

-

-

-

2

39

-

Sum Primary Energy

MWh/a

1498

963

1295

1020

1060

1265

Spec. Investment

€/kW

330

1200

500

890

1397

890

Investment ratio SHC/REF

-

-

3.6

1.5

2.7

4.2

2.7

fsav.NRE

-

-

0.35

0.12

0.30

0.295

0.16

Cost Ratio (CR)

-

-

0.36

1.04

1.05

1.05

1.04

To analyse the costs, the specific investment costs are listed in Table 6. These were calculated with the
standardized values of the T53E4-tool. The ratio of the investment costs of the entire system compared to the
reference ranges from 1.5 for the heat pump up to 4 for the PVT variation. In addition to the investment costs, the
costs for replacement, consumption-related costs (electricity, gas, water), maintenance costs and feed-in tariffs
are reported. Figure 5 shows a comparison of the distribution of these cost categories in relation to the reference
costs.
In case of the reference system, the energy costs for natural gas (73%) are dominant, while the proportion of
investment is increasing significantly in the case of all renewable variations. In case of the solar thermal systems,
the costs for natural gas; for the heat pump systems, the cost of electricity are the largest cost drivers.
All results of the techno-economic analysis are summarized in Figure 6 (left: Innsbruck, right: Sevilla). The cost
ratio (CR) and the non-renewable primary energy savings (fsav.NRE) are mapped. The markers represent the
simulated variations, which are distinguished by collector size, by application (DHW only, DHW+C,
DHW+C+SH) and by the system configuration (ST/PV/PVT). In general, it is obvious that the larger the collector
size the larger the non-renewable primary energy savings can get but simultaneously rising cost ratios (CR) are
observed.
Figure 6 shows the difference between the individual profiles as well as the system variations and the two
locations. With the pure DHW systems, the highest savings (fsav.NRE) are achieved (lowest energy quantity, highest
solar coverage for the same area). The profile DHW+C+SH leads to the flattest curves (maximum energy
quantity).
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Figure 5: Relative cost allocation for the total building load (DHW+C+SH/562+82+542 MWh/a)
relative to the reference (REF) for each system

With increasing collector size, the PVT quickly reaches a maximum of savings (fsav.NRE) despite further rising of
costs. This is due to the fact that, from a certain size, the user's self-consumption is no longer increased as the
electricity consumption and the coincidence is low. On the other hand, increased PVT areas lead to larger ratios
to preheat the DHW and thus the average collector temperature increases. Since uncovered PVT collectors usually
have comparatively low stagnation temperatures, rising temperature can lead to a further reduced thermal yield.

Figure 6: Technical and economical comparison of plant configurations: ST, HP, HP+PV, PVT, PV (P2H) for Innsbruck (left) and
Sevilla (right)

Compared to the reference, the heat pump achieves fsav.NRE up to 15% (20% for SEV) with additional costs up to
28% (only DHW, IBK). The higher the energy demand the more favourable the HP. A CR of 1.04 (1 for SEV)
can be achieved with the complete profile. The ratio of the investment costs to the energy costs, which account
for 80% (IBK, cf. Fig.5) of the total profile, is decisive here. The cost can be reduced with high efficient solution
accordingly.
If the heat pump is expanded by the PV, small increases in the CR will result for Innsbruck, but pays off in case
of SEV immediately. If the PV area is increased, the costs increase accordingly. This result can essentially be
attributed to the uncontrolled self-consumption and the trend of the profile.
The ST variations show the largest differences between the profiles as well as the different collector sizes. In the
case of small areas, the savings in non-renewable primary energy are lower than in PV and PVT variations, but at
lower costs (IBK). In Sevilla all variations of the ST show higher savings than the other solutions. The results
(CR, fsav.NRE) coincide with analyses of other measured and simulated plants in SHC Task 53 (Neyer 2016).
In sum, depending on the design and boundary conditions, ST, PV or even PVT could be preferred. Under the
chosen boundary conditions, the ST systems can achieve the best results regarding costs and non-renewable
primary energy savings due to the existing buffer storage and the time resolution and evolution of the profile.
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•

Potential study

The results of all five case studies of the potential study are shown in Figure 7. Each curve represents the three
possibilities in operation mode (c.f. table 4). The ACM only operation mode can thus be found on the right hand
side showing the highest savings. They are almost 100%, only a small electricity demand is lowering the fsav.NRE
accordingly. The more the VCC is supporting the lower the solar fraction und consequently the lower the savings.
At the same time the CostRatio drops rapidly as more energy can be delivered and the domination of investment
is reduces. Worst performance is presented by the air-heat pump mode (AMB-14-40, only calculated for IBK).
The lower the source temperature (especially in winter) the lower the efficiency and thus lower the savings and
the CostRatio. If both LT and MT can be used the performance increases accordingly. Due to the higher solar
yield the results for Sevilla are improved compared to Innsbruck.

Figure 7: Comparison of the simulation results for Seville and Innsbruck for the heat pump cases with 12/6°C cold water
(evaporator) and 14/40°C hot water (condenser) temperature; nomenclature: use(MT, MT+LT) Location LT return, MT in/out

Summing up the potential study illustrates that non-renewable primary energy savings >80% and CostRatio’s
mostly below 0.8 and as far as 0.4 can be reached. As the economic performance is still investment cost dominated
a sensitivity analysis on different parameters was performed.
•

Sensitivity analysis

The effect of the sensitivity analysis is shown by means of the shift of the trend lines. The parameters that are
varied are the total investment costs, the electricity price, the electrical and thermal efficiency of the systems, as
well as the reference performance.
Figure 8 is showing the summary of the sensitivity analysis (left; MT IBK 12-14-40, ACM+VCC) and for one
curve of Figure 7 (MT IBK 12-14-40). The investment costs show the largest gradient and thus present the highest
influence on the cost performance followed by the performance of the reference system and the entire electrical
efficiency.

Figure 8: Sensitivity analysis for the heat pump case (MT IBK 12-14-40) as overview (left) and on investment costs variation from
40% to 130% of the Task 53 standard values (right); SF: solar fraction

Figure 8 (right) shows that if the invest costs could be reduced by roughly 35% the 100% solar driven ACM would
reach a CostRatio below one and thus represent a highly primary energy savings solution that is cost competitive.
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4. Summary & outlook
In SolarHybrid solar heating and cooling systems were investigated intensively by means of simulations,
measurements of prototypes and the assessment & benchmarking against conventional system and other solar
solutions.
•

The combination of the single/half-effect ammonia/water absorption chiller and the ammonia vapour
compression chiller represent an interesting initial position for effective and attractive solar driven
HVAC solution

•

Under the considered boundary conditions, the solar thermal configurations appear to be more efficient
and more cost competitive than the PV or PVT variations.

•

Solar heating and cooling can become cost competitive when systems are designed clever with simple
HVAC layouts, advanced control strategies and high efficient components.
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Abstract
In this study, a detailed model of a single-family house with exhaust air heat pump, PV system and energy hub
developed in the simulation software TRNSYS 17 is used to evaluate energy management algorithms that utilize
weather and electricity price forecasts. A system with independent PV and heat pump is used as a base case. The
three smart and predictive control algorithms were developed with the scope to minimize annual cost of bought
electricity by the use of the thermal storage of the building, the hot water tank and electrical storage. The results
show reduction of the final energy of 26.4%, increase of the self-consumption to 60% and decrease of the net
annual cost for electricity of 15% when using the forecast services in combination with thermal and electrical
storage compared to the base case.
Keywords: photovoltaics, heat pump, forecast services, thermal storage, electrical storage

Nomenclature
DHW

Domestic hot water

FE

Final energy

HP

Heat pump

PV

Photovoltaics

NCOE Annual cost of electricity
SC

Self-consumption [%]

SH

Space heating

1. Introduction
Sophisticated control of HPs can provide the flexibility to match the onsite PV electricity production with the
household load for space heating (SH) and domestic hot water (DHW). Batteries have the advantage of being able
to store electricity for later use and are a suitable option for short term storage of PV electricity in buildings
(Luthander et al., 2015), while thermal storage has also been studied in combination with heat pumps. For
example, according to Fischer and Madani (2017), rule based approaches lead to cost reduction by 2 to 4%.
Salpakari and Lund (2016) studied the optimal cost control for PV systems with thermal and electrical energy
storage based on the electricity price and Thygesen and Karlsson (2016) proposed a control strategy based on a
perfect short-term weather forecast for a PV system with a heat pump and thermal and energy storage that showed
low profitability. Strategies for improving PV self-consumption in residential buildings with energy storage and
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the various control approaches, including rule based and predictive control have been reviewed thoroughly by
Luthander et al., (2015) and Fischer and Madani (2016) respectively. The majority of the studies that focus on PV
are in combination with battery storage but heat pumps plus hot water storage have shown increasing interest in
recent years (Binder et al., 2012; Hesaraki and Holmberg, 2013; Thygesen and Karlsson, 2014; Luthander et al.,
2015; Hirvonen et al., 2016; Fischer et al. 2017). This study evaluates predictive control measures for systems
with PV and heat pumps for a single-family house in Sweden. For the base case, a detailed model of a new singlefamily house with a grid-connected PV system, exhaust air heat pump and hot water storage is used. In this base
case scenario, the heat pump is not controlled to increase the internal use of the PV electricity. The model is further
developed to include electrical storage.

1.1 Aim of study
The objective of this study is to develop and evaluate algorithms that use forecasts of weather and electricity price
on hourly basis in order to reduce the annual final energy and net cost of electricity. In a previous study,
Psimopoulos et al. (2016) developed control algorithms to utilize more effectively the excess PV electricity
production. The previous results have focused on energetic improvement such as to increase the self-consumption
(SC) and to reduce the bought electricity from the grid, namely final energy (FE). In the follow-up study presented
here, a simplified economical evaluation of the running cost and revenue is used as for generating the net cost of
electricity that is used for the optimization. In Sweden, it is already possible for house owners and PV micro
producers to have an electricity tariff coupled with the Nord Pool spot market price, with tariffs on hourly basis
(Sommerfeldt and Madani, 2015). What is new in this work is the proposed operational control strategies in
addition to the short time-step weather data and load profiles for both domestic hot water (DHW) and electricity
demand. Another difference to other studies is that the exhaust air heat pump, very common in Sweden, cannot
supply the full heating rate required and thus control of the electrical auxiliary heater is important and also
modelled in detailed in this study.
The scope of the study is for a modern single family house with exhaust air heat pump located in Sweden. The
stochastical load patterns are based on monitoring data for single family houses described in Widén et al., (2012,
2009). All these are implemented in the simulation software TRNSYS 17, where the components in the model are
parameterized to match the specifications of existing products on the market. Net cost of energy is considered in
the analysis based on spot market price and no feed-in subsidies. A full economic evaluation including investment
cost is out of scope of this paper, rather the focus is on impact of advanced control algorithms assuming the system
already exists.

2. Methodology
2.1 Boundary conditions for the system
The system with heat pump supplies a typical Swedish single family house (SFH) with a gabled roof of one floor
that has an overall U-value of 0.2 W m-2 K-1 and 143 m2 heated floor area. A detailed model of the house with six
zones, developed in the simulation software TRNSYS, is described in detail and validated by Persson and Heier
(2010). TRNSYS’ type 56 is used for the house model. Three zones (rooms) have a set temperature of 20qC, while
two zones have 21qC and one zone has 22qC as set temperatures (Persson and Heier, 2010). The location of the
house is Norrköping, Sweden (58.6°N, 16°2E). Measured high-resolution (one minute) meteorological data by
the Swedish Meteorological and Hydrological Institute (SMHI) from the year 2011 in Norrköping is used in the
simulations. The weather data is used both for calculation of the PV electricity production and for calculations of
energy gains and losses in the house. Fresh water temperature, which affects the heating demand, is dependent on
the time of the year and modelled using a function described by Heimrath and Haller (2007). Two adults and two
children are living in the house, and the internal heat energy gain, assumed to be the same as the electricity demand
for appliances, is calculated using a Markov-chain model for occupancy and energy use as described in Widén et
al. (2009). The DHW demand is derived from the MacSheep project and adjusted for this study (Bales et al.,
2015), see Table 1. Domestic electricity and DHW loads have a 2 minute resolution over the period of one year.

2241

E. Psimopoulos / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Tab. 1: SH, DHW and appliance data

2979

Discharge energy [kWh year-1]

70.9

Discharge DHW volume [m3 year-1]

45

Discharge DHW temperature [°C]

194.2

Daily Average DHW draw-off [kg]

2.44 – 972.2

DHW flow [kg h-1]

3437

Electricity for appliances [kWh year-1]

14046

Space heating load [kWh year-1]

5650

Max load for appliances [W]

2.2. Hot water storage tank, heat pump and auxiliary heater
A variable speed, exhaust air HP delivers heat both for SH and DHW but cannot supply them both at the same
time. The HP model is based on the performance map of the HP, with heat capacity and power input as dependent
variables together with inlet air temperature, inlet air flow rate and compressor speed as independent variables. A
hot water storage tank of 180 litres is used for DHW whereas the SH is supplied by the HP through a buffer store
of 25 litres. The HP is activated according to a heating curve and compensatory control algorithm dependent on
the SH supply temperature. An electric auxiliary heater is activated when the thermal power provided by the heat
pump is insufficient to meet thermal power need. The auxiliary heater is turned off during the predefined summer
period. Table 2 shows the values used in this study for the DHW storage, heat pump and auxiliary heater. The
models for the HP, DHW storage and internal control algorithms are based on common commercial products on
the market. The performance characteristics as well as detailed control algorithm are based on those for a
commercial integrated product with heat pump and DHW store as one 60x60 cm appliance unit.
Tab. 2 : Specifications of hot water storage tank, exhaust air heat pump and auxiliary heater

Preference

Quantity

DHW storage tank capacity [litre]

180

Electric compressor power [kW]

0.27-2.05

Thermal power of HP [kW]

1.14 – 4.99

Heat pump COP

2.4 – 4.7

Electric auxiliary heater [kW]

0.5 – 6.5

2.3. Battery storage and PV system
Three PV system sizes and three battery storage sizes are used to study the impact on the energetic and economic
performance in terms of self-consumption, and final energy, with details described in Table 3. The tilt angle is
defined by the roof of the building whereas the azimuth angle is chosen to optimize the yearly PV electricity
production. The PV panels, inverter and lithium-ion batteries are modelled according to the specification of
products available on the market.
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Tab. 3: Specifications of the PV system and battery storage

Preference

Quantity/name

Capacity PV [kW]

3.12, 5.7, 9.36

Inverter efficiency [%]

97.7

PV tilt [q]

27

PV azimuth [q]

0

Capacity battery [kWh]

3.6, 7.2, 10.8

Round-trip battery losses [%]

10%

2.4. Electricity tariff
Figure 1 shows the annual variation of the Nord Pool spot market price for year 2011 in central Sweden. The
purchased electricity price that is used for this study includes the following: the spot market price, the grid fee,
the electricity certificate and the value added tax. For the case of the feed-in electricity to the grid, only the spot
market price and the electricity certificate without the current tax reduction subsidy available in Sweden are
considered. For the end user, this results in a mean value of 0.08 €/kWh of various fees is added to the hourly spot
market price for the purchased electricity and 0.015 €/kWh is added to the hourly spot market price for the excess
electricity fed to the grid. The added values are derived from 2011 market data (Nord Pool, 2016).

Fig. 1: Spot market electricity prices for Sweden in year 2011. Boxes include 50% of the values for each month

2.5 Sensitivity analysis of electricity tariff
Since the dynamic (spot) price is a small fraction of the end user price, this study also evaluates the potential of
the amplified electricity price deviation that is shown in Figure 2, by investigating to what extent the applied
algorithm based on the price forecast is sensitive to the hourly and daily price oscillation. To do that, data from
2011 were amplified by applying a factor of 2 to the deviation from the twenty four hours running average.
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Fig. 2: Amplified electricity price deviation from the 24h running average (example of the first week in January 2011)

2.6 Performance indicators
The key figures for this study that are used to evaluate the energy and economic performance of the residential
PV system are: final energy and self-consumption, annual electricity demand and annual net cost of electricity for
the heating system and appliances. A mathematical description of self-consumption can be found in Luthander et
al. (2015). If L(t) denotes the instantaneous electric load including appliances, heat pump and auxiliary heater,
and P(t) is the instantaneous power from the PV system, the directly consumed PV power M(t) can be defined as:
ܯሺݐሻ ൌ ሼܮሺݐሻǡ ܲሺݐሻሽ

(eq. 1)

if no electric storage is used. When adding battery storage to the system, this can be extended to
ܯሺݐሻ ൌ ሼܮሺݐሻǡ ܲሺݐሻ  ܵሺݐሻሽ

(eq. 2)

where S(t) < 0 denotes power to storage (charging) and S(t) > 0 denotes power from storage (discharging). The
final energy for the simulation period (FE) is equal to the electric load that cannot be supplied by PV electricity:
௧

௧

భ

భ

 ܧܨൌ ௧ మ ܮሺݐሻ݀ ݐെ ௧ మ ܯሺݐሻ݀ݐ

(eq. 3)

Self-consumption can then be defined as:
ܵ ܥൌ


భ

 మ ሺ௧ሻௗ௧
భ

 మ ெሺ௧ሻௗ௧

(eq. 4)

The annual net cost of electricity (NCOE) can be defined as in equation 5. The cost of the purchased electricity is
equal to the added values denoted as fixed fees ܥ௫ௗ per kWh and the spot market price ܥ௦ . The revenue consist
of the spot price ܥ௦ and the electricity certificates ܥ :
ܰ ܧܱܥൌ  ݐݏܥെ ݁݉ܿ݊ܫ

(eq. 5)

 ݐݏܥൌ ሺܥ௦  ܥ௫ௗ ሻܲௗ ݀ݐ

(eq. 6)

ܴ݁ ݁ݑ݊݁ݒൌ ሺܥ௦ ܥ ሻܲ௧ௗ ݀ݐ

(eq. 7)

ܲௗ and ܲ௧ௗ are the power that the system requires from the grid or feed in to the grid, respectively.
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3. Control strategies with forecast services
Smart control strategy is beneficial to demand response of the HP system and the optimal utilization of the thermal
and electrical storage by the PV electricity production. One control action on the heating system based on
electricity prices is to limit the need to purchase of energy when it is expensive. In those periods, if PV production
is not sufficient to cover the total energy need, the storage system has a crucial role. In this study the price is
defined as high or low by comparing the current price with the average price in a near-future interval of time. That
means that the price is considered low or high relatively to what occurs in the hours ahead, and is not related to
the average cost over the year. Figure 3 explains the logic that determines whether the current price is low or high.

Fig. 3: Example of high price periods (data from a week in January 2011)

In Figure 3, the highlighted intervals are the hours when the price is high, i.e. when the current price is higher than
the upper limit. The next day spot market data are obtained by using a perfect forecast, which is derived from the
same electricity price data input file shifted one day ahead. The upper and lower limits are obtained by calculating
the running average of the near future. The band width is therefore another parameter of this algorithm.
The weather forecast can be used for various applications. In this study the day-ahead global irradiance and the
beam component are used as input to the PV model. A perfect forecast is used by shifting the original weather
data file one day ahead in order to forecast the PV electricity production. A forecast of space heat demand is not
generated or used.
Three algorithms were developed, utilizing either thermal storage by means of the thermal mass of the house
(Algorithm 1) or the DHW tank storage, with the electrical storage (Algorithm 2) as well as a combination of
using thermal mass storage and the electrical storage (Algorithm 3). The main objective is to control the
temperature set points in the room regulators for the space heating using the variable spot market price and the set
point in the DHW tank by the day-ahead of PV electricity forecast based on irradiance forecast and a night saving
mode. The thermal comfort of the living space (room air temperature) and the availability of DHW were
maintained between strict limits. A penalty function for both the SH and the DHW was implemented and
monitored for deviations from the base case standards. For the room temperatures a minimum limit was defined
as 19.5°C in the largest zone of the house and a minimum of 45°C in the tap. The penalty functions are based on
the guidelines of the IEA SHC Task 32 and based on IEA Task 26 handbook (Weiss 2003). Both strategies are
combined with overheating the zones of the house and the DHW tank when excess PV electricity is available.
Constraints are also implemented to prevent increasing the cost and to prevent discomfort when the heating
demand is high. Constraints of the control decisions that are not listed in the Table 4 are:
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x

The auxiliary heater is not allowed to be activated when overheating occurs.

x

To prevent discomfort and probably use of auxiliary heater for reheating, it is not allowed to lower
the zones’ temperature set point when ambient temperature drops below 0 °C and high price occurs.

x

It is not allowed to overheat the zones when the ambient temperature exceeds 10°C and low price
occurs.

The developed control strategies are described as follows:
x

The base case includes the house equipped with a PV system and a heat pump for DHW storage and
SH. The HP is controlled solely by the need of SH and the temperature in the DHW storage tank.
There is no active use of storage to optimize self-consumption/costs. For a more detailed comparison
for the cases with the algorithms that combine both electrical and thermal storage the base case is
also simulated with batteries and expressed as ALGb.

x

In the first control algorithm (ALG1), the aim is to control the heat pump providing the SH load by
the low and high dynamic price and to utilize the excess PV production to reduce net cost and to
increase self-consumption. The control is implemented as follows: when high price occurs the room
regulators lower the temperature by 0.5 K whereas the set point temperatures in all the zones are
increased by 0.5 K during periods with low price. ALG1 is implemented with two variations ALG1
and ALG1a.The ALG1a difference includes the amplified dynamic price explained in section 2.5
but with the same control strategy.

x

The second control algorithm (ALG2) is applied to the base case system with an additional electrical
storage in batteries. The temperature set point of the DHW tank is triggered by the day-ahead weather
forecast. The task of the saving function is to limit the cost for charging the DHW tank to the
reference value which is compensated later by PV electricity. The time period during which this
control is active if from hours 00:00 until hour 06:00. A precondition is that the PV power production
between 07:00 and 08:00 exceeds a minimum threshold. Charging of the batteries is controlled by
excess PV production to increase self-consumption whereas the HP is controlled solely by the need
of SH and temperature in the DHW storage tank.

x

The aim of the third control algorithm (ALG3) is to combine the energy storage in the thermal mass
of the house, in the DHW tank and in the batteries together with a combination of price forecast and
a forecast of the PV power production. The task is to use the batteries to reduce the final energy and
to increase self-consumption. The HP is switched on when there is excess PV power production,
otherwise it is controlled by the low and high dynamic price signals. The priority is to supply first
the electrical loads and then the charging of the battery if there is additional excess PV power.

It should be noted that the battery charging is only allowed during times with excess PV power production
after the desired set points in the DHW storage tank have been reached (algorithm 2) or if the SH
overheating set point is reached (ALG3). The priority is given to the thermal storage in the course of any
day. Table 4 lists the control schemes for on-off control of the HP for the three cases. For ALGb, the
main control is that the battery charging is allowed only when excess PV power occurs.
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Tab. 4: Control schemes for on-off control of the HP for the three algorithms

ALG1

ALG2

ALG3

High price

Lower set point
0.5 K for SH

None

Lower set point
0.5 K for SH

Low price

Increase set point
0.5 K for SH

None

Increase set point
0.5 K for SH

PV forecast

Threshold
500 Wh

-

  ͷͲͲ

Night saving

00:00-06:00

-

Lower set point
5K for DHW

-

PV excess
ܲ  ͵ʹͲܹ

Threshold
320W

Increase set point
1 K for SH

Increase set point
6 K for DHW

Increase setpoint
1 K for SH

PV excess
ܲ  Ͳܹ

Threshold
0W

-

Battery charging

Battery charging

Tzones < 23ιC

TDHW tank < 54ιC

Tzones < 23ιC

Spot price
forecast

Upper limits

-

Tset DHW reference 48ιC ± 2 K hysteresis

4. Results
In this section the results for the key performance indicators, i.e. FE, SC and NCOE, are presented. The developed
control strategies are evaluated and compared to the base case with and without batteries. The system was
simulated for the base case and each of the algorithms with the three different PV sizes, each with its own battery
storage size chosen according to the PV capacity (3.1 kW PV and 3.6 kWh battery, 5.7 kW PV and 7.2 kWh
battery, 9.3 kW PV and 10.8 kWh battery). Table 5 shows a summary of the key figures for the base case of 5.7
kW PV system without any smart control and with the implementation of the three control strategies. ALG1 is
implemented with two variations, ALG1 and ALG1a. ALG1a uses the amplified dynamic price and is compared
to the base case with the amplified dynamic price. Moreover ALGb refers to the base case with electrical storage
and respectively ALG2 and ALG3 are also compared to ALGb.
Tab. 5: Key figures for the 5.7 kW PV and the three algorithms plus ALG1a (for all cases appliances use 3437 kWh year-1 and the
PV array produces 6285 kWh year-1)

Base case

ALG1

ALG1a

ALGb

ALG2

ALG3

Space heat [kWh year-1]

14046

14385

14373

14050

14152

14382

DHW [kWh year-1]

3657

3653

3652

3658

3711

3653

Heat pump electricity
[kWh year-1]

5932

6242

6695

5937

6375

6620

Aux heater electricity
[kWh year-1]

1568

1267

990

1595

1546

1101

31

35

42

47

57

60

8994

8710

8467

8080

7728

7364

958

947

934

909

920

883

PV self-consumption [%]
Final energy [kWh year-1]
NCOE [Euros]
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0%

3

5.7

9

ΔFE [%]

-4%
-8%
-12%
-16%
-20%
-24%
-28%

ALG1

ALG1a

ALGb

ALG2

ALG3

Fig. 4: Comparison of the change in final energy between the base case and the control algorithms ALG1, 2 and 3.
ALG1a is shown with the dashed line and refers to the case with the amplified dynamic spot market price and ALG1b refers to the
base case with batteries.

Figures 4, 5 and 6 compare the changes between base case and the three algorithms for the three key figures of
final energy ('FE), net cost of energy ('NCOE) and self-consumption ('SC) respectively. All algorithms give
greater cost and final energy savings the greater the PV system that is installed. ALGb, 2 and 3 including the
electrical storage give higher savings in final energy as well as net costs than ALG1, which only uses thermal
storage. ALG3 gives the highest reduction in final energy, saving 828, 1630 and 2278 kWh compared to the base
case for the 3.1, 5.7 and 9.3 kW PV sizes respectively. Compared to ALGb the savings are 213, 654 and 1186
kWh respectively.
3

5.7

9

0%

ΔNCOE[%]

-2%
-4%
-6%
-8%
-10%
-12%
-14%
-16%
-18%

ALG1

ALG1α

ALGb

ALG2

ALG3

Fig. 5: Comparison of the Annual cost of electricity of the household between the base case and the control algorithms ALG1, 2 and
3. The electrical load for the household appliances is considered constant. ALG1a refers to the case with the amplified dynamic spot
market price and ALG1b refers to the base case with batteries.

ALG1 gives gives small net cost savings even with the amplified dynamic price variation (ALG1a), while savings
in final energy are larger as are the differences between ALG1 and ALG1a. The net cost savings for ALG3 is 36,
75 and 108 Euros for the small, medium and large PV systems respectively. The NCOE for the two variations of
the ALG1 shows no difference even if the SC and final energy show benefits. It is also shown in Figure 5 that
ALG2 gives higher cost savings than the base case with batteries, ALGb, only for the largest PV size whereas
ALG3 has highest cost savings for all sizes.
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ALG3

Fig. 6: Comparison of the increase of self-consumed electricity between the base case and the control algorithms ALG1, 2 and 3. Alg1a
refers to the case with the amplified dynamic price and ALG1b refers to the base case with batteries.

ALG2 and 3 give twice as large an increase in self- consumption for the system with 9.3 kW PV compared to the
base case. It should be pointed also that for the case of the ALG1a the increase in self-consumption is also more
than twice as large between the ALG1 and ALG1a. In terms of absolute values the self-consumption for the
medium system is 35.6% up to 60.4%, while the highest occur for the smallest size system and is 74.7%.
Analyzing the results of the two scenarios of the electricity tariff for the base case, the comparison between the
base case with the amplified dynamic price and ALG1a, it is found that the net cost is not affected by the amplified
dynamic prices. Even if the cost is decreasing the revenue's decrease in this case results in a near zero change in
the net cost. Table 6 lists the costs and revenues of the comparison of the base case and ALG1 and ALG1a while
Table 7 lists the costs and revenue using ALG2 and ALG3 compared to ALGb. Both tables also give the average
annual tariffs for buying and selling electricity. The tariff for buying is nearly double that for selling and does not
vary with the algorithm, while that for selling varies slightly due to the different times of selling resulting from
different algorithms.
Tab. 6: Cost and revenue and average tariffsfor base case and ALG1 and ALG1a

Cost (tariff)

Base case
1225 € (0.136 €/kWh)

ALG1
1184 € (0.136 €/kWh)

Revenue (feed-in tariff)

267 € (0.065 €/kWh)

237 € (0.064 €/kWh)

Base case Amplified

ALG1a

Cost (tariff)

1223 € (0.136 €/kWh)

1154 € (0.136 €/kWh)

Revenue (feed-in tariff)

259 € (0.068 €/kWh)

220 € (0.067 €/kWh)

Tab. 7: Cost and revenue and average tariffs for the base case with batteries ALG1b compared to ALG2 and ALG3

ALGb

ALG2

ALG3

Cost (tariff)

1098 € (0.137 €/kWh)

1058 € (0.137 €/kWh)

1007 € (0.137 €/kWh)

Revenue (feed-in tariff)

188 € (0.066 €/kWh)

137 € (0.066 €/kWh)

124 € (0.065 €/kWh)

5. Discussion
The inclusion of forecast services in the control decisions increases the complexity of the rule-based decision.
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In the current scenario in Sweden, there is a subsidy for feeding in excess electricity to the grid in order to motivate
households to become micro producers and prosumers. With the feed-in subsidy, the revenue of selling electricity
is very close to the savings from self-consuming the electricity. Increasing the self-consumption would, therefore,
have a minor effect on the total costs. It is, however, not decided how long this subsidy will last, which makes it
important to study ways to increase the revenue when the subsidy does not exist anymore. The chosen scenario
of this study is therefore one where there is not feed-in subsidy and thus a large difference in tariffs for buying
and selling, nearly a factor two. From the evaluation of the economic performance, it can be seen that the revenues
of the excess electricity fed into the grid have an impact on the annual cost. Especially when cost saving decisions
are implemented, there the cost reduction is partly cancelled out by the the reduction of the revenues, which limits
the reduction in net annual costs. The limitation of rule-based algorithms for solving the multi-objective control
tasks derives from the need to adjust the control decision seasonally and to develop logical solutions with
constraints and priorities that are predefined and not updated throughout the course of the year.
One other point to be considered in the evaluation of the results is the use of a perfect forecast both for the weather
forecast and also for the dynamic price. Using a real weather forecast, which includes uncertainties, the actual
savings and benefits will be even lower than the ones from this study. In Sweden, the price for the coming 24
hours is decided at noon, and a perfect forecast is thus available.

6. Conclusion
This study shows the benefits of smart control using weather and electricity forecast services for decreasing annual
net cost of electricity and final energy with the developed algorithms and for increasing the self-consumption. The
improvements tend to increase with the larger system sizes. With the largest PV system the annual net cost is
decreasing faster for all the algorithms than for the smaller PV systems, with highest cost savings forALG3
(thermal and electrical storage as well as predictive control). For ALG3 and largest PV array the following
improvements compared to the base case system (without battery) with same PV array size are achieved: 26%
reduction in final energy; self-consumption is nearly doubled to 60% ; and 15% decrease in net annual cost of
electricity. For the same PV size and algorithm, the improvements compared to the base case system with battery
are lower, namely: 16% reduction in final energy; 42% increase in self-consumption; and 8% decrease in net
annual cost.
Using a battery (ALGb) gives greater savings than using thermal energy storage only (ALG1), for the battery and
hot water store sizes used in the study. With the medium-sized PV system of 5.7 kW ALG1 gives only a small
reduction in netannual cost but with electrical storage the reduction in net costs for electricity are 4 to 8%
depending on algorithm used. The final energy can be decreased by 283 kWh (ALG1) up to 1630 kWh (ALG3).
With the chosen scenario in this study, the proposed algorithms result in small improvements for cost savings up
to 3 % for the smallest system of 3.1 kW when thermal and electrical storage are combined. Final energy is also
reduced for this system by 101 kWh (ALG1) up to 828 kWh (ALG3).
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Abstract
This work summarizes the performance of a Solar Assisted Heat Pump integrating Photovoltaic thermal (PV/T)
modules. This configuration reduces the disadvantage of low temperature heat recovery typical of PV/T modules
as the fluid temperature is used to drive the heat pump evaporator instead of an end-user and, consequently, can
be close to the ambient one. A detailed model featuring real components is developed in MATLAB® to correctly
predict the SAHP performance as function of the design parameters (number of PV/T modules) and ambient
conditions (solar irradiance and ambient temperature). In addition, an optimization tool was combined with the
model to maximize the COP (Coefficient of Performance) by varying the water flow rate circulating in the PV/T
panels. Results outline the benefits of this concept with respect to conventional air/water heat pumps in particular
when the ambient temperature is below zero as the frost formation issue is not present. COP reaches high values,
between 2.5 and 4.9 in the case with 12 PV/T panels and between 2.2 and 6.2 with 24. Advantages in terms of
electricity production are outlined as well, with an increasing of 8-9% of the power produced.
Keywords: Solar Assisted Heat Pumps, Photovoltaic Thermal modules.

1. Introduction
Photovoltaic thermal (PV/T) modules combine thermal and electricity production. The main drawback of this
technology is the low thermal efficiency and stagnation temperature because of the high thermal losses (Aste, et
al., 2014; Zondag, et al., 2003). Insulation systems like vacuum chamber or the adoption of concentrators can be
considered but require the installation of auxiliary rejection systems to control the PV cell temperature when the
heat demand is absent (Kumar, et al., 2015). Another option to exploit the PV/T potentiality without increasing
the module complexity consists of their integration with a heat pump (HP) leading to the so-called solar-assisted
heat pump (SAHP) concept: the heat recovered by the PV/T modules supplies the heat duty of the HP evaporator
(Ji, et al., 2008). A detailed study over this system was conducted by (Nuntaphan, et al., 2009) that has
experimental analyzed the performance of an indirect SAHP coupled with solar flat collectors including a hot
water storage of 300 dm3. Results demonstrate higher system efficiency with respect to traditional configurations
(air/water HP or thermal panels), with a gain that reaches 40%. (Li, et al., 2014) has analyzed an indirect SAHP
with flat solar collectors for residential heating. The study was done with a model developed in TRNSYS and
results demonstrated that 68.1% of the heating and domestic hot water demand was covered by the SAHP.
Moreover, the performance is increased by 140% respect of a standard HP and the energy saving is close to 52%.
(Liu, et al., 2014) has investigated a system with a SAHP and vacuum solar collectors for residential use. An
experimental set-up is used to validate a model built in TRNSYS. The study shows that, considering a system
designed for a solar fraction of 20%, about 66% of the thermal load can be covered in the worst month and it is
possible to reduce the energy consumption by 55% with respect to a traditional layout with a boiler . (Calise, et
al., 2016) has studied the performance of a three-generation system composed by an indirect SAHP integrating
PV/T solar panels for heating/cooling loads in a residential application. The model, developed in TRNSYS, shows
that the system can cover the entire thermal load and the average performance is 30% higher than a standard HP.
The SAHP configuration fixes the PV/T low stagnation temperature issue as the PV/T operating temperature can
be close to the ambient one. In addition, the PV power output increases with respect to conventional PV module
because of the PV cell cooling effect (Migliorini, et al., 2017). In this work, a detailed modeling of the SAHP
concept is carried out to assess the system performance and power output as function of the ambient conditions
(irradiance and ambient temperature) and the design specification (number of PV/T modules and thermal
efficiency). Physical behavior of all the components of the system are completely characterized, heat transfer
coefficients and pressure drops are determined using typical correlation referenced in literature and a solver for a
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system with non-linear equations is used. An optimization tool is also implemented to maximize the performance
in each different ambient condition, varying the volumetric flow rate that flows in the PV/T panels. With this
comprehensive tool, developed in MATLAB®, it is possible to automatically obtain optimized performance maps
for a variable number of PV/T modules.
The paper is structured as follows. Section 2 describes the concept and the layout of the system studied. In Section
3 models of the components are explained. Section 4 presents the methodology proposed to define design
condition and the optimization method used. In Section 5 main results of the paper are presented and discussed.
Finally, in Section 6 conclusions are drawn.

2. The Concept
A schematic of the concept modelled in this work is reported in Fig. 1.

Fig. 1: Schematic of the system modelled in this work

The system consists of a water-to-water HP, PV/T modules and a thermal storage, being the latter component
mandatory to decouple the solar energy availability with the thermal load. PV/T modules convert solar energy in
thermal and electric ones: the first of them is used in the evaporator of the HP; the electric energy can be used to
reduce/cover the HP electric energy demand together with the house ones. PV/T connection to the national grid
is considered to account for the electricity excess/deficit with respect to the HP and house loads. The SAHP system
considered in this work is designed to cover both Domestic Heat Water (DHW) and Space Heating (SH)
consumptions of a single-family house. The heat pump nominal heating capacity and COP are equal to 8.52 kW
and 3.19 respectively, whereas PV/T module performance feature commercially available ones (SoLink, 2017).
The HP is modelled in MATLAB® considering the governing equations of each component as detailed in the next
section, whereas the PV/T are modelled combining datasheet information and experimental measurements carried
out at SolarTechLab of Politecnico di Milano (Bombarda, et al., 2016).

3. Mathematical Model
The SAHP model solves heat and mass balances assuming stationary conditions, neglecting the transient effect of
solar radiation (G) variation and the thermal energy storage balance heat load variations. All the components of
the HP (compressor, condenser, evaporator and expansion valve) and PV/T modules are considered as blackboxes, with governing equations to describe their physical behavior. The aim is to have a complete model that
correctly describes the considered system within limited computational time to perform a detailed analysis in
different ambient conditions and with a different number as well as typology of PV/T modules. Fig. 2 shows the
refrigerant loop, the domestic water loop (as called primary circuit) and the water-glycol loop (as called secondary
circuit). Glycol is used to prevent water freezing in winter time. HP operating points are numbered starting from
the inlet of the compressor following the refrigerant fluid.
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Fig. 2: Schematic of mathematical model

3.1. Compressor
The behavior of the compressor is described with polynomial equations to determine the refrigerant flow rate
݉ሶ and the electric power consumption ܹሶ as functions of condensation and evaporation temperatures
ܶௗ and ܶ௩ . The 10 coefficients of the polynomial equations are provided by manufacturers (eq. 1 and eq. 2).
݉ሶ ൌ ܽ  ܽଵ ܶா  ܽଶ ܶ  ܽଷ ܶாଶ  ܽସ ܶா ܶ  ܽହ ܶଶ  ܽ ܶாଷ  ܽ ܶாଶ ܶ  ଼ܽ ܶா ܶଶ  ܽଽ ܶଷ

(eq. 1)

ܹሶ ൌ ܾ  ܾଵ ܶா  ܾଶ ܶ  ܾଷ ܶாଶ  ܾସ ܶா ܶ  ܾହ ܶଶ  ܾ ܶாଷ  ܾ ܶாଶ ܶ  ଼ܾ ܶா ܶଶ  ܾଽ ܶଷ

(eq. 2)

Coefficients ܽ and ܾ are evaluated by manufacturers at defined conditions. The compressor used in this work
(Emerson ZH30K4E-TFD) (Emerson, 2017) has superheating temperature set to 5K, eq. 3 and eq. 4 determine
the refrigerant flow rate and the electric power consumption with a different superheating:
݉ሶ ห

௱்ೞ

ܹሶ ห௱்

ೞ

ൌ ݉ሶ ห

௱்ೞ ୀହ

ൌ ܹሶ ห௱்

ή

ೞ ୀହ

ఘ൫ೡೌ ǡ்ೡೌ ା௱்ೞ ൯
ఘ൫ೡೌ ǡ்ೡೌ ାହ൯

ή

ఘ൫ೡೌ ǡ்ೡೌ ା௱்ೞ ൯
ఘ൫ೡೌ ǡ்ೡೌ ାହ൯

(eq. 3)
(eq. 4)

However, part of the electric power absorbed by the compressor is dissipated as heat to the environment. This
heat is assumed to be 10% of the total power, and this assumption is taken into account by means of eq. 5:
݄ଶ ൌ ݄ଵ  ͲǤͻ ή

ௐሶ
ሶೝೝ

(eq. 5)

The refrigerant at point 2 is superheated vapor and enters the condenser. The set of the compressor operating
conditions is defined by the envelope, as shown in Fig. 3.

Fig. 3: Operating field of the compressor
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3.2. Condenser
The condenser is a plate heat exchanger that transfers heat from the working fluid of the heat pump to the domestic
water. This component is modelled by means of the eq. 6:
ܳሶௗ௦ ൌ σ௭௦
ୀ ܷ ή ܣ ή ܦܶܯܮ

(eq. 6)

Whereܦܶܯܮ is the logarithmic mean temperature difference of each zone. The condenser is divided into two
parts: the de-superheating zone and the condensation zone. Subcooling zone is neglected because of its negligible
impact on the condenser’s energy balance. For the two modelled sections, thermal transmittance (U) is calculated
as the sum of the heat transfer contributions related to the refrigerant fluid, the domestic water and the thickness
of the plate between them, as shown in eq. 7.
ଵ

ܷൌ൬

ೡǡೝೝ



௦ುಽಲಶ
ುಽಲಶ



ିଵ

ଵ
ೡǡೢೌೝ

൰

(eq. 7)

The conductive heat transfer coefficient ݄௩ is determined using the correlation of Kim (Kim, 1999) for singlephase fluids (superheated refrigerant vapor and liquid water) and the modified correlation of Shah (Shah, 1979)
for the two-phase refrigerant fluid, as shown in eq. 8 and eq. 9 respectively:
ܰ ݑൌ ͲǤʹͻͷ ή ܴ݁ Ǥସ ή ܲ ݎǤଷଶ ή ሺߨΤʹ െ ߚሻǤଽ
ଵ

Ǥ଼
Ǥଷଷ
ή ܲݎௌ
ή
݄௩ ൌ  ͲǤʹͲͻʹ ή ܴ݁ௌ

whereܰ ݑൌ
ܩൌ

ሶೝೝ
ேήή௧

ೡ ήಹ


ಽೄ
ಹ

(eq. 8)

ή ሺͳ െ ݔሻǤ଼ 

ଷǤ଼ή௫ బǤళల ήሺଵି௫ሻబǤబర

൬ ೄಲ ൰

బǤయఴ

dx

(eq. 9)

ೃ

is the Nusselt number, ܴ݁ ൌ

ீήಹ
ఓ

is the Reynolds number, ܲ ݎൌ

ఓή


is the Prandtl number,

is the specific flow rate of a single channel, ܦு ൌ ʹ ή  ݐis the hydraulic diameter, ߚ ൌ ͷι ή

Chevron angle and ܰ ൌ

ேೞೝ ିଵ
ଶ

గ
ଵ଼ι

is the

is the number of channels for the refrigerant flow. B and t are set as 0.08 m

and 0.00205 m. Thermophysical properties are evaluated at mean temperature of the zone for the mono-phase
fluids. The two areas of the heat transfer result from the model solution while the overall condenser surface defined
at design condition, will be assumed constant in any other operating point, as discussed in next section.
With the aim of enhancing model accuracy, pressure drops are considered. Longo correlation (Longo & Zilio,
2013) is used to represent the physic behavior of the condensation, as shown in eq. 10.
ο ൌ

ଵହ
଼

ή  ܸܧܭ݄ݐ݅ݓܸܧܭൌ

ீమ

(eq. 10)

ഥ
ଶήఘ

For the de-superheating part, Martin correlation (Martin, 1996) is implemented in eq. 11 and eq. 12.
ସ

ିଶ
௦ ఉ

݂ൌ

ቀǤଵ଼ή௧ ఉାǤଷή௦ ఉା

ο ൌ ݂ ή


ಹ

ή ܸܧܭ

ଵି௦ ఉ

బ బǤఱ
ቁ
ೞ ഁ

 ሺଷǤ଼ή ሻబǤఱ ൩
భ

݄ݐ݅ݓ

݂ ۓ ൌ ோ 
ܴ݁ ൏ ʹͲͲͲ
ହଽ
ۖቐ
 ͵Ǥͺͷ
݂ଵ ൌ
ோ

݂ ۔ ൌ ሺͳǤͺ ή ݈݃ଵ ܴ݁ െ ͳǤͷሻିଶ
ۖቊ
ܴ݁  ʹͲͲͲ
ଷଽ
݂ ەଵ ൌ ோ బǤమఴవ 

(eq. 11)

(eq. 12)

3.3. Expansion Valve
The working principle of the expansion valve is described by an isenthalpic transformation, where the refrigerant
undergoes a pressure drop with no enthalpy variation. Eq. 13 expresses this behavior:
݄ସ ൌ ݄ଷ

(eq. 13)

The task of this component is to maintain a defined superheating of refrigerant vapor at the evaporator outlet to
avoid liquid droplets transport inside the compressor. In this paper, a constant superheating of 5K is used.

3.4. Evaporator
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This component, similarly to the condenser, is a plate heat exchanger, so it is modelled in a similar way.
Evaporation and superheating zones are identified. Tough the superheating section is small in terms of heat
transfer rate, it has to be included in order to have an accurate model. The governing equation is:
ܳሶ௩௧ ൌ σ௭௦
ୀ ܷ ή ܣ ή ܦܶܯܮ

(eq. 14)

Thermal transmittance U is calculated using eq. 7 and the convective heat transfer coefficient ݄௩ is obtained
from eq. 8 for single-phase fluids and from Han, Lee and Kim correlation (Han, et al., 2003) for the evaporating
refrigerant fluid, as shown in eq. 15.
ீ

Ǥସ
Ǥଷ
ή ܲݎௌ
ܰ ݑൌ ݁ܩଵ ή ܴ݁ௌ మ ή ܤ

(eq. 15)

݁ܩଵ and ݁ܩଶ are functions of the heat exchanger geometry and ܤ is the boiling number. They can be evaluated
as follow:
݁ܩଵ ൌ ʹǤͺͳ ή ቀ

ೀೃ ିǤସଵ
ಹ

݁ܩଶ ൌ ͲǤͶ ή ቀ
ܤ ൌ

ቁ

ή ሺߨΤʹ െ ߚሻିଶǤ଼ଷ

ೀೃ ିǤ଼ଶ
ಹ

ቁ

(eq. 16)

ή ሺߨΤʹ െ ߚሻǤଵ

(eq. 17)

ೢೌ

(eq. 18)

ீ ήοಽషೇ

where ܲைோ is the corrugation pitch, ݍ௪ ൌ  ܩή ሺ݄ௌ െ ݄ସ ሻ is the specific thermal power at the wall and ܩ ൌ
 ܩή ͳ െ ݔସ  ݔସ ή ቀ

ఘಽೄ Ǥହ
ఘೇೄ

ቁ

൨ is the equivalent specific flow rate of a single channel and ݔସ is the fraction of vapor

in the refrigerant flow rate at the inlet of the evaporator. In analogy with the condenser, also the evaporation and
superheating areas are obtained by solving the analytical model and the total surface of the evaporator is
determined at design condition.
To model pressure drop, as condenser the correlation of Martin is used for the superheated vapor. In the
evaporation zone, the following correlation is chosen (Longo, et al., 2016).
ହ

ο ൌ ή ܸܧܭ

(eq. 19)

ଷ

3.5. Refrigerant Fluid
The fluid used in the heat pump is R134a and is modelled using lookup tables created starting from the software
REFPROP 9.1 (NIST, 2017), which implements equations of state of different compounds. The selected
discretization step (1 °C for the temperature, 25 kPa for the pressure and 500 J/kg for the enthalpy) of the tables
was selected to guarantee high accuracy while keeping a fast model convergence.

3.6. PV/T Modules
For solar panels, both thermal and electric modeling is needed. Thermal behavior is described by eq. 20, which
takes into account optical losses of the glass and of the PV array and convective losses to the environment. Here,
radiative losses are linearized with first order temperature differences which is a reasonable assumption
considering the low operating temperature.
ߟ௧ ൌ ߟ௧ െ ܽଵ ή

൫்ೠǡೠ ା்ೄǡ൯Τଶି்ೌ್
ீ

ൌ

ሶೄ ήఘೞ ήೄ ή൫்ೠǡೠ ି்ೄǡ൯

(eq. 20)

ீ ήೌ ήேೌೞ

Coefficients ߟ௧ and ܽଵ are obtained from an experimental campaign carried out at SolarTechLab at Politecnico
di Milano between spring and summer of 2017. PV/T modules are roll-bond type, with poly-crystalline solar cells.
Tab. 1 summarized the main characteristics of panels used.
Tab. 1: Characteristic of PV/T panels
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ࢇࢋ [m²]

ࣁ࢚

ࢇ [(W/m²)/K]

ࣁࢋǡࡾࡱࡲ

ࢃሶࡾࡱࡲ [Wp]

[%/K]

ࢀࢉࢋǡࡾࡱࡲ [°C]

1.63

0.528

13.658

0.153

250

0.42

56
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Electric behavior of PV cells is modelled using the power coefficient approach. The generated power is function
of the solar irradiance G and the temperature of the cells (both considered uniform on the panel surface), as shown
in eq. 21.
ௐሶ

ߟ ൌ ߟǡோாி ή ൣͳ  ߛ ή ൫ܶ െ ܶǡோாி ൯൧ ൌ

(eq. 21)

ீ ήೌ ήேೌೞ

where ߟǡோாி and ܶǡோாி are taken from the datasheet of the panel and ܶ is evaluated as the mean fluid
temperature of the fluid circulating on the panel ܶത௨ௗ plus a constant value, which is here assumed equal to 10K.
Pressure drops of PV/T panels are modelled using a polynomial curve of grade two extrapolated from a test done
by the manufacturer, as shown in eq. 22.
ሶ ଶ  ͶͶͷ ή ܸௌ
ሶ
ο ൌ ͻͺͲǤͻ ή ܸௌ

(eq. 22)

where the volumetric flow rate is expressed in [l/min].

3.7. Hydraulic Loop
Secondary hydraulic loop is considered in the model including a volumetric pump, whose power consumption is
modelled as follow:
ሶ ή
ܹሶ௨ ൌ ܸௌ

οೞ

(eq. 23)

ఎೠ

Pump efficiency is assumed to be constant equal to 15%, a typical value for centrifugal pumps, and the pressure
drop is calculated considering the hydraulic circuit, the evaporator and PV/T modules. Tab. 2 summarizes the
characteristic of the hydraulic circuit, while eq. 24 shows the modelization of exchanger pressure drops.
Tab. 2: Characteristic of secondary hydraulic circuit

Tubes Length [m]

Losses [Pa/m*(l/min)²]

Volumetric Glycol Fraction (ܺௌ ሻ

7

9

0.3

ሶ ଶ  ͵Ǥʹʹͻ ή ܸ௦
ሶ െ ͲǤʹ͵ʹ
߂௩௧ ൌ ͷͳͷͲ ή ܸௌ

(eq. 24)

where the volumetric flow rate is expressed in [l/min]. However, a fraction of the pump power is dissipated as
heat, which produces an increase of temperature of the fluid. This increase is considered by means of the eq. 25.
ሶ ή οௌ ή ଵିఎೠ ൌ ܸௌ
ሶ ή ߩௌ ή ܿௌ ή ൫ܶ௨Ǥ௨௧ െ ܶௌǡ௨௧ ൯
ܳሶௗ௦௦ǡ௨ ൌ ܸௌ
ఎೠ

(eq. 25)

4. Model Resolution and Optimization
Equations described in Section 3 are implemented in a MATLAB ® code. To resolve the SAHP system, other
equations are needed and a design condition must be defined. Firstly, energy balances of each zone of condenser
and evaporator and surface balances of heat exchangers are introduced, as shown in the following equations.
݉ሶ ή ሺ݄ௌ ሺܶௗ ሻ െ ݄ଷ ሻ ൌ ܷௗ ή ܣௗ ή

൫்ି்ುೃǡ ൯ିሺ் ି்ೣ ሻ


݉ሶ ή ൫݄ଶ െ ݄ௌ ሺܶௗ ሻ൯ ൌ ܷௗି௦ ή ܣௗି௦ ή

 షುೃǡ
 షೣ

ሺ்ି்ೣ ሻି൫்మ ି்ುೃǡೠ ൯

షೣ
 

ሶ ή ߩோ ή ܿோ ή ൫ܶ௫ െ ܶோǡ ൯
ൌ ܸோ

(eq. 26)

ሶ ή ߩோ ή ܿோ ή ൫ܶோǡ௨௧ െ ܶ௫ ൯ (eq. 27)
ൌ ܸோ

మ షುೃǡೠ

݉ሶ ή ൫݄ௌ ൫ܶ௩ ൯ െ ݄ସ ൯ ൌ ܷ௩ ή ܣ௩ ή

݉ሶ ή ቀ݄ଵ െ ݄ௌ ൫ܶ௩ ൯ቁ ൌ ܷ௦ ή ܣ௦ ή

൫்ೄǡೠ ି்ೡೌ ൯ି൫் ି்ೡೌ ൯


ೄǡೠషೡೌ
 షೡೌ

൫் ି்ೡೌ ൯ି൫்ೄǡ ି்భ ൯


 షೡೌ
ೄǡ షభ

ሶ ή ߩ௦ ή ܿௌ ή ൫ܶௌǡ௨௧ െ ܶ௬ ൯
ൌ ܸௌ

ሶ ή ߩ௦ ή ܿௌ ή ൫ܶ௬ െ ܶௌǡ ൯
ൌ ܸௌ

(eq. 28)
(eq. 29)

ܣௗ௦ ൌ ܣௗ  ܣௗି௦

(eq. 30)

ܣ௩௧ ൌ ܣ௩  ܣ௦

(eq. 31)
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ܶ௫ and ܶ௬ are the temperatures of the primary and secondary circuits at which the condensation and evaporation
of the refrigerant fluid starts and stops respectively. The design condition determines the total area of the
condenser and the evaporator together with the correct number of plates of the two heat exchangers which are
determined with an empirical correlation (eq. 32):
ೂሶ

ܰ௧௦ ൌ ʹ ή

ቆ ሶ ಹ ାଶቇ
ೂೌ
ቦ
ቧ
ଶ

(eq. 32)

ܳሶ௧ is the heat exchanged by a single plate, set at 200 W/plate, after a preliminary analysis on different
commercial softwares. Finally, ܣௗ௦ , ܣ௩௧ , and the two ܳሶு are obtained solving the complete model
in a standard working condition that is common used to build the datasheet of a water-to-water heat pump. Tab.
3 shows the temperatures of this condition.
Tab. 3: Temperatures at the design condition

ࢀࢋ࢜ࢇ [°C]

οࢀ࢙ࢎ [K]

ࢀࡿǡ [°C]

ࢀࡿǡ࢛࢚ [°C]

ࢀࢉࢊ [°C]

οࢀ࢙࢛࢈ [K]

ࢀࡼࡾǡ [°C]

ࢀࡼࡾǡ࢛࢚ [°C]

2

5

10

7

50

0

40

45

The model developed is a system of non-linear equations, that can be solved with the function fsolve available in
the MATLAB® library. Fig. 4 describes the logical steps followed for all the simulations:
x

In the first step, geometrical parameters of the evaporator and the condenser are calculated from the
design condition. In this situation, ܶ௩ and ܶௗ are set, as well as temperatures at the inlet and at the
outlet of the heat exchangers and superheating in point 1 and subcooling in point 3 of the refrigerant
cycle. All the unknown variables can be explicated and the solver is not required. Solar irradiance and
ambient temperature for a fixed number of PV/T modules are a result in this case and their values can be
used to do a preliminary evaluation of the energetic feasibility of the system;

x

Secondly, fsolve function solves the system of equations (that with some passages can be reduced to a
system of 5 non-linear equations in 5 variables, which are ܶ௩ , ܶௗ , ܶௌǡ௨௧ , ܣ௩ and ܣௗ ), using
as input parameters the solar irradiance and the ambient temperature, which are exogenous variables, and
the number of PV/T panels;

x

If a solution is found by the solver, a series of physical boundaries are introduced to check the working
point feasibility. The following equations explain this approach.
݅݉݃ሺ݊݅ݐݑ݈ݏሻ ് Ͳ݊݅ݐݑ݈ݏ

(eq. 33)

ܣ௩ ǡ ܣௗ  Ͳ

(eq. 34)

݈݁݊݁݁ݒ൫ܶ௩ ǡ ܶௗ ൯ ൌ ݁ݑݎݐ

(eq. 35)

ܶௌǡ௨௧  ܶ௭ ሺܺௌ ሻ

(eq. 36)

Constrains are applied after the resolution of the system to avoid solver function failure when an
intermediate unfeasible solution is found but the final solution is feasible.

Fig. 4: Explanation of the logical steps followed for a simulation
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In addition to the physical model of the SAHP, an optimization tool is used to maximize the performance
parameter COP (Coefficient of Performance), which is expressed by eq. 37.
 ܱܲܥൌ

ொሶ
ௐሶ ାௐሶೠ

(eq. 37)

ሶ . Another constraint is
The optimization is done with the function fmincon varying the volumetric flow rate ܸௌ
introduced to implement the behavior of the PV/T panels: the flow rate must be between ͲǤͲͲͺ͵തl/s (0.5 l/min)
and ͲǤͲ͵ത l/s (2 l/min) for each line of PV/T panels in parallel to avoid low heat transfer coefficient and too high
pressure drops. Fig. 5 is an example that shows the presence of a maximum of the COP in the range previously
defined: thermal power at the condenser presents a limited grown, following the grown of the secondary loop flow
rate, the electric consumption of the compressor is approximatively constant but the pump consumption increases
strongly with a quadratic behavior. The opposite trends result in a maximum of the COP.

Fig. 5: Explanation of the presence of a maximum of COP as function of secondary fluid flow rate

In the end, Tab. 4 shows the results of the mathematical model obtained in the design condition, which are the
same independently of the number of PV/T modules. Tab. 5 shows the solar irradiance needed to produce heat
required in the evaporator in the design condition for 12, 16, 20 and 24 PV/T panels respectively.

Tab. 4: Results of the model in the design condition

ࡻࡼ

ࡽሶࢉࢊࢋ࢙ࢋ࢘
[kW]

ࡼࡸࢀࡱǡࢉࢊࢋ࢙ࢋ࢘
[m²]

ࡼࡸࢀࡱǡࢋ࢜ࢇ࢘ࢇ࢚࢘
[m²]

ࡺࡼࡸࢀࡱǡࢉࢊࢋ࢙ࢋ࢘

ࡺࡼࡸࢀࡱǡࢋ࢜ࢇ࢘ࢇ࢚࢘

ࢀࢇ࢈
[°C]

3.19

8.52

0.0258

0.0197

46

36

7

Tab. 5: Solar irradiance required in the design condition with different number of PV/T modules

[ ்ܩW/m²]

ࡼࢂȀࢀ

ࡼࢂȀࢀ

ࡼࢂȀࢀ

ࡼࢂȀࢀ

642.95

494.34

404.55

344.47
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5. Results
Starting from the design conditions, the model is used to assess the performance of a SAHP system at different
ambient conditions. In particular, solar irradiance was varied between 0 W/m² to 1000 W/m² with steps of 100
W/m², ambient temperature from -20°C to 20°C with steps of 5 °C.
Fig. 6 shows the behavior of the COP as a function of solar irradiance and ambient temperature for a layout with
12 and 24 panels, corresponding to a peak power of the installation of 3 kWel and 6 kWel respectively. As expected,
COP increases with the ambient temperature and solar irradiance. The dependency is linear and the influence of
solar irradiance is more pronounced than the one the ambient temperature. The case with more PV/T modules has
better performance, even though differences are quite limited. In both cases, a non-operating zone is present (blue
zone) representing the freezing conditions of the water plus glycol mixture points.
It is important to notice that the system can work also during the night with an acceptable COP (greater than 2).
This is possible because of the high a1 of the PV/T panels that permits to absorb enough energy from the
environment (evaporation temperature is lower than the ambient one in these cases) and provide the heat required
by the heat pump. This possibility increases the flexibility of the system extending the achievable working
conditions to the all day.

Fig. 6: Representation of COP for an indirect SAHP with 12 (left) and 24 (right) PV/T panels as a function of ambient temperature
and solar irradiance

In Fig. 7, the ratio between the electric power produced by the PV/T modules and the power consumption of the
HP and circulating pump for 12 (left) and 24 (right) PV/T is reported. When the ratio is greater than 1, the system
is energetic self-sufficient, reducing the impact of heat pump consumption on the energetic costs and also the
impact of the renewable power production on the national grid: the simultaneous production and consumption by
the HP reduces the electricity import/export with respect to a more conventional solution with only PV modules
and conventional heating system. In the case with 12 PV/T panels, the energetic self-sufficient condition is reached
only with a high solar irradiance (between 600 and 800 W/m²), instead of the case with 24 panels that a lower
value is needed, around 200-300 W/m².

Fig. 7: Representation of the ratio between the electric power produced by PV/T modules and electric consumption of the SAHP with
12 (left) and 24 (right) PV/T panels as a function of ambient temperature and solar irradiance

Fig. 8 presents the advantages of this system with 12 PV/T panels respect of traditional technologies (air heat
pump and PV modules). In the left graph, the difference between the inlet temperature of the evaporator and the
ambient temperature is shown. It is possible to see that in most cases the temperature of the SAHP heat source is
higher than the air temperature, which is the source of the standard air-to-water technology. Therefore, the
proposed system improves the HP COP at constant thermal power produced, reducing the operational costs of the
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machine. In addition, the typical performance decay of air-to-water heat pumps at ambient temperature below
zero as consequence of the frost formation is not present here further increasing the SAHP performance gain.

Fig. 8: Representation of the difference between the secondary fluid inlet temperature and the ambient temperature (left) and the
increase of electric production of the PV/T modules (right) as functions of ambient temperature and solar irradiance

On the right of Fig. 8 the advantages in terms of electric power production are also reported, outlining the benefits
of cooled cells with respect to conventional modules. As it is described in eq. 21, decreasing the temperature of
the cell enhances the electric power production at the same solar irradiance. This effect is mainly visible with
favorable ambient conditions and the increase reaches 8-9%. The standard PV module used for the comparison
has the same peak power of the PV/T module and the power production is evaluated from the NOCT method.

6. Conclusions
In this paper, an analytical model of a solar-assisted heat pump combined with Photovoltaic Thermal modules is
developed using the software MATLAB®. Governing equations for the heat pump and characteristic curve of the
PV/T modules are identified. The compressor is modelled with polynomial expressions provided by manufacturer
as function of the condensation and evaporation temperatures. Condenser and evaporator are discretized in two
zones each (de-superheating and condensation the former, evaporation and superheating the latter) and physical
behaviors are described by mean of the thermal transmittance U, evaluated using correlations from literature for
mono-phase and two-phase heat transfer. The modeling considers also an isenthalpic expansion valve and R134a
refrigerant fluid is used. Regarding PV/T modules, thermal and electric power are determined using the
characteristic curve and the power method typical of PV technology. Two hydraulic circuits are considered to
transfer the heat from the PV/T panels to the evaporator and from the condenser to the thermal load. A mixture of
water and glycol is considered in the PV/T loop to prevent freezing phenomena.
MATLAB® fsolve function is used to resolve the system of equations related to the SAHP. The sizing of the heat
exchangers is performed at design condition that is the same of a standard water-to-water heat pump. An
optimization tool is also used to find the optimum operating condition of the whole system accounting for the
circulating flow in the PV/T modules. This tool is the fmincon function of MATLAB® library. Solar irradiance
and ambient temperature are varied to obtain the performance map of the system assuming different number of
PV/T panels.
Results show that the COP of the SAHP varies between 2.5 and 4.9 in the case with 12 PV/T panels, and between
2.2 and 6.2 with 24 PV/T modules. The advantage of having more PV/T modules is quite limited in terms of
thermal performance, but enlarges the operating conditions of the system (i.e. minimum ambient temperature) and
increases the electric production. The study shows that the heat recovered by the PV/T modules is enough to
permit the functioning of the heat pump also during the night with an acceptable COP (greater than 2), increasing
the flexibility of the system. Other advantages are found regarding the temperature of the cold source respect of
an air-to-water heat pump and the electric power production compared to a standard PV panel. For the first case,
a higher temperature than the ambient temperature at the inlet of the evaporator is reached in most of the
considered conditions. Advantages are even higher when the ambient temperature goes below zero, where a
standard air source heat pump suffers of frost formation. Related to the electric production, the present paper
shows that a cooled PV/T panel produces more power respect of a non-cooled PV panel, reaching values of 8-9%
over referred to the standard production.
Future works will investigate all the advantages pointed out in this paper with experimental campaigns to confirm
the results of the model.
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Abstract
The present work shows the results of the Huyro Ecological Farm project during its first 6 years of operation in
Cusco, Peru. In an attempt to make it 100% sustainable and self-sufficient, many efforts were made to supply
energy, water, communications and even food security within the 3 hectares of tropical wetland land.
This paper presents the evaluation of the sustainability of the project that includes the operation of renewable
energy equipment and its validation in the field, in order to create a policy that allows the transfer and
commercialization of the technologies used on farm to the community. With the use of the Star of Sustainability
method we are able to see, visually and efficiently, the process of sustainability of technological projects.
Keywords: Sustainability, ecological farm, smart farm, evaluation, qualitative methods, solar energy

1. Introduction
The Rural Sector Support Group GRUPO PUCP is an operating unit of the Department of Engineering at the
Pontificia Universidad Católica del Perú (PUCP) and has developed several designs and implemented equipment in
various areas of Peru. This study considers the results of Huyro Ecological Farm conducted by GRUPO PUCP in
Peruvian territory during the last six years.
The Huyro Ecological Farm is a training center dedicated to the development and diffusion of research and
application of the appropriate eco technologies or appropriate technologies, complemented by rural tourism
focused mainly on agro tourism that generates ecological awareness, change of habits and that drive the selfsufficiency of the population, as well as the preservation of the natural resources of the area. See Fig.1
The ecological farm offers the following benefits to the Peruvian community: It is an educational place to teach
students of universities, institutes, schools and general public; a place for research in science and engineering; a
reserve of Peruvian biodiversity as guardians of seeds; an example of a self-sufficient and sustainable project with
ecological agro industry; Peru's first smart farm with state-of-the-art technology; a model for gastronomy, hotel
and tourism projects and finally a model of Scientific Park of Appropriate Technologies that makes it the leader
among Innovation Centers in provinces in Peru.

Fig. 1. Photos of the main house and hostel in Huyro Ecological Farm in Cusco.
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2. Methodology
Hypothesis
There is a place in the tropical zone of Cusco where you can live using only the kindness of nature, obtaining
energy, water, communications with equipment that use renewable energy as a source of energy. Food security is
obtained from the processing of fruits and products of the area based on solar energy, achieving a technological,
economic, political, social and environmental sustainability of its operation.

Methodology used
The proposed method, Sustainability Star (Hadzich 2014, Ref 1), allows us to analyze the sustainability process of
the technology projects that were implemented on the farm during the last 6 years of operation and provides us
with a clear view to either decide the continuity of the projects or their cancelation. The Star has 5 tips that
analyze the Technological (T), Economic (E), Political (P), Social (S) and Environmental (A) factors which from
now own we will refer to as TEPSA (in Spanish). See Fig. 2
Each of these factors includes several aspects within themselves. In TECHNOLOGY we consider aspects such as
utility, sustainability, operation, reliability and maintenance; in ECONOMY we consider the income, employment,
savings, affordability and innovation; in POLITICS we consider the political interest, the acceptance, legal aspects,
promotion and distribution; in SOCIAL we consider the compatibility, motivation, life improvement, participation
and capacity; and in ENVIRONMENT we consider the friendliness, climate, pollution, awareness, and health.
We believe it is a good tool to be used in all projects with a technological and political base in their development
processes. This method could also be used in other situations where projects have been completed technological
base and gives us a good insight to decide the continuation or closure thereof.

SUSTAINABILITY DEVELOPMENT: TEPSA oR 5 E´s
T
E
P
S
A

Tecnología - Technology
Economía - Economics
Politica - Political
Social - Social
Ambiental - Environmental

E
E
E
E
E

Engineering
Economics
Ethical
Equity
Environment

Fig. 2: Factors of sustainable development in the Sustainability Star

To analyze the index that corresponds to each tip of the Star, a 25 question survey is made, defining the break
percentage of the shape. These surveys refer to TECHNOLOGY (utility, sustainability, operation, reliability,
maintenance), ECONOMY (income, employment, savings, affordability, innovation), POLITICS (political
interest, acceptance, legal, promotion, and distribution), SOCIAL (compatibility, motivation, life improvement,
participation and capacity) and ENVIRONMENTAL (friendly, climate, pollution, awareness, and health).
If all surveys questions have positive answers then the star will be perfect without any break, as shown in Fig. 2
and the project will be considered as 100% SUSTAINABLE .
In order to decide the percentage corresponding to each point of the star we use a survey of 25 questions which
defines the percentage of the Star Broken. See Fig. 3. Negative responses from the survey will fall inside the star
percentage values that indicate the failure of the project in each of TEPSA factors.
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Fig 3: Example of Sustainability Stars – Perfect (left) and Broken (right).

3. Case Studied
The Huyro Ecological Farm is a training center dedicated to the development and diffusion of research and
application of appropriate technologies or technologies that use renewable energies, complemented by rural
scientific tourism focused mainly on agro tourism.The goal is to generate ecological awareness and change of
habits that promote self-sufficiency and self-development of the population of the region, as well as the well care
of natural resources.
This centre is a place that has the adequate infrastructure and equipment to be self-sufficient, provides its own
electricity and the mechanical forces are obtained from the water, wind and sun sources. It provides its own food
with eco farms. To avoid environmental pollution, water and solid waste are recycled and treated in treatment
plants. It is a privileged place for demonstrating the operation of GRUPO PUCP technologies and to spread the
achievements of the projects that have been developed.
The Huyro Ecological Farm has as its mission: To educate, train and promote awareness and to carry out actions
that contribute to the development of sustainable communities. It provides on-site and distance classes, courses,
workshops, internships and seminars on the subject of appropriate technologies, renewable energies and organic
crops and provides national and international students with an opportunity to study and work voluntarily and
learn about techniques for sustainable development.
It has an adequate infrastructure to provide the services required with architecture adapted and respectful to its
surroundings; the design includes planned areas, flexible and dynamic spaces to meet educational needs, tourism
and recreation in order to assure positive interaction with the environment and effective prevention of the
ecological deterioration of the site.
Huyro Ecological Farm is located in Huayopata district, province of La Convención, department of Cusco, Perú,
and 3 hours away from the historic Sanctuary of Machu Picchu. See Figs. 4 and 5.

Fig. 4: Photos of Machu Picchu and Thermal Baths in Santa Teresa.
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Fig.5: Satellite location of the project regarding Aguas Calientes - Machu Picchu. Google Map or Google Earth.

The technologies used on the farm are being disseminated to the community and the academic world of schools,
technological institutes and universities that visit it continuously. See Fig. 6. This interaction of the farm with the
visitors enables the products and technologies shown to reach the real world of the communities in need through
their free distribution and marketing. GRUPO PUCP carries out the sale and demonstration of the technologies to
visitors of the farm making it, both, an educational and commercial place.

Fig. 6: Catalog and Spanish Project of the Huyro Ecological Farm

See Catalog and Complete Project in Spanish in http://miguelhadzich.com/granja-ecologica-huyro/

4. Analysis of the farm’s sustainability
The Huyro Ecological Farm obtains profits through training, research, development and transfer of appropriate
technologies, volunteering and sustainable tourism. These activities generate economic benefits that can be
reinvested to seek maximum profitability and generate the least negative impact. See Fig. 7
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Advice to settlers
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PUCP Subsidy
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Gift coffee seedlings, fruits
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Advice to settlers
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Advice to settlers

Educational site
Educational site
Educational site

Biomass
Biodiversity
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Fig. 7: General scheme of the Sustainability and Self-sufficiency of the Huyro Ecological Farm

4.1

TECHNOLOGICAL SUSTAINABILITY

The Farm generates its own energy thanks to the natural resources of the area; it provides its own electricity and
its own mechanical forces of the sources of water, wind, sun and biomass using technologies already developed by
the GRUPO PUCP in its 25 years of life. All agro-industrial technologies are operating within the farm as a model
for visitors and finished products are available for sale.
Each technology is available to interested people through workshop courses that are taught throughout the year.
See survey on Technology Sustainability in Fig. 8.

TECHNOLOGY SUSTAINABILITY
Survey about machines or project operation
YES
1.-

x

2.3.-

Do you tkink that the machine is going to be useful?
x

x

4.5.-

NO

Do you think the machine can easily operate?
x

x

Technology (or machine) is constantly being used during the last year?

Do you think is a reliable technology?
Do you think that local technicians can repair, copy or modify -all or part- of this machine?

Fig. 8: Survey on the Technological Sustainability of the Huyro Ecological Farm

2269

M. Hadzich / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

The supply of electric energy is through a hybrid system of photovoltaic panels, hydraulic wheel and connection to
the grid. There are 6 photovoltaic panels of 300 Wp each, as well as a hydraulic wheel of 4m in diameter.
Water consumption is supplied by 5 different sources: drinking water from the nearby town, water for technical
irrigation, water from the springs or rainwater collection and water pumping from the Lucumayo River.
Mobile and internet services were installed through a private company. All the waste is recycled and the organic
matter is converted into compost and processed in biodigesters.
To generate electricity there are 6 photovoltaic panels of 300 Wp each, with atotal 1.8 kWp, which generate
electrical energy with an average solar irradiation of 5.54 kWh / m2 day. There is also a (1) 2.4 m diameter
hydraulic wheel that provides 2 kW of electric power at 12 V with an inverter at 220 V AC. In addition, there is
(1) Pelton hydraulic turbine of 500 W to 220 V AC. For emergencies, there is an interconnected electrical grid
which unfortunately has many fluctuations in voltage (180-230) and causes the machines to fail continuously.
To produce HEAT we have installed: Solar heat pipes and traditional hot water heaters. Hot boxes also provide
hot water from firewood improved stoves. The wood used comes from controlled forest and only the surpluses of
the largest trees are burned. There are two (2) Scheffler concentrators used for roasting products and cooking
food. There are solar dryers both tunnel type (1) and domes (2) for the drying of products.
There are 5 WATER sources: Freshwater that comes from the city located 5 km away through the public
network. This service costs US$ 3.00 a month to the board of irrigators. Technical irrigation supplies the farm
with water through a 4-inch pipe from Huyro River specifically for sprinkler irrigation. In a future project, water
from the Lucumayo River will be pumped to the house located 300 m away from it and at an altitude of 10
meters.. The farm can access water from the springs for flood irrigation. Finally, there is a traditional rainwater
harvesting system using filters. For health reasons all water for human consumption has to be boiled.
Due to the good location of the land in relation to the transmission towers, there is a good telephone line service
for cell phones and internet connection for which you pay $ 80 per month.

4.2

ECONOMICAL SUSTAINABILITY

Food security is achieved with the products of fruit trees and first need products to supply a family of 5 members.
On the farm the following first need products produced are: Corn, sweet potato, cassava, beans, uncucha, potato,
etc. Fruits such as oranges, mandarins, lemons, pineapples, avocados, bananas, medlars, raspberries, lucuma,
cherimoya, passion fruit, cocoa and wild plants are produced. For controlled firewood trees we have pacae,
walnut, tóroc, among others. There are medicinal and aromatic plants such as fennel, lavender, matic, chamomile,
coca, tea, coffee, anise, etc. See Fig. 9 annual agricultural calendar of the farm.
The heat for cookers and ovens is obtained from wood from ecologically managed forest. To dry and roast
products, solar thermal energy is used through Scheffler concentrators and linear parabolic plants that process
coffee and cocoa in an agro-industrial and ecological way to produce solar coffee and chocolate.
Farm products are sold to villagers, such as tea, coffee, chocolate, sugar cane, jams, honey, etc .; souvenirs, books
and videos regarding each of the technologies shown are also sold. The sale process is similar to that of the
“Tiendecita Verde” of the GRUPO PUCP in Lima.
Internship programs are carried out for students from other countries; this project is carried out through the Field
School program of PUCP. Refer to http://fieldschool.pucp.edu.pe/courses/engineering-ecological-

technologies-cusco/general-information/#.U441K_l5OSp
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Maracuya, Granadilla,
Karikari and Raspberry

August

Monday

19

Coffee

Coffee

WOOD
IMPROVED
COOKSTOVE

July

10

Sunday

18

Medicinal Plants and Cactus

WASTE SYSTEMS

June

Saturday

17

Cane

Andean fruit trees

Chickens, ducks
1

8

Friday

16

Tubers

CONSTRUCTIONS WITH
BAMBOO
1

Thursday

15

Tea

Mechanical Metal
Workshop

March

Wednesday

25

25

26

27

28

USE OF THE BIOMASS
30

31

DAIRY PROCESSING

Fig. 9: Annual agricultural calendar of the Huyro Ecological Farm

Ecotourism and educational tourism are promoted for colleges, institutes and universities where GRUPO PUCP
technologies installed on the farm are displayed and explained as well as the balanced coexistence between the
natural environment and the dwellers. See Fig. 10. Rural ecotourism is promoted through guided tours,
birdwatching activities and research projects designed for this type of climatic zones.

Fig. 10: Ecotourism and Training in the Huyro Ecological Farm

ECONOMIC SUSTAINABILITY
Survey about machines and project cost
YES

NO

6.-

x

Do you see an economic improvement in your life or business when using this technology?

7.-

x

It has generated work for someone with the use of this technology in the community?

8.-

x

You think that you have saved on fuel or electricity when using this renewable technology?

9.10.-

x
x

Do you (or your neighbors) purchase or install a similar machine?
Do you think that this technology can be produced and sold in your community in the future?

Fig. 11: Survey on the Economic Sustainability of Huyro Ecological Farm
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In order for the farm to start generating more economic incomes that will make it profitable it is necessary to
implement a tea factory that complements the existing coffee and chocolate factories. It is also necessary to
increase the production of dried local fruits, especially citrus fruits such as orange, lime, grapefruit, mandarin as
well as pineapple, mango and banana. See survey on Economical Sustainability in Fig. 11.

In addition, it is necessary to finish the preliminary research on the wild and native plants and implement the
current nursery in a more modern and ecological way, using solar energy for thermal effects and laminar flow
germinators for in vitro propagation of some endangered species.
For AGROINDUSTRY, there is a solar and coffee chocolate processing plant operating with 1.8 kWp
photovoltaic panels that supply roasting machines (0.5 kW motor), a small 300 W refrigerator, (3) small electric
motors for grinding - 0.25 kW each- as well as an electric motor of 0.5 kW for the de-pulping of coffee during
production times. See Fig.12.

Fig. 12: Photo of the solar coffee and chocolate processing plant

The following figure 13 shows the financial evaluation of the farm project. The recovery time of the investment is
calculated in around 9 years, but the farm can start generating incomes since its third year of operation.

Fig. 13: Financial evaluation of the project

4.3

POLITICAL SUSTAINABILITY

We have a good social relationship with neighbours, as well as with the local and regional authorities. It has the
recognition of the Huyro District Municipality and the Huayopata Governorship. See survey on Political
Sustainability in Fig. 14.
It fosters an environment of solidary work amongst community residents and project staff.
Work is being carried out with the NGO “Projects Abroad” and with the “Colibrí Association” which also have
offices in Huyro to encourage volunteering activities.
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SUSTAINABILITY POLICY
Survey on political and organizational project management
YES
11.-

NO
x

There has been interest in the project or the machine by any political authority?

12.-

x

The authorities of the community accept the project? There are requests from the community to some authority?

13.-

x

The project complies with the laws and regulations of the community and technical institutions ?

14.-

x

Do you believe that the government, person, or institution should promote this technology to other Peruvians?

15.-

x

The people of the town know the project?

Fig. 14: Survey on the Political Sustainability of Huyro Ecological Farm

4.4

SOCIAL SUSTAINABILITY

The technologies developed are easily inserted into the sociocultural environment of the community, promoting
development and revaluing local creativity. See survey on Social Sustainability in Fig. 15.
Community participation is sought through projects and activities that are carried out, especially with local schools
and colleges. See Fig. 16. We have several projects with students from our own university supported by the Social
Responsibility Direction focused on the construction of improved stoves in schools in the area.
We work with local people especially with builders, carpenters and metal mechanics.
SOCIAL SUSTAINABILITY
Survey on the perception of the community about the project
YES

NO

16.-

x

The project is accepted "normal way" for the community?

17.-

x

There is interest in the community or their neighbors for the proposed technology?

18.-

x

The project has improved the standard of living of someone in the community ?.

19.-

x

The people have participated in some part of the project or activity?

20.-

x

There are people in your community with the necessary capabilities for operation and maintenance?

Fig. 15: Survey on the Social Sustainability of Huyro Ecological Farm

Fig. 16: Visit of universities and colleges of the sector.
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4.5

ENVIRONMENTAL SUSTAINABILITY

All systems, whether they are machines or processes, operate with technologies designed to maintain the
ecological balance of the place. The use of renewable energy sources is mandatory and essential in all projects.
Primarily local resources are responsibly used preserving the flora and fauna of the place making sure it is kept as
a pleasant place where you can interact with nature.
All facilities have an environmentally friendly architecture to avoid negative influence in the management of its
natural resources. See survey on Environmental Sustainability in Fig. 17.

ENVIRONMENTAL SUSTAINABILITY
Survey on the impact of the project or the machine on the environment
YES

NO

21.-

x

The project is seen as a friendly environment technology ?

22.-

x

You do you think this machine is good for our Earth planet?

23.24.-

x
x

The project has created some kind of contamination in the environment?
Mind that this technology is clean rather than other similar package?

25.-

x

The use of this technology affects your health?

Fig. 17: Survey on the Environmental Sustainability of the Huyro Ecological Farm

5.

Conclusions

The Farm Sustainability Assessment shows us a great development in the fields of social, political and
environmental components and the weaknesses in the economic and technological factors in which we are in the
continuous process of improvement. In the case of the Huyro Ecological Farm, we are on the way to achieve
100% sustainability, but we still need to put a lot more effort to achieve this, especially in the field of food
security.
We are aiming at attracting more tourists and environmental researchers so that their stay on the farm is pleasant
and instructive. Thus, we plan to install more technologies such as a solar pool, a solar Jacuzzi, a solar tea
factory, among others, that will become a model for the introduction of these technologies in the ecological hotels
and rural communities of the surrounding areas and eventually be able to spread them throughout the world.
The Huyro Ecological Farm will be fully sustainable from the 9th year of operation. All constructions and
technologies installed on the farm will be built by training/teaching local people, volunteers and participating
students. We are trying to achieve sustainability through hard work and constancy.
Finally, the following Fig. 18 shows the evolution of sustainability in the Huyro Ecological Farm in the 5 years of
existence and the positive advances in the different TEPSA aspects to try to achieve the necessary self-sufficiency
and sustainability can be noticed.
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Fig. 18: Evolution of the Sustainability of the Huyro Ecological Farm from 2012 to 2017

The proposed methodology for the evaluation of technological projects has proven to be a good tool for decision
making, since it allows us to evaluate the results of a project by analyzing it’s sustainability.
The evaluation of the sustainability of projects depends not only on technological and economic conditions of the
equipment that works with renewable energy but also depends heavily on the social and political situations of the
places where these projects are to be implemented.
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Abstract

Solar thermal collector systems are of high relevance and interest for the supply of low temperature heat for
different purposes. Especially, hot water systems are dominating the solar-thermal market with non-pumped
systems gaining more and more importance. The main objective of this paper is to assess various small and
medium sized solar-thermal collector systems as to their sustainable development metrics. For the assessment a
5-step methodology developed by Ashby et al. (2016) was used. In ecological terms solar thermal hot water
preparation significantly contributes to sustainability with energetic amortization times around 1 year. From an
economic point of view systems in temperate climate zones for multi-family houses based on conventional
metal/glass-collectors exhibit outstanding levelized costs of heat values. In hot climate zones small domestic hot
water systems for single family houses fulfill both economic and ecological criteria. For such systems polymeric
materials offer a better overall performance and mass production and ease of installation capability. The societal
acceptance is high in less industrialized countries, but needs some improvement in industrialized countries,
especially for most promising installations in multi-family houses.
Keywords: solar thermal collector; sustainable development; assessment

1. Introduction
Solar thermal collector systems are of high relevance and interest for the supply of low temperature heat for
different purposes. Especially, hot water systems are dominating the solar-thermal market with non-pumped
systems gaining more and more importance (Mauthner et al., 2016). Alternatives to the small hot water systems
are medium-sized combi-systems allowing also for space heating or large systems for district heating and cooling
or process heat. The main objective of this paper is to assess various solar-thermal collector systems as to their
sustainable development metrics. Special focus is given to solar thermal collector systems for domestic hot water
preparation.

2. Methodology and approach
The much-quoted definition of sustainable development by the Brundtland Commission tells: ‘Sustainable
development is development that meets the needs of the present without compromising the ability of future
generations to meet their own needs’ (The Brundtland Report of the World Council on Economic Development,
WCED 1987). But how is sustainable development to be achieved? The definition lacks of concrete guidance how
to reach the goals.
Ashby et al. (2016) developed a 5-step analysis methodology for assessing sustainability of complex systems and
multi-dimensional problems. The approach is to split the problem into layers and to follow a five-step strategy for
assessing. The 5-step analysis includes:
x
x
x
x
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the definition of the prime objective as well as the size and time scale,
the identification of the stakeholders,
the fact-finding step to research both the factual background of the articulations and the validity of the
concern expressed by the stakeholder,
the synthesis of the facts for examination of how the facts influence human, natural and manufactured
capital, and
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x

the reflection step assessing the picture that has emerged and considering priority changes.

For the assessment of solar thermal collector systems for hot water preparation this 5-step methodology was used
in this work.

3. Main results and conclusions
The layered approach to assess solar thermal collector systems as to their sustainable development metrics and
the key findings are elucidated in the following. Due to the variety of solar thermal systems a special focus is on
domestic hot water preparation, which is still the most important field of application. Further solar thermal
technologies are currently evaluated.
Step 1: Background information, prime objective and scale
To meet carbon-reduction targets heat generation from renewable sources is of utmost importance. Direct
conversion of sunlight via solar thermal collectors has many attractions. Mean solar irradiance varies between 150
and 250 W/m2 dependent on the world region. In the use phase, solar thermal systems emit negligible CO2 and
they reduce dependence on imported energy. Historically solar thermal has grown at 15% per year for the last 15
years. Worldwide a capacity of 410 GWth was installed corresponding to a total of 586 million m2 of collector
area. The annual collector yield of water-based systems in operation by end of 2014 was about 1.2 exajouls saving
about 0.1 gigatonnes of CO2 (Mauthner et al., 2016). While 2014 about 94% of the energy provided by solar
thermal systems was used for domestic hot water, currently a trend to larger solar thermal systems coupled to
district heating networks is discernible. Solar thermal at present contributes about 1% to total heat consumption.
The potential contribution is much larger. Many national governments seek to realize this potential by offering
subsidies and feed-in-tariffs.
In Europe targets for a 20% reduction in carbon emissions by 2020 and an 80% reduction by 2050 were defined.
To which extent are these targets achievable by solar thermal? Is it a sustainable development?
Solar heat is intermittent. Most of the solar heat is generated in summer. However, the heating demand is
significantly higher in winter. Hence, seasonal storage of heat is required. Economic storage is work-in-progress,
yet just rather limited available. Large-scale investment is required. Furthermore, a significant drop in the growth
rates of solar thermal are discernible, especially in Europe. Hence, efforts are put on significant cost reductions of
solar thermal systems to regain market growth. In this study the focus is on systems for domestic hot water
preparation.
Step 2: Stakeholders and their concerns
Contemporary news headlines suggest a range of stakeholders. Many current newslines are dealing with large
systems. Only less can be found on the currently most important field of application which is domestic hot water
preparation.
x “Drake Landing: A ray of sunshine for solar thermal energy”. Monty Kruger from CBC News posted
that 2 or 3 sunny summer days are enough to heat homes throughout cold seasons in Alberta town`s solar
community. (CBC News, February 14, 2016).
x “Gigantic Danish Solar Heating System Completed”. The world’s biggest solar heating system,
completed in less than a year after signing the contract, consists of 156,694 m2 of collectors and will provide
20% of the total heat consumption in Silkeborg. (Energy Supply, January 17, 2017).
x “Italy: new subsidy scheme for solar thermal up to 1000 m2”. Large solar thermal plants will receive an
incentive of 55 €/m2 per year, over a period of 5 years. (solar district heating, February 6, 2013).
x “First Solar Civic Participation Project”. Crowdfunding participation model for solar thermal plants has
reached €1.5 Mio. (EuroHeat&Power Industry News, November 2014).
x “Weltgrößter Solarspeicher soll Grazern einheizen”. Günter Pilch and Markus Zotter note that 20% of
the district heating demand in Graz could be covered by solar thermal in 2019. (Kleine Zeitung, February 27,
2016).
x “ECREE begins move to exploit solar thermal energy potential in Ghana” The ECOWAS Center for
Renewable Energy and Energy Efficiency (ECREE ), has began processes to help Ghana exploit the
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abundant solar thermal energy potential for domestic and industrial use. (ghanaweb.com, September 26,
2017).
x “The sleeping giant is waking up” Bhoo Thirumalai, the Chief Executive Officer of Aspiration Energy
and a solar aficionado, is a busy man these days. For years, the man who co-founded the successful IT
company had been trying to rev it up with limited success. But suddenly things seem to be falling in place.
(thehindubusinessline.com, August 29, 2017)
x “Clean Energy Isn’t Just the Future—It’s the Present” Solar power geysers to heat hot water sit on the
roofs of a residential shack in the Alexandra township outside Johannesburg, South Africa (Bloomberg, April
19, 2017)
Based on these quotes and the value creation chain of the solar thermal industry the following key stakeholders
are suggested:
x Government: Solar thermal could provide a contribution to meeting renewable energy commitments.
Government has the power to make it happen through subsidies and feed-in tariffs.
x Heat providers: Solar thermal and large-scale storages allow for the substitution of economically
inefficient fossil fuel co-generation plants with the by-product electricity, which is hard to sell economically
due to the low electricity market prices.
x Heat system industry: Solar thermal is an interesting alternative in their product portfolio. Some of them
already invested in collector manufacturing facilities.
x Collector makers: Many small- or medium-sized collector makers are on the market. Their profit
margins are diminishing due to large enterprises established in China offering cheap products mainly for hot
water preparation.
x Installers: Current system technologies for hot water preparation or space heating are not easy-to-install.
More reliable system designs are needed for small-sized installers. Large-scale systems offer interesting
market opportunities for more specialized companies.
x Property owners: They are attracted by subsidies. In some regions solar thermal systems allow for
independent hot water supply and improvement in comfort (especially in less industrialized countries).
x

NGOs: are campaigning for decentralized, renewable energy to halt climate change.

x R&D: Solar thermal is an attractive research field with open issues (e.g., thermal energy storage;
function-oriented design and simulation of systems). Funding for research on solar thermal systems is
stimulating.
x Investors: Crowdfunding initiatives are attracting general public. Large-scale systems are of interest for
investors. To meet carbon-reduction targets heat generation from renewable sources is of utmost importance.
The relationship between the stakeholders is displayed in Figure 1 reflecting also their specific influence / power
and their interests.
Significant concerns for solar thermal heat is that this technology is in many cases to expensive. In contrast to
photovoltaic power, there is still a lack of transparency and continuity regarding subsidies for solar thermal
collector systems. Furthermore the intermittency of heat generation and the problem that heat storage is seen
challenging, especially for domestic hot water systems with high performance collectors and poor performance
storages. PV for hot water preparation (supplemented by heat pumps) is supposed by some as the smarter and
cheaper solution.
Step 3: Fact-finding
To research the factual background of the articulations and the validity of the concerns expressed by stakeholders
a comprehensive approach considering materials, environment, society, economics, legislation and energy issues
was used.
In terms of sustainable development the overall question is, if solar collector systems can make a substantial
contribution to carbon reduction targets in the next decades. Figure 2 summarizes the issues needing research.
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Fig. 1: Stakeholder matrix reflecting their influence and interest.

(a) Materials. State of the art solar thermal collector systems are mainly based on metals like copper, aluminum
or steel and silicate glass for the collector, piping and storage. As evident in many other fields of application, a
transformation to mass technologies and full market penetration is often associated with a material substitution
towards polymeric materials. Interestingly, also for solar thermal systems major research efforts are put on the
development of all polymeric collectors, piping and storages. Here, two different approaches are discernible. On
the one hand, high performance plastics and related processing technologies are developed for space heating
systems. On the other hand, affordable, overheating protected solar thermal collector systems made from
commodity polymeric materials are developed. Research work focuses on failsafe overheating protection
measures and novel material formulations with improved long term performance in the temperature range between
80 and 95 °C. For both issues adequate solutions have been developed, so that the main issue is now the industrial
implementation and transformation (Bradler et al., 2017; Fischer et al., 2016; Grabmann et al., 2016a, 2016b;
Geretschläger and Wallner, 2016; Kahlen et al., 2010a, 2010b, 2010c, 2010d; Köhl et al., 2012; Kurzböck et al.,
2012; Olivares et al., 2010a, 2010b; Povacz et al., 2014, 2016; Wallner et al., 2016). Therefore, investors and
venture capital is needed to successfully implement polymer based alternatives, especially for often poor.
(b) Energy. Mauthner et al. (2016) have shown that the annual collector yield of all water-based solar thermal
systems in operation by the end of 2014 worldwide was 335 TWh (= 1,208 PJ) corresponding to a final energy
savings equivalent of 36.1million tons of oil and 116.4 million tons of CO2. 94% of the provided energy by solar
thermal collector systems was used for domestic hot water heating. This is dominated by small-scale systems in
single-family houses (68%) and larger applications (27%) for multi-family houses, schools, hotels etc. Swimming
pool heating adds 4% and 2% of the energy supply and CO2 reduction is contributed by solar combi systems for
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hot water preparation and heating. Regarding hot water preparation the most important issue is to replace electric
hot water power systems in less-industrialized countries in sub-tropical and tropical climate zones. So far, no
comprehensive investigation has been carried out to which extent this measure could contribute to fossil-based
energy savings.
(c) The Environment. It is a well-known fact, that the use of metals, especially aluminum, for solar thermal
collector systems has a significantly higher environmental impact than the use of polymeric materials
(Arnaoutakis et al., 2017; Battisti and Corrado, 2005; Carlsson et al., 2014; Kicker, 2009; Koroneos and Nanaki,
2012; Singh et al., 2016; Weiss et al., 2015; Zambrana-Vasquez et al., 2015). In case of polymers a worse
environmental effect was deduced for high performance polymers compared to commodity plastics such as
polyolefins. Nevertheless, solar thermal systems reveal energetic and environmental amortization times ranging
from 0.5 to 1.5 years depending on the system type and the location (Buchinger, 2017; Carlsson et al., 2014;
Kicker, 2009; Weiß et al., 2015).

Fig. 2: Fact-finding summary.

(d) Legislation. The production of heat accounts for more than 50% of global final energy consumption. At
present 75% of global energy use for heat (129 exajouls) is met with fossil fuels. About 1/3 of global energyrelated carbon dioxide emissions (10 gigatonnes of CO2) is related to the production of heat (Eisentraut and Brown,
2014). In 2015 many nations have agreed to hold global temperatures well below 2°C above pre-industrial levels
and to pursue efforts to limit the temperature increase to 1.5°C. This implies that global CO2 emissions have to
peak as soon as possible and that rapid emission reductions must follow (Streck, 2015). This agreement is a clear
commitment to a sustainable development. However, this commitment still lacks a regulatory framework and is
often not subject to public law. Moreover, current standardization procedures for solar thermal systems are
dominated by individual countries and by the copper and glass industry.
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(e) Economics. To assess the costs of the heat generated by solar thermal collector systems recently the levelized
cost of heat (LCOH) evaluation procedure has been implemented. Important parameters affecting the LCOH are
depicted in equation 1. Of significant importance are investment costs, the saved final energy and the lifetime
(Fischer, 2017; Louvet et.al, 2017; Mauthner et al., 2016).

 ܪܱܥܮൌ

 ሺభషೃሻషವಶು כೃ
ೃೇ
బ ିௌబ ାσ
ି
సభ
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ሺభశೝሻ
ಶ
ሺభశೝሻ

σ
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(eq. 1)

Where:
ܪܱܥܮ: levelized cost of heat in €/kWh
ܫ0: initial investment in €
ܵ0: subsidies and incentives in €
ݐܥ: operation and maintenance costs (year t)
ܴܶ: corporate tax rate in %

ݐܲܧܦ: asset depreciation (year t) in €
ܴܸ: residual value in €
ݐܧ: saved final energy (year t) in kWh
ݎ: discount rate in %
ܶ: period of analysis in year

Fischer (2017) has shown that the LCOH for conventional, fossil oil based hot water preparation for a single
family house (SFH) in Austria amounts to 10 €ct/kWhth. The LCOH for conventional, metal based, pumped flat
plate collector systems for a single family house are ranging from 12 to 15 €ct/kWhth. It is a clear fact that the
costs for solar hot water preparation with conventional flat plate collectors in SFH is too high and needs significant
reduction. On the other hand, Buchinger (2017) shows that LCOH for an all polymeric pumped flat plate collector
system can go down to 2 €ct/kWhth, if the performance and the degree of utilization is high, which is especially
achieved for small systems in hot climate regions. For thermosiphon systems with evacuated tubes no LCOH
figures are currently available. Data are evaluated and established in IEA SHC Task 54.
(f) Society. The news-quotes show that present solar thermal collector systems are widely seen as large-scale
installations for district heating. Although the market is dominated by systems for hot water preparation the
stakeholders do not recognize this fact. Presumably, the situation is different for China.
For domestic hot water preparation in Europe solar thermal collector systems for single family houses are widely
accepted by the public, but seen as much too expensive for an auxiliary source of heat for summer season. In this
region solar thermal collectors are commonly replaced by photovoltaic modules and electric heaters. Interestingly,
solar thermal hot water preparation for multi-family houses, which is already more economic than fossil based
technologies or much more efficient than PV based systems, is of limited acceptance in society. Most likely, the
outstanding advantages of this system type have not been communicated to the people, the building developers
and the investors.
Due to limited data availability, the fact-finding procedure cannot be concluded at this stage. More comprehensive
data sets have to be established especially regarding the overall energy needs for hot water preparation and the
fossil fuel and non-renewable electricity substitution potential as well as the levelized costs of heat for the different
solarthermal system types and technologies. Hence, the steps 4 and 5 of the sustainability assessment dealing with
the “Synthesis of the facts” and the “Reflection step” are carried out and described in a follow-up paper. Further
research work is focused on these steps and will also consider other solar thermal system types such as the
integration of large collector fields in district heating systems with seasonal storage tanks.

2281

H. Kicker / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

4. Acknowledgements
This research work was performed in the platform project IEA SHC Task 54 “Cost Reduction of Solar Thermal
Systems” (www.iea-shc.org). The Austrian participation in the project is funded by the Austrian ministry of traffic,
innovation and technology (bmvit).

5. References
Arnaoutakis, N., Souliotis M., Papaefthimiou, S., 2017. Comparative experimental Life Cycle Assessment of two
commercial solar thermal devices for domestic applications, Renewable Engergy, 111, 187-200.
Ashby, M. F., Ferrer- Balas, D., Coral, J. S., 2016. Materials and Sustainable Development, Oxford.
Battisti, R., Corrado, A., 2005. Environmental assessment of solar thermal collectors with integrated water
storage, Journal of Cleaner Production, 13/2005, 1295-1300.
Buchinger, R., 2017. One World Solar System. Presentation at IEA SHC Task 54 Meeting 10/4/17, Linz, AT
Bradler, P. R., Fischer, J., Pohn, B., Wallner, G. M., Lang, R. W., 2017. Effect of stabilizers on the failure behavior
of glass fiber reinforced polyamides for mounting and framing of solar energy applications, Energy Procedia, 119,
828-834.
Carlsson, B., Persson, H., Meir, M., Rekstad, J., 2014. A total cost perspective on use of polymeric materials in
solar collectors - Importance of environmental performance on suitability, Applied Energy, 125, 10-20.
Eisentraut, A., Brown, A., 2014. Heating without global warming – Market Developments and Policy
Considerations for Renewable Heat, International Energy Agency, Paris.
Fischer, J., Bradler, P. R., Schlaeger, M., Wallner, G. M., Lang, R. W. 2016. Novel Solar Thermal Collector
Systems in Polymer Design – Part 5: Fatigue Characterization of Engineering PA Grades for Pressurized
Integrated Storage Collectors, Energy Procedia, 91, 27-34.
Fischer, S., 2017. Die LCOH-Methode zur Berechnung von Wärmegestehungskosten, Presentation at IEA SHC
Task 54 Meeting 10/4/17, Linz, AT
Geretschläger, K. J., Wallner, G. M., 2016. Aging characteristics of glass fiber‐reinforced polyamide in hot water
and air, Polymer Composites, 9 pages (doi:10.1002/pc.23945).
Grabmann, M. K., Wallner, G. M., Ramschak, T., Buchinger, R., Lang R. W., 2016. Global Aging and Lifetime
Prediction of Polymeric Materials for Solar Thermal Systems – Part 1: Polypropylene Absorbers for pumped
Systems, Proceedings EuroSun 2016, International Solar Energy Society, 6 pages.
Grabmann, M. K., Wallner, G. M., Ramschak, T., Ziegler, G., Lang R. W., 2016. Global Aging and Lifetime
Prediction of Polymeric Materials for Solar Thermal Systems – Part 2: Polyamid 66 Glass-fiber Reinforced
Absorbers for Integrated Storage Collectors, Proceedings EuroSun 2016, International Solar Energy Society, 6
pages.
Kahlen, S., Wallner, G. M., Lang, R. W., Meir, M., Rekstad, J., 2010. Aging behavior of polymeric solar absorber
materials: Aging on the component level, Solar Energy, 84, 3, 459-465.
Kahlen, S., Wallner, G. M., Lang, R. W., 2010. Aging behavior and lifetime modeling for polycarbonate, In Solar
Energy, 84, 5, 755-762.
Kahlen, S., Wallner, G. M., Lang, R. W., 2010. Aging behavior of polymeric solar absorber materials–Part 1:
Commodity plastics, Solar Energy, 84, 9, 1567-1576.
Kahlen, S., Wallner, G. M., Lang, R. W., 2010. Aging behavior of polymeric solar absorber materials–Part 2:
Engineering plastics, Solar Energy, 84, 9, 1577-1586.
Kicker, H., 2009. Vergleichende Ökobilanzierung von solarthermischen Kollektoren, Bachelor Thesis, University
of Leoben, A
Köhl, M., Meir, M. G., Pappilon, P., Wallner, G. M., Saile, S., 2012. Polymeric materials for solar thermal
applications, Wiley-VCH, Weinheim

2282

H. Kicker / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Koroneos, C. J., Nanaki, E. A., 2012. Life cycle environmental impact assessment of a solar water heater, Journal
of Cleaner Production, 37, 154-161.
Kurzböck, M., Wallner, G. M., Lang, R. W., 2012. Black pigmented polypropylene materials for solar absorbers,
Energy Procedia, 30, 438-445.
Louvet, Y., Fischer, S., Furbo, S., Giovanetti, F., Mauthner, F., Mugnier, D., Philippen, D., 2017. LCOH for Solar
Thermal Applications, IEA SHT Task 54 INFO Sheet A.2
Mauthner, F., Weiss, W., Spörk-Dür, M., 2016. Solar Heat Worldwide – Markets and Contribution to the Energy
Supply 2014 – 2016 Edition, IEA-SHC, bmvit, Gleisdorf.
Olivares, A., Rekstad, J., Meir, M., Kahlen, S., Wallner, G. M., 2010. A test procedure for extruded polymeric
solar thermal absorbers, Solar Energy Materials and Solar Cells, 91, 4, 445-452.
Olivares, A., Rekstad, J., Meir, M., Kahlen, S., Wallner, G. M., 2010. Degradation model for an extruded
polymeric solar thermal absorber, Solar Energy Materials and Solar Cells, 94, 6, 1031-1037.
Streck, C., 2015. The Paris Agreement – Briefing Note, ClimateFocus, Amsterdam.
Povacz, M., Wallner, G. M., Lang, R. W., 2014. Black-pigmented polypropylene materials for solar thermal
absorbers–Effect of carbon black concentration on morphology and performance properties, Solar Energy, 110,
420-426.
Povacz, M., Wallner, G. M., Grabmann, M. K., Beißmann, S., Grabmayer, K., Buchberger, W., Lang, R. W.,
2016. Novel solar thermal collector systems in polymer design–Part 3: aging behavior of PP absorber materials,
Energy Procedia, 91, 392-402.
Singh, R., Lazarus,I. J., Souliotis, M., 2016. Recent developments in integrated collector storage (ICS) solar water
heaters: A review, Renewable and Sustainable Energy Reviews, 54, 270-298.
United Nations, 1987. Our Common Future - Brundtland Report. Oxford University Press, Page 41.
Wallner, G. M., Povacz, M., Hausner, R., Lang, R. W., 2016. Lifetime modeling of polypropylene absorber
materials for overheating protected hot water collectors, Solar Energy, 125, 324-331.
Weiß, R., Piekarczyk, A., Ramschak, T., Preiß, D., Lutschounig, K., Kicker, H., Wallner, G. M., Meir, M., Weiss,
K-A., Köhl, M. 2015. Ökobilanz von polymerbasierten solarthermischen Kollektoren im Vergleich zu
konventionellen Kollektoren, Proceedings 25. Symposium Termische Solarenergie, 9 pages.
Zambrana-Vasquez, D., Aranda-Uson, A., Zabalza-Bribian, I., Janez, A., Llera-Sastresa, E., Hernandez, P.,
Arrizabalaga, E., 2015. Environmental assessment of domestic solar hot water systems: a case study in residential
and hotel buildings, Journal of Cleaner Production, 88, 29-42.

2283

ISES Solar World Congress 2017

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

      5 
4   


.!&#)",+ +".1





1#0&12#+(0.** 

!$ ! 

" !

   $ !# !" !


/0.!0
The Australian market is simultaneously small and large – 24 million residents live in a country the size of the
USA. It has the highest average solar radiation per square metre of any continent in the world. Despite this, solar
energy use in 2014-15 represented 0.6 per cent of Australia’s total primary energy consumption and 2.4% of
electricity production. The energy used by buildings represents about 20% of total energy consumption in
Australia, contributing about 26% of national (anthropogenic) greenhouse emissions. Of that energy, on average
40% are used for space conditioning and domestic hot water. This paper will discuss Australia’s market for heating
and cooling, and how solar heating and cooling (SHC) can be used in Australia’s built environment to augment,
replace or improve existing heating and cooling technology solutions. Specific opportunities for improving the
market uptake of SHC technologies have been identified in the context of declining political appetite for subsidies.
Keywords: solar heating, solar cooling, regulatory, roadmap
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Australia is in a globally unique position. Most of its landmass boasts an annual average solar radiation of more
than 19 MJ/m2 per day, overall 58 million petajoules (PJ) per year, nearly 10,000 times the national annual energy
consumption. High energy prices, low PV module and inverter costs over recent years in conjunction with a highly
competitive market resulted in the highest penetration of household scale distributed solar PV in the world
(Australian Energy Council, 2016) with 23.2% of all households owning home solar electric panels (Roy Morgan,
2017). This contrasts with the weakening growth of rooftop solar thermal domestic hot water systems, installed in
10.29% of Australian households (Australian Bureau of Statistics, 2017; Clean Energy Council, 2017).
Despite local R&D and commercialisation of solar thermal hot water systems dating back to 1950s, installations of
larger-scale solar thermal systems, both for heating and cooling, continue to be elusive. Unique national market
conditions, a changed legislative situation as well as an uncertain political climate has stunted possible market
growth in the recent past. This situation is further exacerbated by Australia’s range of local conditions - climate
zones ranging from temperate to equatorial and arid to tropically humid provide for special challenges. No single
solution fits all requirements.
Rising gas and electricity prices have caused stress on the operating budget of various built environment sectors.
Solar generated thermal energy is well suited to replace a large extent of fossil fuel based thermal energy used in
various built environment applications. Technically mature solar energy solutions are available for delivering
thermal energy in the built environment These solutions provide a viable path forward to minimise both energy use
and related cost in the built environment.
In this context, we analyse the current SHC market situation in Australia, discuss market barriers for growth and
provide suggestions for market-suitable SHC installation types in the built environment. We then advance
recommendations for regulatory support measures, financial market stimulation, research and development
activities, pilot projects, skills training for trade and consultants and market education. The motivation for this
work is to outline a roadmap for the SHC industry to grow and deliver on positive energy and greenhouse gas
emissions outcomes for Australia.

&# 1/0.)'+.(#0
The built environment is one of the largest consumers of energy in Australia. While energy use per household has
been steadily decreasing since the early 2000s (Coleman, 2017), the overall residential sector energy consumption
increased from 402 PJ in 2008 to 441.1 PJ in 2017 (DEWHA, 2008). A key driver is the growth of occupied
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residential households and the increasing size of these households. Household numbers increased 6.06 million in
1990 to 9.4 million in 2017, an increase of 55% (DEWHA, 2008). Over the same period, total residential floor area
rose from 685 million square metres to 1,564 million square metres, an increase of 128% (DEWHA, 2008).
In comparison, total commercial building energy consumption in Australia grew from 134.6 PJ in 2009 to 159.4 PJ
in 2017, a growth of 18.4% principally due to 16% growth in commercial building stock from 135,726,000 m2 in
2009 to 157,376,000 m2 in 2020 (Pitt&Sherry, 2012).
In Australia, space conditioning represents the single largest energy user in both the residential and commercial
building environment, closely followed by domestic hot water generation (Lecamwasam et al, 2012). In some
building types, thermal end use of energy can be even more significant. For example, in hospitals natural gas usage
is nearly 50% of total annual energy use, predominantly used for space heating and water heating requirements
(Pitt&Sherry, 2012).
Still, the trend of energy use in Australia was more differentiated in the recent past. While overall energy
consumption rose, per building energy use in the residential sector declined. Nevertheless, for all buildings the cost
of energy increased disproportionally to its use. In the residential sector, per-household consumption of gas grew
by only 5.7% from 2008 to 2013, but its expenditure grew by 64% (Coleman, 2017). Similarly, per-household
electricity consumption declined by 4.7% and its expenditure grew by 69.3% from 2008 to 2013 (Coleman, 2017).
The cost development in the commercial building sector was comparable (Pitt&Sherry, 2012).
From the generation perspective, solar thermal and PV installers have been adding capacities targeting applications
in the built environment. The solar PV market grew by 7% in 2016, with small-scale (< 10 kWe) solar PV rooftop
systems making up more than 90% of the national installed solar PV generation capacity (Clean Energy Regulator,
2017; Australian PV Institute, 2017). In 2016 the average size of new installed small-scale solar PV rooftop
generation surpassed 6 kWe (Australian Energy Council, 2017). Overall, there is more than 5 GW installed Solar
PV capacity under the 10 kWe range and 800 MW in the 10 to 100 kWe range.
The domestic Australian solar thermal market also predominantly consists of rooftop solar hot water systems.
Spurred by federal and some state subsidies for the installation of solar hot water systems and the national phaseout of electric resistance hot water systems, growth in the solar thermal market was strong through 2010. Despite
the marginal growth in installed base, new installations for the domestic solar thermal market declined by more
than 60% and continue to shrink (Clean Energy Council, 2017). With an average installed market price of A$4,500,
the Australian 2016 rooftop solar hot water market was just under A$223 million p.a. (Table 1 provides annual
market figures from Clean Energy Council, 2017).
Table 1: Annual Installations of Solar Hot Water Heaters (Clean Energy Council, 2017)

Year

ACT

NSW

NT

QLD

SA

TAS

VIC

WA

Nat'l

2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016

453
1,001
1,974
960
1,038
734
453
451
572
497

8,765
20,203
85,456
38,525
25,331
10,810
9,145
9,641
8,609
6,963

1,414
1,236
1,731
1,303
1,267
1,171
884
1,026
1,063
660

16,830
23,330
36,659
34,262
30,937
18,973
13,410
13,433
11,799
9,793

2,869
5,103
8,794
6,812
5,444
3,473
2,983
1,930
2,557
1,914

350
906
2,269
1,433
1,725
899
827
962
803
822

9,157
21,208
42,120
27,733
26,446
21,594
19,608
20,613
23,019
20,514

11,139
12,398
15,692
16,065
12,862
11,812
10,989
10,672
10,205
8,390

50,977
85,385
194,695
127,093
105,050
69,466
58,299
58,728
58,627
49,553

Installed
Base
161,446
212,423
297,808
492,503
619,596
724,646
794,112
852,411
911,139
969,766
1,019,319

Commercial scale solar hot water systems data (available through clean energy regulator) presents a grim picture.
Studies commissioned by the Clean Energy Regulator (CER) indicate the number of Small Scale Technology
certificates (STC) created for commercial hot water systems is expected to drop from 131,000 in 2016 to 34,000 in
2019 (Parisot, 2017).
Solar thermal cooling is still a niche in Australian built environment, counting less than 20 active installations.
With very few exceptions, these installations are demonstration plants, research and development systems or proofof-concept installations. Despite the more common use of solar thermal air heating in colder climatic conditions
(e.g. North America), space heating with solar thermal collectors has not taken off in Australia, likely due to
moderate day time temperature in many parts of the country and lack of market awareness of its benefits.
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Large-scale solar thermal systems servicing hot water, heating and cooling needs of a commercial built
environment application are very few. Discounting the demonstration projects in this space, Table 2 shows typical
examples of operational solar assisted heating, cooling and hot water delivery systems operational in Australia.
Table 2: Representative Solar Heating and Cooling projects
Type of installation

Location

Typical system details

Operational
since

Hot water / space heating

University building, Australian National University,
Canberra, ACT

392 m2 collector area (140 evacuated tube
collectors)

2012

Hot water / space heating / boiler
preheat

Monash University, Clayton, VIC

1 MWth collector area (evacuated tube collectors)

2017

Space cooling / hot water

Hospital building – Echuca Regional Hospital, VIC

406 m2 collector area (evacuated tube collectors),
500 kWth single stage absorption chiller

2011

Space heating & cooling / hot water

Educational building – Hamilton, NSW

400 m2 collector area (flat plate collectors)

2013

Use of solar electricity for partially meeting the heating, cooling and hot water needs of residential and commercial
buildings is achieved through grid connected solar PV installations. However, these systems are not directly
coupled to thermal energy use in the buildings. Theoretical studies of using PV integrated air conditioning systems
for Australian climates have been explored, but there are no known demonstration systems that are designed
specifically to meet the thermal energy needs of a building.

)"+ -#&'$%+
The key drivers for continued heating and cooling demand in Australia are overall population and economic
growth. Since 2000, Australia’s population grew between 1% and 2% annually (Australian Bureau of Statistics,
2017a). Similarly, national GDP growth was always positive and mostly above 2% p.a. in the same timeframe
(Reserve Bank of Australia, 2017). With positive economic outlook, this growth is expected to continue. As a
result, the overall residential sector energy consumption is forecast to increase to 467 PJ in 2020, the number of
occupied households is expected to increase to almost 10 million and aggregate residential floor space to rise to
1,682 million square metres by 2020 (DEWHA 2008). Total commercial building energy consumption is forecast
to grow to 169.6 PJ, a growth principally due to an increase in commercial building stock to 165,970,000 square
metres in 2020 (Pitt&Sherry, 2012). In both residential and commercial sectors, energy cost is expected to continue
to rise disproportionally, outpacing energy use growth significantly (Letts, 2017; Potter and Tillett, 2017; Mountain
and Gassem, 2017).
Escalating energy costs will likely continue to be the main driver for end users adopting onsite energy generation
options. Declining solar PV system costs will further drive growth in the solar rooftop PV market in Australia.
Solar thermal rooftop hot water will face growing competition from alternative technologies.

+ %% &&# %(, )$%+*
Heating and Cooling requirements are substantially different based on building use and the local climate zone of
the building. In general, Australian building occupants have a high tolerance for cool buildings in winter and little
tolerance for warm buildings in summer. Historically, Australian residential buildings have little insulation and
building envelopes that are not air-tight. Minimum energy efficiency standards have been part of the NCC since
2006 and are mandatory for new buildings. Nevertheless, a large proportion of residential and mid-tier commercial
building stock uses significant energy for active heating and cooling to reach appropriate occupancy comfort
levels. Even new buildings on average have only minimum legally required energy efficiency features, making a
functional active heating and cooling system essential for some level of thermal comfort.
The Australian Standard AS5389-2016 Solar heating and cooling systems— Calculation of energy consumption
nominates 6 climate zones with locations of similar climatic characteristics for the purposes of evaluating the
annual energy performance of solar water heaters. Using the modelling from DEWHA, 2008, we derived a
representative heating and cooling load range for each zone; the definitions are shown in Table 3.
Table 3: Australian Climate Zones, comfort space conditioning requirements and representative annual residential
heating/cooling loads (for NatHERS 3 to 5 star buildings estimated per DEWHA, 2008)

Climate Zone
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Space Conditioning Requirements

Representative
Heating Load
(MJ/m2)

Representative
Cooling Load
(MJ/m2)

SC1:

Warm humid summer, mild winter

Little heating requirements, cooling
requirements for 3 to 6 months per year.

20 - 40

150 - 300

SC2:

Hot dry summer, warm winter

Heating requirements for 1 to 2 months, cooling
requirements for 3 to 6 months per year.

50 - 150

150 - 300
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SC3:

Warm temperate

Heating requirements for 1 to 2 months, cooling
requirements for 1 to 2 months per year.

50 - 180

45 - 150

SC4:

Mild temperate

Heating requirements for 3 to 5 months, cooling
requirements for 1 to 2 months per year.

280 - 360

30 - 50

SC5:

Cool temperate to Alpine climate

Predominant heating requirements, with heating
needs for 8+ months per year.

450 - 570

15 - 40

SC6:

High humidity summer, warm
winter

Predominant cooling requirements for most of
the year.

0

400 - 570

Note that climate zone SC6 and SC1 have monsoonal weather patterns, with notable overcast and precipitation
during the summer months. For climate zones SC1, SC3 and SC6 the average annual latent load is significantly
higher than in the other climate zones. Figure 1 depicts the distribution of the climate zones in Australia.
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Figure 1: Climate Zones in Australia as per AS5389-2016
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In line with other countries, Australia introduced several measures to make renewable energy use more affordable.
These include state-by-state feed-in tariffs with a subsidised fixed rate for all small-scale renewable energy
producers based on the energy fed back to the grid from sources such as solar or wind. All attractive state feed-in
tariffs for new installations have been discontinued between 2011 and 2015. There is no current nationalised feedin tariff, prompting consumers to self-consume onsite generated power.
The federal government also introduced a solar rebate scheme to encourage installation of these systems. The
Renewable Energy Target (RET) is national government scheme designed to reduce emissions of greenhouse
gases in the electricity sector and encourage additional generation of electricity from sustainable and renewable
sources. It provides both large-scale generation certificates (LGC) for large-scale power stations and small-scale
technology certificates (STC) for owners of small-scale systems. Certificates are then purchased by electricity
retailers and submitted to the CER to meet the retailers' legal obligations under the Renewable Energy Target.
Small-scale technology certificates are created based on the estimated amount of electricity a system produces or
replaces (that is, electricity from non-renewable sources) over the life of the renewable energy system.
The Clean Energy Finance Corporation (CEFC) is a statutory authority established by the Australian
Government under the Clean Energy Finance Corporation Act 2012. It acts as a specialist clean energy financier,
investing with commercial rigour to increase the flow of finance into renewable energy, energy efficiency and low
emissions technologies. Its investment portfolio ranges from large-scale solar and wind farms to technologyspecific research and development activities.
Additionally, there are several national and state programs that encourage energy efficiency in buildings. None of
them explicitly nominate the use of renewable energy solutions, but onsite renewable energy generation is an
accepted tool to help in improving energy efficiency as per these programs.
On a federal level, the National Construction Code (NCC) Volume 1, Section J defines energy efficiency
requirements for commercial buildings (class 3 to 9). While it is a national code, it is individually modified and
enforced by state law. Section J and the remainder of the NCC mention solar and other renewable energy
generation systems only in passing and do not mandate their use. The National House Energy Ratings Scheme
(NatHERS) is aimed at promoting energy efficiency in residential buildings. A software tool uses defined building
characteristics (i.e. climate zone, orientation, building materials etc.) to estimate its annual energy use. Under NCC
energy efficiency provisions, every new home or renovation needs to have at least a 6-star NatHERS rating.
The National Australian Built Environment Rating System (NABERS) is a national rating system that
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measures the environmental performance of Australian commercial buildings and tenancies. It rates buildings
according to their measured operational performance over the preceding year pertaining to energy and water use,
waste handling and indoor environment. Research suggests that offices with high NABERS Energy ratings tend to
offer higher investment returns, whilst offices with low NABERS Energy ratings tend to offer lower investment
returns (Slow, 2013).
Relying very much on NABERS is the 2010 Building Energy Efficiency Disclosure (BEED) Act, which requires
anyone selling or leasing office buildings or space greater than 1,000 m2 to obtain a Building Energy Efficiency
Certificate (BEEC). BEECs are only valid for 12 months and include a NABERS Energy for offices star rating.
The program, called Commercial Building Disclosure (CBD), aims to improve the energy efficiency of
Australia's large office buildings and to ensure prospective buyers and tenants are informed. Since inception, more
than 72% of the Australian national office market has received an energy rating (McMahon, 2016). Buildings with
at least two consecutive NABERS Energy ratings, demonstrated an average reduction in energy use of 8.7% and a
reduction in greenhouse gas emissions of 11.5% (Ernst & Young, 2015). A similar program for the federal
government is the Energy Efficiency in Government Operations (EEGO) Policy, which aims to reduce the
energy consumption of government operations with emphasis on building energy efficiency. EEGO mandates the
use of Green Lease Schedules (GLS) to form part of lease documentation (or MOUs where the Government owns
the building). GLS are designed to ensure that buildings are operated at the required level of energy efficiency,
including a required minimum 4.5 stars NABERS Energy for Based Building rating. Contractual language in the
GLS is usually coached in “best effort” terms, with little recourse for the tenant in case of a breach of the energy
efficiency terms. All state governments in Australia except for Tasmania have similar requirements, at minimum
4.5 stars NABERS Energy for offices rating for all new buildings and fitouts and at minimum 3.5 stars for existing
buildings and fitouts.
In addition, some states and municipal governments provide local incentives and funding schemes to drive building
energy efficiency and the use of renewable energies. Amongst these are Environmental Upgrade Agreements
(EUAs) in New South Wales and in Melbourne – called 1,200 Buildings in Victoria, the Energy Savings Scheme in
New South Wales, Victorian Energy Upgrade, ACTSmart Business Energy and Water Program in Canberra,
Energy Savers in Queensland and the South Australian Energy Productivity Program. Furthermore, most state
electricity utilities have programs with funding for provable peak demand reduction projects, demand management
projects and renewable energy buyback schemes. The extent and funding depth varies with each project; Energex
offers up to $185 per kW peak demand savings in select supply areas (Energex, 2017).
Outside of government measures, the Green Building Council of Australia (GBCA) manages the Green Star rating
system, a voluntary sustainability rating system for buildings in Australia. It assesses the sustainability of building
projects at all stages of the life cycle. Ratings can be achieved in the planning phase for communities, during
design, construction or fit out of buildings, or during the ongoing operational phase and range from one star
(minimum practice) to three star (good practice) and six star (world leadership). Energy-efficiency outcomes for
Green Star rated buildings are good with 66% less electricity use and 62% fewer greenhouse gas emissions than
average Australian buildings (Green Building Council of Australia, 2013), the rated buildings tend to be Premium
and Grade A buildings (Ernst & Young, 2015), with limited investment going to the mid-tier market. This market
makes up more 50% of the Australian commercial office stock (Ernst & Young, 2015) and is typically comprised
predominantly of smaller buildings, often better suited for solar energy use due to a larger proportion of roof space
to lettable floor space.
AS5389-2016 (draft) is another initiative to encourage adoption of solar heating and cooling systems in buildings.
This draft standard provides an approach for estimating energy consumption of solar heating and cooling systems
for receiving government support such as STCs.
Australia ratified the Paris climate agreement committing to achieve 26–28% reduction in greenhouse gas
emissions below 2005 levels by 2030. CSIRO’s low emissions technology roadmap advocates fuel switching as
one of the options to achieve deep cuts in emissions from the built environment that can help in achieving the 2030
emission reduction targets. In the context of the RET being phased out by 2030, an alternate policy landscape to
specifically encourage renewable energy use in the built environment is unclear.
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The authors of this paper interviewed various stakeholders related to the use of solar heating and cooling
technologies in the built environment. This included representatives from the building industry, solar equipment
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manufacturers, HVAC contractors, consultants and entities dealing with regulatory bodies. A summary of findings
from these discussions are provided below.

% + # &*+
Due to Australia’s small market size, local production of complex solar heating and cooling components is limited.
Importing such equipment results in a relatively large logistics costs due to the distance from the manufacturing
countries. This is further exacerbated by limited experience of consulting engineers, contractors and installers with
new, custom designed SHC installations. To mitigate potential risks, these projects are often quoted with high risk
margins that make them financially nonviable.
A necessary optimisation or retrofit of a heating or cooling delivery system is often fruitful ground for the
introduction of renewable energy systems. While a suitable SHC application with attractive payback periods might
be a good fit, consultants and system designers often lack the required knowledge and resources (e.g. a design and
optimisation tool) to help them identify such introduction opportunities.
Stakeholders are often not aware of appropriate local, regional or federal energy efficiency programs as outlined
above. Bureaucratic hurdles to participate in these programs can also be too onerous for the program to be useful,
resulting in unused funds which could offset some of the high initial costs.

"&.)%**&% +*,%)# *+ /'++ &%*
While there is strong general interest in renewable energy technologies, most of the stakeholders including
architects, engineers and building owners do not have sufficient information on capabilities and benefits of solar
generated thermal energy and its use in the built environment. Consequently, SHC solutions are either not
considered for a project, or poorly planned and designed. These badly designed and commissioned systems bring a
negative reputation to the technology, further limiting market growth.
Unrealistic expectations also bring negative reputation to the technology. These expectations range from an
expected payback of less than two years, delivery of complete comfort during all periods of the day to maintenance
free operation and more. Oftentimes the end-users would not have had similar expectations on the incumbent
technology and may be more forgiving for any performance deficiencies of the incumbent technology.

%/') %%,%+) %&%*,#+%+*%+)
SHC systems are not covered in the standard training repertoire of architects, engineers and installers. As a result, a
commercial building may be designed such that any inclusion of SHC technologies may result in expensive
variations or site preparation costs. This is compounded by the limited number of component suppliers and
installers.
Consultant fee models are often predicated on providing standard systems design with only small variations. The
business model does not allow for providing a bespoke solution capable of leveraging SHC technology for the best
outcome. In addition, most engineers and installers are unsure of the correct use of the technology and inflate the
costing of the project to tackle “unknown” risks.

% #% %% #) *"*
Project owners are often worried about the risks associated with SHC technology installations. These risks can be
related to performance, maintenance or the commercial benefits. Negative risk perception is fueled by the lack of
suitable local reference installations and access to historical data. Badly designed and underperforming SHC
deployments add to this perception. Finally, specialized international SHC vendors often approach the Australian
market with insufficient focus and funds, partnering with small, local companies for commercial representation.
These small companies do not have the reliability of major vendors, resulting in real execution risk with the
associated risk of losing warranty and maintenance options if such a small company were to change direction or
enter liquidation.

'# +%%+ -*
Not unique to solar generated thermal energy systems, split incentives are a barrier to the high initial deployment
cost of any energy efficiency measures in buildings. So far, the additional capital cost of an SHC installation is not
always offset by a commensurate increase in sales or lease price. The tenant or final building operator would reap
the rewards of the efficiency measure and the entity making the capital investment would have foregone possible
higher profits. Given the higher initial cost of SHC systems, split incentives result in landlords often not not
motivated to install such systems in their buildings.
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New technology innovations disrupt the current technology development and diminish the unique benefits provided
by solar thermal heating and cooling solutions. An example is the slowdown in the rooftop solar thermal market
due to the decline of PV prices. In residential applications, home owners often prefer a single solar energy
collection technology meeting their energy needs rather than dealing with two sets of system installers and
technologies. The potentially higher installation cost (labour) of a solar thermal system could be the further
differentiator between the installed cost of a solar PV system and a solar thermal system. More disruption potential
can be expected from the maturing of electrical storage (so that it becomes competitive with thermal storage) and a
potential reduction in price of high efficiency heat pump systems.

--,.01+'0'#/
Solar thermal generated energy for active use in the built environment is available in several forms:
•

Solar Thermal driven Absorption/Adsorption Chillers – using heat from solar thermal collectors (flat
plate, evacuated tube, concentrating) to drive absorption chillers (LiBr/Water, NH3/Water, Zeolite/Water,
Silica Gel/Water etc.)

•

Solar Thermal driven Desiccant Chillers – using heat from solar thermal collectors (flat plate, evacuated
tube, concentrating) to drive desiccant chillers (solid or liquid)

•

Solar Thermal Heating Hot Water and/or Domestic Hot Water – using heat from solar thermal collectors
(flat plate, evacuated tube, concentrating) to generate hot water, either for heating hot water (HHW) or for
domestic hot water (DHW)

•

Solar PV assisted high-efficiency chillers – using electricity generated from solar PV to drive highefficiency chillers

•

Solar PV assisted high-efficiency heat pump – using electricity generated from solar PV to drive highefficiency heat pumps to generate HHW or DHW

Ongoing research has been conducted into the cost comparison of solar thermal, solar PV assisted thermal energy
generation and conventional heating and cooling. The more rapid change in PV pricing as compared to the
components of solar thermal cooling systems make PV-assisted cooling systems increasingly viable alternatives to
solar thermal cooling and substantially improve the financials of a deployed system (Otanicar et al, 2012;
Kohlenbach and Dennis, 2010; Greenaway and Kohlenbach, 2016). As current representative residential electricity
prices continue increasing, the financial performance and ROI of both solar thermal and solar PV-assisted cooling
systems will also become more attractive.
Small-scale solar thermal HHW and DHW systems compare well financially to gas or standard heat-pump systems.
Solar PV-assisted high-efficiency heat pumps (Mayekawa, 2017; Sanden, 2017) provide a very competitive
alternative for HHW and DHW systems, even for medium-sized HHW and DHW requirements. In medium-sized
and larger deployments, solar thermal HHW and DHW systems are also financially attractive (Witts, 2017).
Not all situations provide a good fit for solar thermal generated energy. Smaller-scale deployments result in a
disproportionately expensive solar thermal driven cooling system. For cooling needs of 20 kWth or less and
standard residential or commercial office requirements, there are few criteria to make such a system costcompetitive with a small-scale split system air conditioner or a solar PV-assisted split system air conditioner.
Beyond the need for sufficient annual solar radiation, the essential criteria for the fit of solar generated thermal
energy to a buildings heating and cooling needs are:
•

Appropriately located available roof space

•

Diurnal load match (more than 50% of thermal energy used should be during average daytime hours)

•

Annual combined thermal needs (heating in winter, cooling in summer) or significant all-year heating or
cooling needs, overall more than 200 MJ/m2/a

•

Combined domestic hot water and heating/cooling loads to maximise utilisation

For the purposes of this analysis, we used building classifications following those of the Australian National
Construction Code (NCC).
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Table 4 summarises the findings, highlighting cost-efficient suitability for solar thermal energy use for providing
heating, cooling and domestic hot water by colour; comfort tolerance was classified as the willingness of the
building occupants to tolerate building temperatures marginally outside the generally accepted temperature set
points of 21°C to 24°C. Green symbolises a good fit, orange an average fit and red highlights a likely bad fit.
Table 4: Australian Built Environment, space conditioning, hot water requirements and market information (estimated as per
DEWHA, 2008; Pitt&Sherry, 2012; Goldsworthy and Sethuvenkatraman, 2016)
Retail

Supermarket

Retail
strip

Shopping
centres,
excl.
supermarket

7am10pm

8:30am6pm

8:30am6pm

Application

Residential

School

Universities
& VET

Office

Public
buildings

Hotel

Typical
operating
hours

3pm-12pm

9am-3pm

8am-9pm

8am-5pm

9am –
5pm

24 hours

Operating days

50 - 100

200

240

240

240

365

310-360

360

310

360

365

Comfort
tolerance

Low

High

Medium

Low

Low

Low

Medium

Medium

Medium

Medium

Low

Indicative
capacity range

2 to 15kW

5 to
50kW

50 to
500kW

5 to
500kW

30 to
500kW

100kW to
1MW

10 to 50kW

50 to
200kW

10 to
30kW

100kW to
1MW

100kW to
1MW

Relative hot
water use

High

Low

Low

Low

Low

High

High

Medium

Low

Low

High

Fresh air
requirement

Low

High

High

Low

Medium

Low

High

Low

Low

Low

High

Latent load

Average

Above
average

Average

Average

Average

Average

Above
average

Average

Average

Average

Above
average

National
HVAC energy
use (PJ/a)

192

0.8

5.5

27.6

1.1

8.3

NA

NA

NA

NA

9.9

HVAC energy
intensity
(MJ/m²/a)

115

<18

180, 440

380

300-550

690

NA

NA

NA

NA

680

Current stock
size (number /
‘000 m2)

8,452,743 /
1,564,000

9,414 /
44,023

4,585 /
18,571

NA /
43,403

3010

4,445 /
11,787

13,987 /
NA

1,891 /
NA

346,704 / 22,599

1,322 /
13,984

Incumbent
technology

AC, Split

AC, Split

AC, Ducted
/ Package,
Central
plant

AC,
Ducted /
Package,
Central
plant

AC,
Ducted /
Package,
Central
plant

AC,
Ducted /
Package,
Central
plant

AC, Split,
Ducted /
Package

AC,
Ducted /
Package

AC, Split, Ducted /
Package

AC,
Ducted /
Central
plant

Complexity of
incumbent
technology

Low

Low

Medium

Medium

Medium

Medium

Low to
Medium

Medium

Low

Restaurant

Hospital

8am-10pm
24 hours
(chain)

24 hours

Medium
to High

High

In a country the size of Australia, climate Zones are a vital decision criteria to deploy a system using solar
generated thermal energy, i.e. monsoonal high cloud cover during summer months in SC1 (and parts of SC6) is
likely to result in low solar yield. Similarly, solar heat driven desiccant chillers will have limited value in SC2
because of predominantly arid summers.
Every project is different and requires specific adjustment. Nevertheless, in addition to the above essential criteria
for deploying solar generated thermal energy systems in Australia we believe sizeable opportunities exist with
deployments outlined in Table 51.
Table 5: Opportunities for deployment of solar generated thermal energy systems in the built environment in Australia
School

Universities
& VET

Climate Zone

Residential

Heat

 / /
▲▲

/▲





/
()3

 /
()4

 /
()4

Heat

 / /
▲▲

 / /
▲









()4

SC1

SC2

Office

Public
buildings

Hotel

Restaurant

▲▲▲ /


(▲ / )

 /
 /
()4

//
()4

()2





▲▲▲ /


(▲ / )2

 /
()4

 /
 /
()4

//
()4

()2

Retail

Hospital
 /
▲▲▲

2

 /
()4


 /
▲▲▲

1

Solar generated thermal energy use in SC6 will need to be evaluated on a case-by-case basis and will likely represent marginal
cases
2
Not a good diurnal load match; for worthwhile deployments, requires daytime usage.
3
Dependent on fresh air requirements and latent load
4
For smaller deployments
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Heat

 / /
▲▲

 / /
▲

()

()

()

▲▲▲ /

/ ()1

(▲ /  /
)2

()1

 /
▲▲▲ /
()1





/
()3

()1 /
()4

 /
()4

 /
 /
()4

//
()4

()2

() /
()4

()1

Heat

 / /
▲▲

 / /
▲



()



▲▲▲ /

/ 

(▲ /  /
)2



 /
▲▲▲ /








()4

()4

()4

()4

()2, 4

 / 

/




 /


( / )2



 /


Heat

 / /
▲▲

 / /
▲





/
()3

SC3

SC4

SC5

Heat



()



/



▲▲▲ /


(▲ / )

()4

()2,4

SC6
 /
()4

()4

()4

 /
▲▲▲

2

 /
()4



▲: Solar Domestic Hot Water - solar PV, high efficiency heat pump, tank, optionally with reverse cycle air conditioner for space heating
: Solar Domestic Hot Water - solar thermal collectors, tank
: Solar Heating and Domestic Hot Water - solar thermal collectors, tank
: Solar Thermal Cooling AB - solar thermal collectors, tank, thermal (absorption, adsorption) chiller
: Solar Thermal Cooling DES - solar thermal collectors, tank, desiccant systems
: Solar PV Cooling - solar PV, high efficiency vapour compression chiller

As solar energy is an intermittent energy source, backup and possibly storage will be needed to guarantee the
intended service during all periods of the day in a year.

#!,**#+"0',+/
To address the market barriers and enable local and international heating and cooling industry to better address the
Australian market, we recommend a three-pronged approach:
Regulate

Standardisation / Best Practice design –
extend AS5389

Support

Inform

Environment Upgrade Agreements (EUA)

Training/Knowledge dissemination

On-Bill Finance
Energy Performance Contracts (EPCs) /
Energy Services Companies (ESCOs)

Pilot projects

,#++%) *+ &%*+)+ * %
We recommend a project for documenting global best practice for a modular design of a solar thermal
heating/cooling system for use in Australia. It needs to provide for options for different collector technologies (flat
plate, evacuated tube, concentrating), optional different chiller technologies (absorption / adsorption / desiccant /
none), optional HHW and optional DHW systems. Integration into existing systems also needs to be addressed (i.e.
utilising existing air handling units, providing boiler pre-heat etc.). Standardisation of solar thermal system design
for a given application has the potential to address many of the barriers discussed above:
•

Has the potential to lower the initial cost of the system by reducing the design and installation time.

•

Increases confidence of various stakeholders in the value chain to move ahead with implementing solar
thermal projects.

•

Supports the development of components and equipment associated with the technology and helps in
improving the availability of local components rather than importing.

This activity must be firmly supported by regulatory means that help in estimation of energy savings from the
standardized designs. Extension of AS5389 to incorporate various solar heating and cooling technologies is one
typical example. Additionally, efforts should be directed towards developing best practice design documents that
can be used by installers (e.g. Master Plumbers’ and Mechanical Services Association of Australia and
Sustainability Victoria, 2009)

,''&)+
We believe there are various renewable energy support mechanisms already available for large scale utilisation.
However, some of the following approaches have been largely overlooked or not yet deployed consistently across
Australia. We suggest a reinvigorated approach towards these policies.
1
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An Environmental Upgrade Agreements (EUA) is a contractual agreement between a building owner, a finance
provider and a local council. The building owner agrees to undertake environmental upgrades to their building and
the finance provider agrees to advance capital to the building owner to fund the works. The money is repaid to the
lender through council rates. This environmental upgrade charge is collected quarterly as a line item on top of the
normal council rates. Once payments are completed, the building owner owns all capital equipment covered by the
agreement, i.e. it is a balance sheet item.
As such it allows a building owner to access capital at a better rate over a longer term than a conventional bank
loan. EUAs also allow some of the costs of the upgrade to be shared with tenants, where the tenant also benefits
from the cost saving delivered by the upgrade. Furthermore, it minimizes financial risk to the lender, as the loan is
attached to the land/property.
EUAs are currently only available in Victoria (Department of Energy, Land, Water and Planning, 2015) and New
South Wales (Office of Environment & Heritage, 2016). Extending these agreements and consolidating their
contractual structure, commercial and technical prerequisites based on the above best practice design would
remove financial risk and at least partially address the problem of split incentives for retrofits of buildings.

,''&)+% ## %%
On-bill financing is an alternative way of obtaining access to capital to fund building energy efficiency upgrades,
where repayments are made through an electricity utility as part of the energy bill. The energy utility will typically
aim to make the monthly payments equal to or less than the energy savings achieved through the upgrade works.
Here as well, building owners can access capital at a better rate over a longer term than a conventional bank loan
and costs can be shared with tenants, lowering financial risk and mitigating split incentives. In Australia, On-bill
financing is currently offered by AGL and Origin Energy for medium to large customers only (Office of
Environment & Heritage, 2016a). On completion of payments, the building owner owns all capital equipment
covered by the contract, i.e. it is a balance sheet item. We recommend extending standard demand-management
practices of all electricity utilities to include on-bill financing for solar generated thermal energy projects, adhering
to the above standards and leveraging the best practice design to mitigate technical risk.

,''&)+ %)0)&)$% &%+)+*  * %)0)- * &$'% *  *
Already established in Australia, Energy Performance Contracting (EPC) is when an Energy Service Company
(ESCO) is engaged to improve the energy efficiency of a facility, with the guaranteed energy savings paying for
the capital investment required to implement improvements. Under a performance contract for energy saving, the
ESCO implements and operates the project and guarantees cost savings over an agreed term, lowering financial and
technical risk. We recommend working with reputable national and international ESCOs to extend their offering to
include solar generated thermal energy projects in Australia, leveraging EUAs, On-bill Financing and the best
practice design. Quick wins could be had by integrating an ESCO-operated solar thermal component into a district
cooling system such as the CitySmart Brisbane project.

%&)$) % %%&.# **$ %+ &%
Solar generated thermal heating and cooling technology and the relevant design and installation criteria need to be
integrated into the standard University and Vocational Education and Training (VET) curriculum for architects,
engineers and trades. To this end, the best practice design document needs to become part of the respective
curricula and a continued professional development training program needs to be instituted in close cooperation
with the relevant industry bodies (Australian Institute of Architects, Australian Institute of Refrigeration, Air
Conditioning and Heating). Once implemented, it will reduce technical risk and facilitate that solar generated
thermal heating and cooling systems can be designed, built, commissioned and operated by anyone in the industry.

%&)$1 #&+)&!+*
Australia is not home to any commercial large-scale solar thermal cooling projects. We recommend using the
outlined Regulate, Support and Inform recommendations to initiate showcase commercial solar generated thermal
energy projects with the CEFC acting as a cornerstone investor working with proven national or international
industry operators with appropriate and demonstrated experience. This includes adding solar thermal generated
thermal energy options to district level heating/cooling infrastructure in early or late planning stages, such as the
district cooling system to service downtown Brisbane (Citysmart, 2016).
We believe that if acted upon soon, these recommendations will enable Australia to build a thriving local market

2293

M. Sheldon / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

for solar generated thermal energy systems, saving energy, greenhouse gases and money for all stakeholders in its
built environment.

 !(+,3)#"%*#+0/
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Abstract
In several studies, the efficiency of solarized industrial processes was assessed and showed promising results.
However, the economic competitiveness of such processes is a mainly unanswered question. In this work, the
economic performance of a solar aided methanol production process is determined. The assessment yields
promising results for the considered co-production process. The presented results also show that for a penetration
of renewable energies beyond electricity production, the common support model of fixed feed-in-tariffs is not
suitable. A reasonable cost for CO2 emissions or reward for their reduction will allow finding the most economic
application for renewable energies independent of the end product of the process. When reasonable rewards of 75
$/tCO2 for the reduction of CO2 emissions compared to fossil reference processes are considered, the process can
produce methanol and electricity at competitive prices.
Keywords: Solar thermochemistry, CSP, solar fuels, reforming, economics

1. Introduction
The necessity to reduce greenhouse gas emissions by substituting fossil energy carriers by renewable energy
sources such as solar- and wind energy is widely accepted and ongoing today. Regarding the production of
electricity, this process has already well advanced in several countries. For instance, in Germany more than 30 %
of the electricity was produced from renewable energies in 2015 [1]. However, as also increasingly discussed, the
implementation of renewable energies has to advance towards industrial processes to achieve a complete energy
transition. von Storch et al. [2] as well as Bai et al. [3] proposed processes for production of methanol with the aid
of solar energy that also include further energy streams into and out of the process. In both publications, solar
energy is concentrated (i.e. concentrated solar power (CSP)) to provide high temperature heat. Furthermore, both
give promising results for the processes regarding the efficiency of solar energy utilization. However, for new
renewable energy applications to be commercialized, favorable economics are necessary. Bai et al. [3] give an
estimation on economic performance and show methanol prices between 440 and 516 $/t, but they are not put into
context with market prices and common costs for renewable energy utilization. In von Storch et al. [2], economic
aspects of the proposed process are not assessed at all. On the one hand, it is necessary to determine product costs
for such processes to assess their potential to become commercially viable. On the other hand it is also necessary to
carry out an economic assessment in order to carry out process optimization. For instance, as stated by von Storch
et al. [2], the possibility of implementing thermal energy storage to increase operating hours of the investigated
process is a central advantage of the considered technology. However, implementation of thermal energy storage
can only enhance the economic performance, and not the efficiency. Hence, the suitable storage size can only be
determined through economic optimization of a process. The same applies for the solar multiple, which represents
the energy provided by the solar part at nominal operation in relation to the nominal energy input into the
reforming process. The larger the solar multiple, the higher the capacity factor for the reforming process, but the
larger and more expensive the solar receiver and heliostat field. Therefore, the optimal solar multiple can only be
found through economic considerations.
In order to close the gap regarding information on the performance of these processes, the process presented by von
Storch et al. [2], which is based on solar aided reforming of natural gas for methanol production (SOLME process),
is assessed regarding its economic performance in this work.

2. The SOLME Process
The SOLME process presented by von Storch et al. [2] is a process that produces methanol and electric power form
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concentrated solar radiation and natural gas. A simplified flowchart of the process is presented in Figure 1. To
provide the concentrated solar irradiation, a solar power tower is used: A heliostat field concentrates solar
irradiation onto a central receiver where the irradiation is absorbed and converted into heat. As central receiver, an
open volumetric receiver, as thermal storage a ceramic brick storage, both similar to the system installed at the
solar tower Jülich (cf. Alexopoulos and Hoffschmidt [4]) are considered. Air is used as heat transfer fluid and
transports the heat from the receiver or thermal storage to the reforming reactor. In the reforming reactor natural
gas is converted into syngas via the reforming reaction. The syngas is cooled, compressed and given into a
methanol synthesis reactor, where it is converted into methanol. Due to a large recycle stream in the methanol
synthesis, it is necessary to purge an off-gas. This off-gas consists of inert species as well as unreacted methane,
hydrogen and carbon monoxide. Hence it has a significant heating value. It can be combusted to provide heat to the
reforming reactor or co-combusted in a power plant, for instance a combined cycle gas turbine power plant
(CCGT). The off heat that is available from syngas cooling and as heat of reaction from methanol synthesis cannot
be completely integrated into the process. It is considered, that the heat is used in a water-steam cycle to generate
additional electricity. A more detailed description of the SOLME process can be found in refs [2, 5].
CCGT
Natural
Gas

Electricity

Combustion
Heat
Off Gas

Solar
Radiation

Solar
Receiver

Heat

Thermal
Heat Storage

Heat

Solar
Reforming

Syngas

Methanol
Synthesis

Methanol

Off Heat
Rankine
Cycle

Electricity

Figure 1 – Schematic of the SOLME process

As can be seen in Figure 1, the process consumes solar energy, natural gas and water to produce electricity and
methanol. The production of two products from a renewable and a fossil energy resource complicates the economic
assessment. Usually the utilization of renewable energies makes the product more expensive. In the case of
facilities for the production of electricity, this is taken care of by increased feed-in-tariffs; which act as subsidy. For
methanol production facilities, this procedure is not known.
Regarding the energetic performance of the process, von Storch et al. [2] report that the SOLME process can
produce a given amount of electricity and methanol from the same amount of solar energy but approx. 5 % less
natural gas than a system of conventional methanol synthesis and solar power plant. This indicates that the hybrid
process for methanol and power production is more efficient regarding natural gas consumption than a separate
production of solar power and conventional methanol would be. They state that the SOLME plant, that is scaled by
the solar receiver with a capacity of 50 MW produces 127.5 GWh of Methanol and 21.41 GWh of electricity per
year from 176.1 GWh of solar energy (onto heliostat field) and 148.4 GWh natural gas. The same size SOLME
plant is assessed in this work. However due to the parameter variations, which are mentioned in the following
chapter, the amounts of methanol and electricity produced will vary.

3. Methodology and procedure
Several options exist for the economic assessment of a process such as the SOLME that produces two products.
Firstly, realistic market price for the products can be retrieved from a suitable source and the achievable profit can
be determined based on capital cost and operational cost. However, as this would lead to negative profits for most
processes that use renewable energy resources, for processes using renewable energy resources the concept of
levelised cost of electricity (LCOE) is commonly used [6]. In this concept, the capital cost and operational cost
(COPEX) of the process are determined. The capital cost is usually taken into account as the annuity of the initial
investment (CAnnuity), considering a certain weighted average cost for capital (WACC). By division of the total cost
with the amount of produced electricity, the LCOE is determined, as shown in equation (1). The resulting value
indicates the minimum electricity price, to achieve the required interest rate/profit. This concept can also be applied
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to other products than electricity, for instance to methanol. However, it cannot be applied in the same way to
processes, which produces two products such as the SOLME process. Therefore, for this process, a realistic price
for methanol (cMethanol) is considered and the revenues subtracted from the annual costs in determining the LCOE.
The resulting equation is shown in (2), where mMethanol,SOLME is the annual amount of methanol produced in the
process. The LCOE determined through this procedure can subsequently be compared with other processes. Then
the LCOE is also the objective criterion to be minimized.
 ܧܱܥܮൌ

ܥ௨௧௬  ܥைா

ܧா

ܧܱܥܮୗ ൌ

ܥ୬୬୳୧୲୷ǡୗ  ܥଡ଼ǡୗ െ  ݉ୣ୲୦ୟ୬୭୪ǡୗ ܿ ڄୣ୲୦ୟ୬୭୪
ܧ୪ǡୗ

ሺͳሻ

(2)

It is aimed to minimize the LCOE by variation of two central parameters: Solar multiple and thermal storage size.
The solar multiple is defined as the nominal thermal capacity of a receiver in relation to the nominal thermal input
of the reforming process. The heliostat field is size is fixed to provide sufficient concentrated solar irradiation to
the receiver for nominal operation at noon of the 21 st of March, which is a flux of 50 MW. The procedure is
presented in detail by von Storch et al. [2]. The resulting heliostat field has a size 62,854 m² at the location in In
Amenas in Algeria. The solar multiple is varied by scaling the non-solar part of the SOLME process. This means
that the solar energy collected by the heliostat field and transformed into thermal energy in the solar receiver is
fixed, the time period over which the process consumes and the amount that has to be dumped because the storage
is full are varied. Energy consumption for operation of the heliostat field are taken into account as parasitic losses
based on data published in the ECOSTAR report [7], where 6.5 Wel per square meter of heliostat field are stated.
This results in a total consumption of 408.6 kW during solar operation. Based on heliostat field layout, the solar
operating time is 4383 hours per year. Other major parasitic losses, such as blower for the air system are taken into
account in the process model directly.
Despite a rapid reduction in costs for renewable energy technologies, processes that use renewable energy
resources usually still have a higher cost of product than processes that use fossil fuels. This can be well observed
at recent solar power projects, such as the recently inaugurated solar power plant crescent dunes. Besides
subsidized loans, this kind of solar power plant is mainly supported through an increased feed-in-tariff, in this case
135 $/MWh [8] (the market price of electricity in that region is approx. 80 $/MWh [9]). The total subsidy for the
project through increased feed-in-tariff can be estimated by multiplication of the difference in electricity price (in
this case approximately 55 $/MWh) with the total amount of electricity produced. In the case of the SOLME plant,
compared to a conventional solar power plant of identical scale, less electricity is produced because a fraction of
the solar energy input is used in the methanol production. However, as the methanol is sold at a conventional
market price (cf. paragraph above), the additional cost due to the solar field, receiver, etc. is spread over a lower
amount of electricity. Hence, the resulting LCOE will be higher than for a conventional solar power plant even if
the economic performance of the SOLME plant may be better. Therefore, comparison of the LCOE of the SOLME
plant with published LOCEs of real solar power plants will lead deceptive conclusions.
To compare the economic performance of the SOLME process and conventional solar plants realistically, the total
necessary subsidy to achieve marketable product prices should be determined. This can be done in several ways,
for instance by considering a fixed annual sum or by considering a reward for the reduction of CO2-emissions
compared to the state of the art. In this work, both is done. Considering rewards for the reduction of CO 2-emissions
is especially interesting, as it could be an effective measure to help achieving the superordinate goal in renewable
energies utilization: The reduction of greenhouse gas emissions. Through this procedure, the more economic route
for reduction of greenhouse gas emissions through solar energy utilization can be determined; in this case between
a conventional solar power plant and the SOLME plant. Therefore in a parameter variation, the results for LCOE
are determined in dependence of reward for reduction of carbon dioxide emission. The reward is varied between 0
and 200 $/tCO2. This reward can be considered as a potential income from excess CO 2 certificates as they exist in
the EU. Currently the prices of the certificates are below 10 €/t (cf. https://www.eex.com/de/). However, they are
expected to rise in the future and achieve values up to 76 €/t (100 $/t) according to Schlesinger et al. [10].
In order to obtain a comparable and realistic price for methanol, the price is determined based on own simulations
rather than obtaining data from literature or real market prices. This ensures that comparable assumptions and
boundary conditions are used for the SOLME process and the reference methanol price. The determination of
reference methanol price is based on the process used as reference methanol process for energetic performance
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assessment by von Storch et al. [2]. The resulting value is 180$/tMethanol. However, the value is varied to determine
if it will affect the optimum values for storage size and solar multiple. In the case of the reference solar power
plant, the receiver and storage size as well as solar multiple are set to the same values as in the SOLME process to
ensure comparability of the results. This is done to obtain a comparable plant regarding the duration of which it can
provide electricity to the grid throughout the year.

Determining the capital cost of SOLME process
The capital cost of the processes can roughly be categorized as conventional process units and CSP components.
The cost of conventional process units is determined according to data by Ulrich and Vasudevan [11] and the
prices converted from 2004 to prices of 2014 with the chemical engineering cost index (CEPCI) [12, 13]. The
calculation is done in US-$. If prices are retrieved in other currency, it is converted to US-$ with the average
exchange rate applicable for the year of publication from [14]. In accordance with Ulrich and Vasudevan [11], the
bare module component costs (CBM) are multiplied by a factor of 1,534 to yield the grass roots cost (CGR), which
includes fees and contingencies as well as auxiliary facilities, i.e. represents the total investment.
The prices for CSP-related components are retrieved from the ECOSTAR Report [7] and Vogel and Kalb [15]. The
values used for the components are given in Table 1. Some of the data used to determine the prices of CSP
components is several years old already. It is well known that significant cost reductions were achieved in the
meantime. However, no reliable, detailed data is publicly available. Therefore, based on the predictions by Trieb
[16], a reduction in CSP-Component cost by 30 % are assumed to take into account current developments.
Table 1 – Cost data for CSP components

Component

Source

Value and basis in source

In 2014-$

30 % reduced
value

Tower

ECOSTAR Report [7]

2 mio. €2003

3.55 Mio. $

2.73 mio. $

Heliostat
Field

Vogel and Kalb [15]

100 $2002/m²

Receiver

ECOSTAR Report [7]

Storage

ECOSTAR Report [7]

146.64 $/m²

102.65 $/m²

9.22 Mio. $ (total)

6.45 mio. $

115 €2003/kWth

204 $/kWth

142.8 $/kWth

60 €2003/kWhth

106 $/kWhth

74.2 $/kWhth

The price of the Rankine cycle (RC) of the reference solar power plant is based on information from the
ECOSTAR Report [7] according to equation (1) in dependence of the of its nominal electric output, assuming a
value of 0.6 as scaling factor as recommended by Ulrich and Vasudevan [11].
ܥǡ ൌ ͳǡͲͶǡͶͲͲ

̈́
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(eq. 1)

For the combustion of the off-gas in a CCGT, it is assumed that it is co-combusted in an industrial scale CCGT
rather than building a small scale CCGT for this purpose only. Therefore, the specific cost for a 200 MW CCGT
plant are determined based on information from Ulrich and Vasudevan [11] and the fraction of capacity that can be
attributed to the SOLME plant is considered in the investment cost. The specific cost (grass roots) is 3250 $/kWel.
Further relevant parameters for calculation of annuity and operating costs of the plant are given in Table 2. The
WACC and expected lifetime are based on values proposed by Dieckmann et al. [17] for the near term future. The
operation and maintenance cost (O&M) of CSP related components are set to 2% of the investment per year in
accordance with Hernández-Moro and Martínez-Duart [18]. The O&M cost factor is set to 0.5% for all other
components. The cost for demineralized water is determined with information provided by Ulrich and Vasudevan
[11]. As cost for natural gas, based on the average values published for Henry Hub spot price between 2010 and
2016 [19], a value 0.012$/kWh (3.5 $/MBtu) is assumed.
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Table 2 – Annuity input data for SOLME plant
Parameter

Value

WACC

6.5%

Payback time

25 years

O&M
CSP – related components

2 % of investment/year

Other components

0.5 % of investment/year

Cost for demineralized water
Natural gas price

0.35 Mio. $/year
0.012 $/kWh

Determining CO2-emissions reduction
The CO2-emissions reduction is estimated by the difference in natural gas consumption compared to a benchmark
value. In the case of methanol production, benchmark is based on a conventional methanol production plant based
on the information by von Storch et al. [2]. In the case of electricity production, the benchmark is based on a
CCGT plant. Indirect CO2-emissions are not taken into account in this case, as it is assumed that they are similar
for all processes.
Based on the composition of the natural gas and the molar weight of CO 2, 42.6 tCO2/MmolNatural Gas are considered.
This leads to specific emissions of 1.865 tCO2/tMethanol as benchmark value. For electricity production, a CCGT with
60 % efficiency is assumed for the benchmark. Based on the same natural gas composition, this leads to specific
emissions of 416 tCO2/GWhel. The reference solar power plant does not consume natural gas. Therefore, no CO 2emissions are considered.

4. Results & Discussion
LCOE of SOLME process
At first, it was assessed, if the assumed methanol price has an influence on the optimum values for solar multiple
and storage size. The results for LCOE of the SOLME process for different methanol prices are shown in Figure 2
in dependence of solar multiple and Figure 3 in dependence of storage size. In both figures, it can be seen that the
assumed methanol price has a relevant influence on the LCOE, which was to be expected because the methanol
revenues are higher when methanol prices are higher. Thus the remaining costs on which the LCOE is based are
lower. Furthermore, it can be seen, that an optimum evolves for both solar multiple (approx. 3.4) and storage size
(approx. 150), which is not dependent on methanol price in the considered range.
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Figure 2 – LCOE for SOLME in dependence of Solar Multiple for different assumed methanol prices, assuming a storage size of 150
MWh
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220

240
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Figure 3 – LCOE for SOLME in dependence of thermal storage size for different assumed methanol prices, assuming a SM of 3.4

The results shown in Figure 2 and Figure 3 show that the optimum for the two considered optimization parameters
can be found independently of the assumed methanol price. Hence it is justified to set the methanol price to a
realistic value, which is 180 $/t in this work.
In Figure 4, the results of the optimization of the LCOE by variation of solar multiple and storage size is shown. It
can be seen that the lowest value for LCOE is achieved at a solar multiple of 3.4 and storage size of 150 MWh. The
resulting value of LCOE is 148.3 $/MWh. For the same storage size and solar multiple, the LCOE of the reference
solar power plant is 124.4 $/MWh.
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Figure 4 – Optimization of LCOE by variation of storage size and solar multiple

In the optimum configuration, the process achieves 7395 operating hours per year, which corresponds to a capacity
factor of 86 %. This means that nearly continuous operation is possible, except for periods of continuously low
solar irradiance during winter. Some further key results on the operation of the process at this configuration are
given in Table 3. It can be seen that the nominal thermal input into the process is 10.74 MW. Consequently, with a
150 MWh thermal storage, a storage-only operation of 14 hours is possible. The results on process costs are
summarized in Table 4.
Table 3 – Key parameters on the operation of SOLME with solar multiple of 3.4 and 150 MWh storage size
Parameter

Nominal thermal input
Dumped energy
Produced methanol
Produced electricity (net)

2302

Result

10.74 MW
3.61 %
22,361 t/year
15.9 GWh/year
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Table 4 – Key results on economic aspects of SOLME process for solar multiple of 3.4 and 150 MWh storage size
Parameter

Result

Total investment cost (grass
roots price)

45.7 Mio. $

Heliostat Field

6.5 Mio. $

Solar Receiver

5.2 Mio. $

Thermal Energy Storage

11.1 Mio $

Non-Solar part

20.5 Mio. $

Power block (1.40 MW)

5.93 Mio. $

CCGT (2.27 MW)

4.63 Mio. $

Air heated reforming reactor

2.36 Mio. $

Annual costs

6.39 Mio $

Annuity of investment

3.75 Mio. $

Operation & Maintenance (annually)

0.6 Mio. $

Natural gas consumption(annually)

1.68 Mio. $

Cost for demineralized water

0.35 Mio. $

Revenue methanol

4.03 Mio. $

LCOE

148.3 $/MWh

The reference solar power plant has an annual net production of electricity of 31.0 GWh with the same heliostat
field as the SOLME plant at total investment costs of 37.9 Mio. $. The resulting annuity is 3.1 Mio. $, the operation
and maintenance costs are 0.76 Mio. $, resulting in an LCOE of 124.4 $/MWh.
The necessary subsidy for each of the plants can be determined by multiplying the produced electricity with the
difference between the LCOE and the market price. As proposed above, 80 $/MWh can be assumed as market
price. For the SOLME plant, this yields a required annual funding of 1.086 Mio. $. For the reference solar power
plant the required annual funding is 1.379 Mio. $. Hence, the SOLME process can be commercially viable with a
lower funding than the conventional solar power plant.

Influence of reward for CO2 emissions reduction on LCOE
The key results that are relevant to determine the influence of a reward for the reduction in CO 2-emissions are
summarized in Table 5. The CO2-emissions of the SOLME plant are compared with the previously defined
benchmark values. No CO2-emissions are considered for reference solar power plant. Therefore, it achieves a
reduction in CO2-emissions compared to the benchmark by 100 %. As can be seen in Table 5, the SOLME plant
achieves a yearly reduction in CO2-emissions by 13,197 t, the reference solar power plant by 12,909 t
Table 5 – Data on CO2 Emissions of SOLME process, reference solar power tower and reference methanol plant and CCGT
Parameter

Natural gas consumption (SOLME)

Result

824 Mmol

CO2-emissions
SOLME

35,132 t

Benchmark Methanol (22.361 tMethanol)

41,703 t

Benchmark electricity SOLME (15.9 GWhel)

6,614 t

Benchmark electricity SPT (31.0 GWhel)

12,909 t

Reduction of CO2 Emissions by SOLME plant
Reduction by reference solar power plant (31.0 GWh)

13,197 t
12,909 t
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The influence of a reward for the reduction of CO2 emissions on the LCOE of the SOLME process as well as the
reference solar power plant is shown in Figure 5. It can be seen that the LCOE is reduced with increasing reward. It
can also be seen that the reduction is faster for the LCOE of the SOLME plant than for the reference solar power
plant. This is caused by the higher reduction in CO2-emissions of the SOLME process as indicated in Table 5.
Without, or with low rewards, the LCOE of the SOLME plant is higher than the LCOE of the reference solar
power plant. However, for a reward of 50 $/tCO2 or higher, the LCOE of the SOLME is lower than for the reference
solar power plant. The SOLME plant achieves a competitive LCOE of 80 $/MWh at a reward of 80 $/tCO2, while
the conventional solar power plant only achieves this value at 110 $/tCO2. This shows that even without further
CSP-component cost reduction, the SOLME process has the capacity to achieve competitiveness, if suitable
funding mechanism, such as reasonably priced CO2-emissions certificates exist.

LCOE in $/MWh

160,00

120,00

80,00

40,00

0,00
0

25

50
75
100
125
150
Reward for CO2 emissions reduction in $/t
SOLME

175

200

Reference

Figure 5 – Influence of reward for reduction of CO2-emissions on LCOE

5. Summary and Conclusions
The economic performance of a process for hybrid solar-fossil co-production of methanol and electric power
(SOLME process) is assessed. A reasonable price for methanol is fixed and the resulting levelized cost of
electricity (LCOE) is determined. The solar multiple and thermal storage size are varied to optimize the economic
performance and find the minimum LCOE. A value of 148.3 $/MWh is achieved for a solar multiple of 3.4 and a
thermal storage size of 150 MWh, which allows up to 14 hours of off-sun / storage-only operation.
The resulting LCOE is higher than for a comparable solar power plant that produces only electricity, which would
achieve 124.4 $/MWh. This is the case, because the additional cost of the CSP-components is spread over a lower
amount of electricity, when the methanol is sold at market price. By determining the required subsidy to achieve
competitive operation independent of product, it is shown that the SOLME process is closer to commercial
viability. For electricity from renewable resources, power purchase agreements are commonly concluded with
electricity prices higher than the market price. This is caused by the requirement of many utility services to reduce
their overall CO2 emissions. This practice does not exist for commodities such as methanol. A suitable mechanism
to support the utilization of renewable energies in commodities production could be reasonably priced certificates
for CO2-emissions. When considering a possible reward for the reduction of CO 2-emissions, favorable results for
the SOLME process are obtained. Because it causes a higher reduction in CO2-emissions than a conventional solar
power plant, it achieves a competitive LCOE of 80$/MWhel at a reward of 80 $/tCO2. The conventional solar power
plant would require a reward of 110 $/tCO2 to achieve the same LCOE. This also shows that the SOLME process
requires lower subsidy to become commercially competitive than a conventional solar power plant.
In conclusion it can be stated that the SOLME process achieves a very promising economic performance, even at
current CSP component prices. However, currently no effective funding mechanisms exist to support the
production of less carbon intensive commodities.
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Abstract
In order for buildings to be sustainable from an operational point of view, the basics are to save energy and
maximize efficiency. This is only possible with the availability and around the clock collection of real-time data
for energy use. These data can be collected via sensors installed all around the building which then feed back to
the building management system or to the occupants. Transmitting data and powering those sensors remains a
challenge. With today’s wireless technologies and microcontrollers, transmitting is well developed, however,
sensor power sources are still in the developing stage. This work describes the testing of Thermoelectric
Generators (TEG) at the ultra-low temperature difference level (5oC and below). TEGs are used as energy
harvesters that make use of the temperature difference within the building energy systems, to power wireless
sensors, thus eliminating the need of a battery and the maintenance/operation costs that come with it.
Keywords: Smart Buildings, Sustainable Buildings, Thermoelectric, Wireless Sensing, Energy-Harvesting.

1. Introduction
Thermoelectricity is the direct conversion of a temperature gradient to electricity and vice versa. TEG modules
are made of multiple Thermoelectric (TE) blocks connected electrically in series and thermally in parallel, to
maximize power generation. This effect is known as Seebeck effect, where the generated electricity depends on
the temperature difference between the two sides of the TEG module. The Seebeck coefficient of the blocks is
used, as shown in the relationship of Equation 1:
Eemf = S ΔT

(eq. 1)

Where Eemf represents the generated electromotive force, S is the Seebeck coefficient which is material dependent,
and ΔT is the temperature gradient difference (Ahıska and Mamur 2014). Figure 1 shows a schematic diagram of
a typical TEG.
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Figure 1 schematic diagram of a typical TEG.
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To run building resources and energy systems at a more sustainable level, systems feedback is required. This
feedback is achieved using a network of sensors distributed around the building. Such sensors can measure
building temperature, indoor light intensity, air quality, etc. and are either wired or wireless. Wireless sensors are
often referred to as wireless sensor network (WSN). WSN could use batteries as a power source but the
maintenance stays as a challenge from an operational point of view. Using ambient energy harvesters to power
such sensors is a feasible option and TEGs are one of the techniques used for energy harvesting to power sensors.
However, most of the commercially available TEG based energy harvesters require high-temperature difference,
which is targeting industrial applications. Within the built environment low-temperature difference applications
are common, if heating and hot-water systems are excluded. Typical examples of built environment applications
are the temperature difference of an exterior wall surface, of a cold air duct with respect to the surroundings
temperature, the heat emitted from a light fixture, the heat emitted from information technology (IT) equipment
such as wireless routers, or security equipment such as surveillance cameras. Figure 2a shows a thermal image
highlighting the heat emission from lighting fixture, where measured temperature difference is about 10oC. Figure
2b shows a thermal image of two different IT and security equipment, a wireless communication router and
surveillance camera. The wireless router temperature is measured to be about 5 oC above surroundings, while the
surveillance camera measured at 9.6oC above surroundings. TEG used as power source for WSN has an increasing
research interest but researchers in the field often face difficulties of the availability of TEG performance test data
at very low-temperature difference. Therefore, the aim of this study is to provide such performance data and
ultimately develop a universal test setup for TEG at this temperature range. (Salerno 2010) (Snyder 2008)
(Moczygemba 2015) (Huang et al. 2011) (He et al. 2015) (Wang et al. 2013) (Wellington City Council 2017).

(a)

(b)
Figure 2 Thermal Image of (a) a lighting fixture and (b) IT equipment
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2. Experimental Setup
A TG12-4 TEG module was acquired for this test, which is a Marlow Industries Inc. product. This is designed as
a universal TEG, rated at 4 watts at a temperature difference of 180oC (Marlow Industries). The experimental
setup consisted of a high precision temperature controlled hotplate, which acted as a heat source. The hot side of
the TEG was placed on top of the hot plate using thermal paste to maximize heat transfer and a K-type
thermocouple was placed between the TEG and the hotplate to measure the hot side temperature. On the other
side of the TEG a heat sink was used to dissipate the heat and an electric fan was attached to the heat sink to
ensure cooling via forced convection. Another K-type thermocouple was placed between the TEG and the heat
sink to measure the cold side temperature. Schematic diagram of the test setup is shown in Figure 3. Both
thermocouples were connected to a temperature data logger shown at the left of the test setup photo in Figure 4.
A digital multimeter was used to measure the generated open-circuit voltage (VOC) and short-circuit current (ISC)
of the TEG. The complete experimental setup is shown in Figure 3 below.

Cooling Fan

Heat Sink

TEG

Hot Plate
Figure 3 schematic diagram of the experimental setup.

Figure 4 The complete setup of the experiment showing the temperature data logger at left, the hotplate with the
TEG mounted on it below the heat sink, and the multimeter at the right.
As cooling was performed using an air-cooled heat sink, it was rather complicated to estimate the heat dissipation
from the TEG. To further investigate the heat flux through the TEG and device efficiency it was found appropriate
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to use water blocks on both sides of the TEG. The all copper water block is shown in Figure 5 were sourced out
for this test.

Figure 5 The all copper water block which was sourced out for the test.
(Image source: customthermoelectric.com)
One block for the hot water cycle attached to the TEG hot side and the other for the cooling water cycle on the
cold side. 3D designed and printed holders were used for holding the water block in place and to make sure that
TEG is always in the center. The complete setup of the TEG installed on the water block is shown in Figure 6.

Figure 6 the TEG installed on one side of the water blocks.
The test setup is planned to be attached to a heat exchanger supply unit. The unit will supply to two separate water
cycles, one is hot and the other is cold. Both cycles have inlet and outlet temperature recorders along with
recording the water flow rate.

3. Experimental Results
The temperature of the hotplate was increased in steps of 0.5oC above the room temperature, allowing enough
time for both sides of the TEG to reach a steady state temperature. Both V OC and ISC were measured at each step
and the recorded values are shown in Figure 7 below.
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Figure 7 Open-circuit voltage (VOC) and short-circuit current (ISC) vs. temperature difference (ΔT)
Using hot plate and air cooled heat sink.
The temperature deference covered a small range of 1-5 Co, which is considered as very low-temperature
difference in TEG applications. This range was investigated being the most commonly available range within
buildings. The open-circuit voltage and short-circuit current were observed to be directly proportional to the
temperature difference, and closely following the increase in the TEG hot side temperature as shown in Figure 7.
Using the measured values and using Equation 1, the Seebeck coefficient was calculated, to an average of 40.72
mV/Co over the test range.
A similar test was performed using the heat exchanger unit and the water blocks. Both cycles were set to a water
flow of 2 liters per minute. An important observation using this setup is that precise control can be applied to the
temperature difference (ΔT). ΔT across the TEG was increased from 0oC up to 7oC. VOC and ISC were measured
at various temperature differences as shown in Figure 8.
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Figure 8 Open-circuit voltage (VOC) and short-circuit current (ISC) vs. temperature difference (ΔT)
Using heat exchanger unit and water blocks.
Comparing the two sets of results highlighted much higher power generation with the water blocks setup at similar
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ΔT. This variation requires further investigation, but could be due to one or more of the following:
x

Nonuniform cooling of the heat sink in the air-cooled experiment.

x

Nonuniform heating by the hot plate.

x

The better thermal conductivity of the all copper water blocks.

x

Improved heat dissipation from the TEG cold side with water blocks.

x

The elimination of thermocouples between the TEG and hot/cool sides in the water blocks experiment.

4. Conclusions and Future Recommendations
The experimental results highlight a good indication of the TEG energy harvesting capabilities at the very lowtemperature difference. It was difficult to estimate the overall device efficiency due to the fact that the first setup
used an air cooled heat sink. Closed water cycle setup to cool the TEG was developed and tested. The continuous
monitoring of the inlet temperature, the outlet temperature, and the flow rate will allow more accurate estimation
of the heat dissipation and overall efficiency. The VOC and ISC are used as an indication for power output data. For
more accurate electrical generation characterization connecting a load or I-V tracer is essential. Testing of TEG
electrical output using I-V tracer is planned for future research and publication. I-V tracer will provide under load
test for accurate load current and voltage. In addition to that programable I-V tracer simulate dynamic load setup
which continuously adjust the virtual load impedance to match TEG internal impedance. Impedance matching is
essential to track the maximum power point of generated power. It was clearly noted that the TEG performance
was much better using the water blocks setup. Further investigation is required to identify the reasons. Possible
reasons are that the pure copper water blocks offer enhanced uniform heat transfer on both sides and the continuous
water flow continuously removing large amounts of heat from the cold side compared to the air-cooled heat sink
of the first test. Current tests were run using 30mmx30mm TEG, while the second test used 40mmx40mm water
block, a future test is planned using a purpose made 40mmx40mm TEG designed for extra low temperature
applications. The matching size of 40mmx40mm will minimize error sources when it comes to accurately measure
thermal energy or input power to the TEG for accurate efficiency evaluation. A computer model is under
development using COMSOL Multiphysics, the model will use the experimental data as a basis of calibration in
order to develop accurate model to be used for virtual testing if TEGs.
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Abstract
Thermal loss and overheating caused by glazing is a key issue in reducing CO2 emission and energy consumption
of buildings. A novel glazing based on micro compound parabolic concentrators (CPCs) is proposed. The glazing
consists of a polymer layer with embedded micro CPCs, which is attached to a glass pane of glazing. Thanks to
the geometry and the micrometric size of the embedded CPCs, the proposed novel glazing can reduce energy
consumption in cooling, improve visual comfort and maintain clear view through glazing. In the present work,
the potential benefits of such glazing are preliminary estimated for Dubai. The seasonal dynamics are investigated
by analyzing the direct solar transmittance for the working hours on the spring equinox and the winter solstice.
The improvement of visual comfort is studied based on the assessment of glare. First samples with micro CPCs
are fabricated, and the high transparency is achieved. The optical characterization using goniophotometer
confirms the seasonal dynamics of the novel glazing.
Keywords: Advanced glazing, Microstructures, Compound parabolic concentrators, Seasonal dynamics, Visual
comfort.

1. Introduction
The design of highly glazed building has become a worldwide trend in modern architecture. However, glazing
may induce large thermal loss in winter while increase cooling load in summer, and it may also cause glare [1, 2,
3]. In the past decades, various glazing systems and daylighting systems have been developed to provide thermal
and visual comfort. The “smart windows” coated with electrochromic or thermochromics materials are able to
regulate the thermal radiation leading to lower solar gains in summer and higher solar gains in winter [4].
However, different color rendering from the normal spectrum of those windows can reduce the interest to users.
A venetian blind should be combined with the electrochromic windows to block direct sunlight in order to avoid
glare [5]. Anidolic systems consist of light-redirecting device can be alternatives. However, the installation of an
anidolic system which varies in size going from 0.5 to 1 m long can be an architectural challenge [6]. The usage
of blinds by occupants is not always made according to the solar availability, and therefore large performance
gaps may appear between theoretical prediction and reality. With the use of blinds, the view through glazing will
be obstructed.
In order to solve the problems, a multifunctional glazing based on micro compound parabolic concentrators
(CPCs) is proposed. An important property of CPCs [7] is acceptance angle. Light arriving within the acceptance
angle is concentrated and leaves the concentrator through the exit aperture of the structure, while the light out of
acceptance angle will be reflected back to exterior through the input aperture. The glazing consists of a polymer
layer with embedded micro CPCs, which is attached to a glass pane of glazing. Thanks to the geometry and the
micrometric size of the CPCs, the proposed novel glazing can have the potential advantages with respect to three
aspects: reducing energy consumption in cooling, improving visual comfort and clear view through glazing.
In the present work, we focus on the preliminary investigation of the potential advantages of the proposed glazing.
The glazing is modelled for ray-tracing simulation, and the angular-dependent transmittance at the azimuth angle
of 0˚ is calculated. The potential benefits of such glazing for Dubai are estimated by simlations. Seasonal thermal
dynamics is investigated by calculating the direct solar transmittance for the working hours on the winter solstice
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and on the spring equinox. The improvement of visual comfort is studied based on the assessment of glare. First
samples with micro CPCs are fabricated. Structural characterization by optical microscope is carried out. The
redirection performance and the light-blocking ability are qualitatively demonstrated. The optical characterization
by goniophotometer is conducted.

2. Methods
The CPC [8] was initially the essential component of a solar concentrator, and generally consist of two symmetric
parabolas (named parabola L and parabola R respectively in our case), as shown in Figure 1 (a). The focal point
for parabola L (FL) lies on parabola R, likewise the focal point of parabola R (FR) lies on parabola L. By definition,
the axis of parabola L passes through the focal point of parabola L and the axis of parabola R likewise passes
through the focal point of parabola R. The angle that the axes of the parabola L and R make with axis of the CPC
defines the acceptance angle of the CPC [9 ]. All radiations arriving within the acceptance angle is concentrated
and leaves the concentrator via the lower exit of the structure, while the radiations out of acceptance angle will be
reflected back out through the input aperture.
The program CFSPro [10] which is developed especially for the study of complex fenestration system, is used to
obtain the angular-dependent transmittance by ray-tracing simulation. The design of the geometry of the CPC is
based on the calculation developed by Rabl [11]. In order to understand the potential benefit of the angularselective transmittance for the reduction of energy consumption in heating and cooling, simulation referring to the
double glazings with CPC30-30 and with CPC40-40 on south-facing facades is conducted for Dubai. In the case
study, the transmittance of direct solar light in the visible range is calculated for the working hours (from 8:00 to
17:00) on the winter solstice and on the spring equinox. Monthly average high temperature and average low
temperatures are show in Figure 1[12].

Figure 1 monthly average high and average low temperatures in Dubai.

Comfortable daylight environment in schools and offices can improve the occupants’ productivity and tend to
reduce the absenteeism [13, 14]. The improvement of daylight environment is investigated with the assessement
of the risk of glare by Daylight Glare Index (DGI). A DGI is calculated by
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where Ls,i (cd/m2) is the luminance of a glare source (i) in the field of view, ȳ௦ǡ (sr) is the solid angle subtended
by the source, modified for the effect of the position of the observer in relation to the source, Lb (cd/m2) is the
average luminance of the visual field excluding the glare sources, and ߱௦ǡ (sr) is the solid angle subtended by the
glare source.In the present paper, a viewpoints were chosen in the standard Reinhart-defined room [15] with the
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dimension of 8.2-m long ൈ 3.6-m wide ൈ 2.8-m high. The view point was set at 1-m distance from the window,
with a height of 1.25 m and the line of sight points towards the wall, in order to simulate a working position in a
realistic state, referred to as employee position. This viewpoint is in the area where direct sunlight was generally
received during most of the year with a conventional glazing, and is considered as an uncomfortable position.
The preparation of embedded micro CPCs requires the fabrication and the replication of microstructures, as well
as the coating with reflective materials on the selective surfaces of microstructures [16, 17]. The master mold with
the desired microstructures for the sample in the present manuscript is produced by laser ablation. In the present
work, a PDMS stamp of the negative microstructure with respect to the master mold is prepared. Then another
PDMS stamp with the positive microstructure is replicated from the first PDMS stamp. After that, the negative
microstructures are replicated from the PDMS positive template by UV-cured acrylated hyperbranched polymer
(HBP) on a glass substrate. The selected surfaces of the HBP microstructures on the glass substrate are coated
with aluminum by physical vapor deposition. Then the grooves of microstructures are filled with the identical
HBP to encapsulate the micro-CPCs, and a sample with clear view is achieved.

3. Results and Discussions
Double glazing with the embedded micro CPCs in a polymer layer, which is attached to the inner side of the outer
glass pane, is modeled, as shown in Fig. 1 (a). The refractive indexes of glass and the used polymer are the same
(refractive index n = 1.5). The thickness of the glass panes and the thickness of the polymer layer for modelling
are bigger by factors of 10-100 than that of reality, for the convenience of viewing. In winter where solar elevation
angles are low, the solar radiation is partially redirected by the reflective parabolic surface and then enters in the
interior space. In contrast, in summer where the elevation angle is high, the direct solar radiation is reflected
outside after two or more reflections. The transmittance of the visible light as the function of elevation angles at
the azimuth angle of 0˚ is calculated, for the conventional double glazing and the double glazing integrated with
two different geometries of CPCs (Fig. 1 (b)). Symmetric CPC of a half acceptance angle of 30˚ is labelled as
CPC30-30 and with a half acceptance angle of 40˚ it is labelled as CPC40-40. Due to the refractive index of 1.5
of the polymer, the incident angles corresponding to the acceptance angles for the two CPCs embedded in the
polymer layer are 48.6˚ (CPC30-30) and 74.6˚ (CPC40-40). For CPC30-30, the transmittance is at about 0.64
which is approximately the same as that of the low-e double glazing in the angular range between 0˚ and 25˚.
Beyond 25˚, a fraction incident light is redirected by two or more times and then leave the system through the
input aperture. Therefore the transmittance significantly reduces beyond 25˚ and reach 0 at about 50˚. Likewise,
for CPC40-40, the transmittance stay at 0.72 in the angular range between 0˚ and 12˚. After 12˚ the transmittance
gradually reduce, and this trend is unlike that of CPC30˚, as the curvature of the parabolic mirrors is smoother
than that of CPC30-30. The transmittance stays at 0 beyond 80˚.

Figure 2: (a) Model of embedded micro CPCs in a polymer layer attached to the inner surface of the outer glass pane of a double glazing for
ray-tracing simulation; (b) simulated transmittance as the function of elevation angles of the sun at the azimuth angle of 0˚

In order to understand the potential benefit of the angular-selected transmittance for the reduction of energy
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consumption in cooling, calculation of direct solar transmittance of visible light is conducted for the working
hours (8:00-17:00) on the spring equinox and (b) on the winter solstice for the CPCs applied to a vertical double
glazing in Dubai.
For CPC30-30 on the spring equinox, the direct solar transmittance remains at 0 between 10:00 to 15:00,
suggesting the potential strong reduction in cooling. The transmittance between 8:00 to 10:00 and 15:00 to 17 is
also reduced to the average transmittance of 0.09. On winter solstice, the transmittance from 8:00 to 9:00 and
from 16:00-17:00 is similar to that of low-e double glazing. A reduction with the average amplitude of 0.2 is
observed between 9:00 and 16:00, and at noon the direct transmittance is reduced from 0.61 to 0.35. Compared
with the case on spring equinox, the reduction of the transmittance on winter solstice is moderate. However, a
moderate reduction may be preferred, as the average high temperature in Dubai is above 20ć but not as harsh as
that in spring and summer.
For CPC40-40 on the spring equinox, the transmittance from 8:00 to 17:00 remains rather constant at about 0.15.
On the winter solstice, the transmittance is modestly reduced. The transmittance is reduced from 0.61 to 0.47 at
noon on the winter solstice. Interestingly, the transmittance from 8:00 to 9:00 and from 16:00 to 17:00 is about
0.1 higher than that of low-e double glazing. The increase might contribute to the improvement of thermal comfort
in the early morning and in the late afternoon, considering that the average low temperature in December in Dubai
is in the order of 15ԨǤ
The conventional double glazing with micro CPCs might not be the best configuration for the application in Dubai.
Nonetheless, it shows the working principle of glazing with micro CPCs to achieve the seasonal dynamics.
Moreover, the polymer film with embedded micro-CPCs can be attached to large variety of glass panes. In the
future, optimization of the configurations will be conducted.


Figure 3: Plots of direct visible solar transmittance of visible light during working hours (8:00-17:00) (a) on the winter Solstice and (b) on
the spring equinox for the CPCs applied to a vertical double glazing in Dubai.

Figure 4: The plots of hourly Daylight Glare Index (DGI) values: a) on the spring equinox, and b) on the winter
solstice at the employee’s position. Intuitively speaking, glare is likely to happen when the direct light source in
the field of view. For the case with low-edouble glazing, the direct sunlight of incident angle larger than 53.5˚
will not reach the eye of the employee. Therefore, on the spring equinox, the DGI falls in the acceptable level for
the three types of glazings during the working hours (from 8:00 to 17:00). On the winter solstice, the improvement
of thermal comfort is evident using micro CPCs. The case with low-e double glazing suffers from glare for 60%
of the daytime on the spring equinox. The glazing with CPC30-30 and CPC40-40 suppress the risk of glare to
only 20% and 30% of the daytime.
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Figure 4: The plots of hourly Daylight Glare Index (DGI) values: a) on the spring equinox, and b) on the winter solstice at the employee’s
position.

The preparation of embedded micro CPCs requires the fabrication and the replication of microstructures, as well
as the deposition with reflective materials on the microstructures [18,19]. An example of the HBP microstructures
based on the theoretical design of micro CPC30-30 is shown in Figure 5 (a). The width of the outgoing aperture
is 34 μm, and the height of the microstructure is around 80 μm. The dash arrow shows the surface where the highly
reflective materials are deposited. In the present work, the thickness of the deposited materials is in the order of
50 nm. Due to the micrometric size of the microstructures, a clear view seen through the glazing with embedded
micro-mirrors is achieved, as indicated in Fig. 2 (b). The present sample consists of a single glass pane with an
attached polymer layer in which micro CPC30-30 are embedded. The area with micro CPC30-30 is 5 cm x 4 cm.
The redirection performance and the blocking ability of the sample are studied with a collimated beam, as
indicated in Figure 6 (a). At a low incident angle, the incident light splits into redirected part and direct-transmitted
part after going through the CPCs. At a high incident angle, the majority of light is reflected outside after two or
more reflections, that explains why the sample looks bright when it is observed from the side of the light source,
as shown in Figure 6 (b).

Figure 5: (a) An example of HBP microstructure; (b) the views seen through the conventional glass and the glass with the polymer layer
which consists of embedded micro CPCs. The viewing direction is perpendicular to the surface.
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Figure 6: The redirection performance and the blocking ability of the sample are studied with a collimated beam at the incident angle of (a)
20˚ from the front side and (b) 60˚ viewing from the side of the light source.

Figure 7: Comparison between the measurement result from goniophotometer and the simulated transmittance.

The angular dependent transmittance is further observed Measurement of transmittance as the function of
elevation angles at the azimuth angle of 0˚ is carried out using goniophotometer. As shown in Figure 7, the
transmittance reduces with the increase of elevation angle. The transmittance at the elevation angle of 0˚ is about
0.75 while at the elevation angle of 60˚ it is only about 0.1. The optical properties of the sample suggest that the
seasonal thermal regulation may be realized. The microstructure is fabricated following the geometry of the CPC
30-30. The deviation of the measurement from the simulation can be due to the three reasons: i) the height of the
fabricated microstructure is about 80 μm while the theoretical design is about 90 μm; ii) shrinkages change the
shape of the microstructure during polymerization for replication; and iii) the thickness of the deposited reflective
material is insufficient and the light may directly transmitted through the reflective parabolic surface. In the
future, rigorous parameters concerning the fabrication of microstructures, replication and deposition will be
carried out, in order to minimize the deviation.

4. Conclusions
A novel glazing with embedded micro CPCs in a polymer layer which is attached to a glass pane is developped.
A case study by simulation referring to seasonal thermal regulation due to the transmittance of direct solar light
for Dubai shows that the novel glazing may reduce energy consumption in cooling and improve thermal comfort.
The assessment of glare indicates that the novel glazing can reduce the risk of glare from 60% to only 20%. First
samples with micro CPCs are fabricated, and the high transparency is achieved. The optical characterization using
goniophotometer shows that the desired angular-dependent transmittance is obtained.
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Abstract

The aim of this work is to assess building energy performance optimization potential of cool roof solutions in
different climate conditions worldwide through dynamic thermal-energy simulation and optimization analysis.
Moreover, given the dependence of roof performance on insulation level, the influence of roof insulation
variation on optimum roof solar reflectance is evaluated. Therefore, the multi-dimensional optimization of
combined building roof solar reflectance capability and thermal insulation level is carried out to minimize
annual energy consumption for air-conditioning of standard ASHRAE building model for small offices, in each
considered climate zone. Findings of this research highlight how the classic approach of super-insulated
buildings for energy saving needs to be reframed for the office case, by integrating other passive solutions for
truly environmentally friendly and comfortable buildings.
Keywords: Cool Roof, Solar Reflectance, Thermal Insulation, Building energy saving, Optimization

1. Introduction
Cool roofs are a widely acknowledged strategy for building thermal-energy performance improvement, by
acting mainly on energy requirement for cooling (Levinson and Akbari, 2010; Pisello, 2017) and Urban Heat
Island (UHI) phenomenon mitigation (Akbari and Kolokotsa, 2016; Santamouris et al., 2017). In fact, given
their high solar reflectance and thermal emissivity properties, compared to conventional construction materials,
cool materials are able to decrease heat release to the outdoor urban environment and to the indoor ambient air
Santamouris, 2015).
However, the effectiveness of cool roofs along the whole year is affected by building boundary conditions,
including envelope characteristics, building end-use, and climate conditions. For instance, the use of such
materials in heating-dominated regions may generate penalties in terms of heating energy use in winter
(Hosseini and Akbari, 2014; Kolokotroni et al., 2013). With the aim of estimating the impact of using cool roofs
under different climatic conditions, Synnefa et al. (2007) simulated the heating and cooling load of residential
building in 27 cities around the world. For the case study locations, the heating penalty was shown to be lower
than the cooling load reduction. Hosseini and Akbari (2016), instead, focused on cold climates and
demonstrated that cool roofs provided annual energy savings in all considered climates for the simulated
prototype office and retail buildings. Considering researches focused cool roofs performance in Italian climate
context, Costanzo et al. (2013) showed the suitability of cool roofs for the reduction of building annual energy
consumption in three Italian cities and with different insulation levels. They stated that the use of such materials
in heating-dominated regions should be preliminarily evaluated in association with high insulation levels and
very efficient heating systems. Instead, Zinzi et al. (2014) defined an energy-rating scheme for cool roofs
application in residential buildings in different Italian climate zones based on numerical calculation results.
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As regards building envelope characteristics, a key parameter influencing benefits achievable through cool roofs
is the level of roof insulation (Daouas, 2016). The effect of cool roofs in improving building indoor thermal
comfort conditions was found less important with low thermal transmittance roofing systems (Synnefa et al.,
2007; Di Giuseppe and D’Orazio, 2015). On the other hand, Smith et al. (2012) stressed that in temperate
climates standard energy saving approaches, e.g. lowering thermal transmittance, while useful may be
unnecessary, unless other parameters are poorly designed. A further study carried out in a hot-arid climate
(Radhi et al., 2017), demonstrated that the difference in heat gains through the roof with and without thermal
insulation is lower when a cool roof is implemented that with other roof systems.
Given the significant interaction between roof coating optical properties and sub-roof insulation level in
affecting building energy efficiency, different optimization studies involving these two envelope characteristics
were carried out. For instance, Gentle et al. (2011) performed a systematic analysis of the combined effect of
three roof parameters, i.e. solar albedo, thermal emittance, and sub-roof R-value. Cool roofs were shown to
optimize cost and environmental benefits when the sub-roof R-value is tailored to the spectral properties of the
roof. Moreover, the impact on energy saving of an additional PCMs layer in the roof was assessed (Aguilar et
al., 2013). Farhan et al. (2016), instead, developed a BIM-based approach to decide the most effective
technology to be implemented to reduce CO2 emission and improve the thermal comfort level of residential
buildings. Through a two-step experimental and numerical analysis, Ramamurthy et al. (2015a, 2015b) studied
the joint influence of roof albedo and insulation on its energy performance. They highlighted that both albedo
and insulation thickness play a significant role in reducing the combined heating and cooling load attributable to
the roof, and that wintertime penalties of cool roofs are negligible compared to summertime benefits. Similarly,
Arumugam et al. (2015) optimized the interaction of this two roof characteristics in different Indian climate
zones via energy simulation and parametric analysis. The insulation thickness increase was demonstrated to
provide incremental benefits in energy savings which were reduced after a limit.

2. Motivation
Building upon the previous literature, the purpose of this work is to contribute in defining a method for
assessing the effectiveness of implementing cool roofs in different climate zones in terms of annual energy
saving of the HVAC system, with varying different boundary conditions. Given the consolidated research about
cool roofs performance as passive cooling technique and the awareness of the influence of roof R-value on their
effectiveness, acknowledged by a variety of scientific contributions worldwide, this study proposes a replicable
method for enhancing building thermal-energy performance by optimizing roof configuration. In particular, roof
solar reflectance capability and thermal insulation level are considered as key drivers influencing roof
performance. Therefore, the optimum combination of solar reflectance value and insulation layer thickness for
minimizing building annual energy consumption for air-conditioning is evaluated in different international
climate zones. The procedure consists of an integrated and timesaving approach based on the coupling of
dynamic simulation and optimization analysis.
Finally, this work is aimed at filling the gap between theory and practice by providing indications for the
effective use of roof coatings in buildings, by taking into account mainly their energy efficiency. Therefore,
findings on cool roofs effectiveness, which are usually referred to case specific experimental campaigns, can be
generalized with varying boundary conditions. In fact, the general proposed procedure can be replicated in a
variety of climate contexts in the world. Therefore, guidelines for the efficient implementation of cool roofs in
different climate conditions can be developed based on findings of this work.

3. Methodology
The methodology presented in this work is based on numerical analysis via dynamic energy simulation and
optimization. In particular, the optimum roof configuration is investigated with the aim of minimizing building
annual energy consumption for heating and cooling with varying climate zone conditions. The two roof
characteristics selected as variables affecting building energy performance are the coating solar reflectance and
the thermal insulation layer thickness. The range of considered roof solar reflectance (ρsolar) values for the study
varies from 0.1, i.e. dark roof, to 0.8, i.e. cool roof. Regarding roof thermal insulation, standard expanded
polystyrene (EPS), i.e. characterized by thermal conductivity equal to 0.04 W/m K, is used considering a
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thickness range (Ithermal) from 0.01 m to 0.25 m. The minimum thickness value is not 0, but very close to,
because this value is not allowed by the simulation software.
For the purpose of this study, different climate zones worldwide are considered as case study weather conditions
and the ASHRAE standard building model for small office building (ASHRAE,2016) is used as case study
building, when modifying only the envelope components thermal transmittance (U-value) with varying the
climate zone. Firstly, one-dimensional optimization analysis is carried out when varying the sole roof solar
reflectance or thermal insulation thickness. When varying the thermal insulation level, two different roof solar
reflectance scenarios are defined: “standard roof”, where ρsolar value is left equal the value of the ASHRAE
prototype model (ASHRAE,2016) , i.e. 0.3, and “cool roof”, where ρsolar value is set equal to 0.8. Therefore, the
sensitivity of building annual energy consumption to each parameter variation is evaluated to assess their
separate contribution in different climate zones. One-dimensional optimization analysis is carried out only for
six cities that representative of six defined heating degree days (HDD) ranges. Such ranges are reported in detail
in the following section 4 (Fig. 2). Secondly, multi-dimensional optimization analysis is performed to define the
optimum roof configuration by coupling solar reflectance capability and thermal insulation level in each
considered climate condition. The methodology procedure is summarized in Fig. 1.

Fig. 1: Methodology implemented in the work

3.1. Numerical modeling
To perform the numerical analysis, the acknowledged simulation engine EnergyPlus v8.4 (Crawley et al., 2000)
is used to develop the dynamic energy simulations. EnergyPlus is a whole-building thermal-energy simulation
program (Crawley et al., 2001), based on previous validated BLAST and DOE-2 programs. EnergyPlus includes
many advanced modeling tools, such as heat balance load calculations, integrated loads, user-configurable
HVAC system description, system and plant calculations in same time step, simple input and output data
formats, simulation of materials with variable thermal properties, etc. Further capabilities that give power to this
calculation engine are advanced fenestration analysis as well as general envelope calculations (outside and
inside surface convection algorithms), advanced infiltration, ventilation, room air and multi-zone airflow
calculations, environmental emissions and developed economic evaluation including energy costs, and life cycle
costs. Additionally, it includes several developed human thermal comfort algorithms for analyzing occupants’
thermal well-being and indoor air quality.
In this study, the conduction transfer function (CTF) algorithm is selected among the available calculation
algorithms to calculate transient heat conduction transfer (U.S. DOE, 2016).
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3.2. Optimization
For the additional optimization analysis, the generic optimization program GenOpt v3.1.1 (Wetter, 2000) is
selected. This tool is capable of solving building energy performance related optimization problems developed
with dynamic simulation software. It can be coupled with several simulation engines, including EnergyPlus.
GenOpt performs optimization of a user-defined objective function, such as, for instance, annual energy
consumption, which depends on selected independent variables. The objective function is expressed as a target
quantity or a relation that has to be minimized or maximized. Generally, GenOpt optimization problems are
described as shown in eq. 1:
݉݅݊௫א ݂ሺݔሻ

(eq. 1)

where݂ǣ ܺ ՜ ܀is the user-specified objective function that measures the system performance andݔΌǡ ݔ א
ܺ ࡾ ؿ is the set of user-specified design parameters set for the independent variables. In this study, the
optimization design parameters are roof solar reflectance and thermal insulation thickness, which are considered
as independent continuous variables. Therefore, any value on the real line between lower and upper bounds can
be used, as shown in eq. 2:
ܺ ൌ  ቄࡾ א ݔ ቚ݈    ݔ  ݑ ǡ ݅  אሼͳǡ ǥ ǡ ݊ሽቅ

(eq. 2)

where ݈ ܀ א and ܀ א ݑ are the lower and upper bound, respectively, for design options and െ∞  ݈  ൏ ݑ 
∞ for ݅  אሼͳǡ ǥ ǡ ݊ሽ.
The objective function is defined to minimize building annual energy consumption for air-conditioning by
finding out the optimum values for roof solar reflectance or thermal insulation level, in one-dimensional
optimization analysis, and the optimum combination of roof solar reflectance capability and thermal insulation,
in multi-dimensional optimization procedure (eq. 3).
݂ሺݔሻ ൌ ܧ௧௧ ሺݔΌǡ ݔሻ

(eq. 3)

Various integrated mathematical optimization algorithms are available to be chosen in GenOpt. In the present
work, the Generalized Pattern Search (GPS) implementation of the Hooke-Jeeves algorithm is used for both
one- and multi-dimensional optimization analysis. Multiple starting points are selected to avoid falling in local
optima (Evins, 2013).

4. Case study
4.1. Climate zones
To perform the study for a variety of climate conditions worldwide, 28 cities representing different climate
zones according to the international Köppen-Geiger classification (Kottek et al., 2006), including temperate,
tropical, continental, and arid conditions, are simulated. The cities, selected based on (Synnefa et al., 2007), are
listed in Tab. 1, which indicates the climate zone and the heating degree days (HDD) for each city.

4.2. Case study building
For the purpose of the application of the above-defined methodology, the ASHRAE validated standard building
model for small office building (ASHRAE, 2016), characterized by high internal heat gains, is selected. The
standard case study office building model presents a single-floor rectangular prism shape. A single-floor
building model is selected because of the major influence of roof properties on the floor just below it. Moreover,
office buildings are suitable for the installation of cool roofs (Hosseini and Akbari, 2016).The external walls are
wood-framed with intermediate insulating layer, while the roof presents wood joints, EPS insulation, added to
achieve acceptable roof U-value in the different climates, and coating asphalt shingles. The main building
envelope features (Winiarski et al., 2007) are summarized in Fig. 2. The building is equipped with air-source
heat pump and gas furnace as back up. The air distribution is constant air volume, with one unit per occupied
thermal zone (Winiarski et al., 2006). Heating and cooling set-point temperatures are set equal to 20°C and
26°C, respectively, according to EN 15251:2007 (2007). Internal heat gains, due to lighting and equipment, are
equal to about 15.6 W/m2 in the whole building (ASHRAE, 2016).
The main envelope components, i.e. external wall, roof, and window, of the standard ASHRAE model are
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modified in terms of their thermal properties, to achieve suitable thermal transmittances in each climate zone.
Values are set in each climate zone according to the indications of the Italian current building regulation
(Repubblica Italiana, 2015). The Italian regulation defines the maximum acceptable U-values for the external
envelope components in a zone with varying the HDD. According to these general indications, U-values are set
based on the HDD of each selected city. The thermal transmittance values of the different envelope components
are adjusted by modifying the thickness of the thermal insulation in the opaque components and the window
layers of the standard models (when necessary), in order to be as close as possible to the limit value. The final
U-values defined in each climate zone are summarized in Fig. 2. Furthermore, the specific model inputs in terms
of site location and design days for each climate scenario are implemented according to the EnergyPlus weather
files (U.S. DOE’s BTO, 2016).
Tab. 1: Selected cities and corresponding climate zones (Kottek et al., 2006) and HDD

Zone (Köppen-Geiger)

City

HDD

Aw: Tropical wet and dry

Rio de Janeiro, Brazil

5

Miami, USA

128

BWh: Hot desert climate

Abu Dhabi, UEA

31

Cairo, Egypt

393

BSh: Hot semi-arid climate

New Delhi, India

271

BSk: Cold semi-arid climate

Tehran, Iran

1495

Thessaloniki, Greece

1057

Sydney, Australia

717

Tokyo, Japan

2388

Buenos Aires, Argentina

1212

Cfb: Temperate oceanic
climate

Johannesburg, South Africa

1099

Paris, France

2643

Cwb: Subtropical highland
climate

Mexico City, Mexico

954

Nairobi, Kenya

155

Csa: Hot-summer
Mediterranean climate

Athens, Greece

477

Barcelona, Spain

1388

Palermo, Italy

751

Rome, Italy

1415

Casablanca, Morocco

845

Ankara, Turkey

3299

Cfa: Humid subtropical
climate

Csb: Warm-summer
Mediterranean climate
Dfa: Hot-summer humid
continental climate

2324

Porto, Portugal

1496

San Francisco, USA

2653

Beijing, China

2866

New York, USA

4750

Dfb: Warm-summer humid
continental climate

Moscow, Russia

4748

Montreal, Quebec, Canada

4861

Dfc: Subarctic climate

Tarvisio, Italy

3959

Tampere, Finland

4068
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Fig. 2: Case study small office building model and envelope characteristics

5. Results
5.1. Sensitivity to roof solar reflectance variation
Firstly, the one-dimensional optimization of roof solar reflectance in the climate conditions of six selected cities
representative of the HDD ranges defined in Fig. 2, i.e. Abu Dhabi, Palermo, Buenos Aires, Rome, Paris, and
Tampere, is carried out. Results show that in a standard small office building the optimum roof solar reflectance
corresponds to the maximum available cool capability, namely 0.8, in almost all climates except that in the
almost totally heating dominated subarctic zone of Tampere (Finland). Accordingly, the configuration
characterized by the lowest performance is the dark roof, i.e. ρsolar equal to 0.1, in all climate zones except
Tampere, where the situation is inverted and ρsolar = 0.1 results to be the optimum value.

Fig. 3: Total building HVAC energy consumption difference variation with varying only roof solar reflectance in the selected
climate zones

Moreover, the sensitivity of annual building energy performance to roof solar reflectance variation in the
different climate zones is assessed. Fig. 3 depicts the trend of total HVAC energy consumption difference (ΔE)
between roof ρsolar scenarios in the considered range (0.1 ÷ 0.8) and the “standard roof” (ρsolar = 0.3) for each
selected case study city. Trend lines demonstrate how the influence of roof solar reflectance is mostly perceived
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in hot and warm climate conditions, which are totally or mainly cooling dominated. The difference in terms of
annual HVAC energy need of the office building is equal to 3.7%, corresponding to about 716 kWh, 5.2% (461
kWh), 5.9% (384 kWh), and 4.3% (357 kWh) in Abu Dhabi, Palermo, Buenos Aires, and Rome, respectively,
between ρsolar equal to 0.8 (optimum) and 0.1 (worst). Whereas, in Paris and Tampere, the building annual
HVAC ΔE consumption variation trend is flatter (in particular in the subarctic city) with energy savings equal to
about 132 kWh (3.7%) and 12 kWh (0.1%), respectively, between the optimum and worst ρsolar.

5.2. Sensitivity to roof thermal insulation level variation
To analyze the impact of roof thermal insulation on the energy performance of the office building, the same onedimensional optimization method is applied in the six selected representative cities by varying only the roof
thermal insulation level. As previously mentioned, two different scenarios are considered for the roof solar
reflectance, i.e. (i) “standard roof” and (ii) “cool roof”.
As regards models with “standard roof”, i.e. ρsolar equal to 0.3, the maximum available roof thermal insulation
thickness of 0.25 m is found to be the optimum value in all considered climates. However, the thermal insulation
level variation is mainly perceived in extreme climate conditions, namely in Abu Dhabi and Tampere, as
depicted in Fig. 4, which reports the trend of total HVAC ΔE consumption between roof Ithermal scenarios in the
considered range (0.01 ÷ 0.25) and the “standard roof” (Ithermal according to HDD) for each case study city. In
Abu Dhabi and Tampere the annual HVAC energy savings in the case study building are equal to 3.2% (about
615 kWh) and 5.6% (526 kWh), respectively, between Ithermal equal to 0.25 (optimum) and 0.01 (worst). On the
contrary, in temperate and milder climates, especially in those cooling dominated, the building annual HVAC
energy need is only reduced by 2.7% (about 242 kWh), 3.0% (195 kWh), 1.7% (142 kWh), and 5.3% (194
kWh) in zone Palermo, Buenos Aires, Rome, and Paris, respectively, with the optimum and worst Ithermal.

Fig. 4: Total building HVAC energy consumption difference variation with varying only roof thermal insulation thickness in the
selected climate zones with “standard roof”

On the contrary, in the models with “cool roof”, i.e. ρsolar equal to 0.8, the annual HVAC energy consumption is
minimized by applying the thinnest thermal insulation (0.01 m) as roof layer in milder climates, i.e. Palermo,
Buenos Aires, Rome. Instead, in extremely hot conditions, i.e. Abu Dhabi, the optimum is increased up to 0.04
m. Finally, in heating dominated climates, namely Paris and Tampere, the optimum corresponds to the
maximum available value, i.e. 0.25 m. Nevertheless, the trend of annual HVAC energy need variation is flatter
(Fig. 5) and the roof thermal insulation optimization is less significant, except that in extreme cold conditions,
i.e. Tampere. In fact, the cooling load is predominant in all other case study climate contexts. Accordingly, in
Palermo, Buenos Aires, Rome, and Paris about 2% benefit (138 kWh, 118 kWh, 171 kWh, and 62 kWh,
respectively) is observed in terms of total energy saving, while in Abu Dhabi only 0.2% (42 kWh), between the
optimum and worst Ithermal. Conversely, in Tampere the HVAC energy consumption reduction increases up to
5.9%, corresponding to about 556 kWh, between Ithermal equal to 0.25 (optimum) and 0.01 (worst).
It has to be noticed that the annual HVAC energy consumption of the case study building is more affected by
roof solar reflectance variation than thermal insulation level variation, in the considered cities, except that in the
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coldest climate conditions.

Fig. 5: Total building HVAC energy consumption difference variation with varying only roof thermal insulation thickness in the
selected climate zones with “cool roof”

5.3. Optimum roof configuration with varying climate zone
Results of the multi-dimensional optimization analysis are reported in Fig. 6 and Tab. 2 for all the simulated
case study climate conditions. In particular, Tab. 2 shows the optimum roof configuration (i.e. combination of
ρsolar and Ithermal) in each city and the corresponding total, heating, and cooling energy consumption. The roof
configuration which minimizes building annual HVAC energy consumption is mostly characterized by high
solar reflectance (ρsolar equal to 0.8), except in the three coldest cities, while the optimum insulation level is
more variable with varying the climate context. In temperate and Mediterranean zones, Ithermal is almost
negligible, since values between 0.01 and 0.04 m are found to optimize the roof energy performance (Tab. 2).
On the contrary, in the extremely hot zones a suitable thermal insulation level is required to minimize heat
gains. On the other hand, in the colder zones, the maximum available Ithermal equal to 0.25 m is required to
reduce heating energy losses through the roof. Therefore, Tab. 2 shows how in the majority of considered
climate zones, i.e. milder, the optimum roof configuration in order to minimize annual HVAC energy
consumption involves the combination of high solar reflectance capability and low insulation level (blue
rectangle).

Fig. 6: Building HVAC energy consumption difference between the optimum and the “standard roof” configuration in each
climate zone, reporting the separate contributions for heating and cooling

Moreover, Fig. 6 depicts the ΔE in terms of heating and cooling energy need between the “standard”, i.e.
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characterized by ρsolar = 0.3 and Ithermal according to the regulation (Repubblica Italiana, 2015) depending on
HDD, and the optimum roof configuration in each climate. The comparison of annual HVAC energy saving
with the optimum roof configuration, with respect to the “standard”, demonstrates how the optimization of
combination of roof solar reflectance and thermal insulation generates non-negligible annual energy saving in
all considered climate conditions. However, benefits are mainly perceived in cooling dominated climates. Office
building annual energy consumption for air-conditioning is reduced by about 1% to 11%. The maximum
achievable actual energy saving is equal to 522 kWh, 507 kWh, 493 kWh, and 490 kWh, in Abu Dhabi, Mexico
City, Johannesburg, and Tehran, respectively, always in terms of cooling energy consumption. On the contrary,
the energy need reduction decreases up to 90 kWh, 95 kWh, and 97 kWh in the coldest Moscow, Montreal, and
Tampere, respectively, in terms of heating energy saving. In general, the cooling load is predominant in almost
all considered climate conditions, due to building end-use and associated high internal gains too.
Tab. 2: Optimum roof configuration and corresponding heating, cooling, and total HVAC energy consumption for the case study
building in each climate

Optimum ρsolar

Optimum Ithermal

Heating

Cooling

Total HVAC

[-]

[m]

[kWh]

[kWh]

[kWh]

Abu Dhabi, UEA

0.8

0.11

0

18513

18513

New Delhi, India

0.8

0.09

0

15685

15685

Rio de Janeiro, Brazil

0.8

0.03

0

13815

13815

Miami, USA

0.8

0.01

1

14077

14078

Cairo, Egypt

0.8

0.01

0

10897

10897

Nairobi, Kenya

0.8

0.01

0

8028

8028

Athens, Greece

0.8

0.01

35

7397

7432

Palermo, Italy

0.8

0.01

0

8345

8345

Casablanca, Morocco

0.8

0.01

18

7591

7609

Sydney, Australia

0.8

0.01

5

6902

6907

Barcelona, Spain

0.8

0.01

80

5523

5603

Thessaloniki, Greece

0.8

0.01

225

5504

5729

Buenos Aires, Argentina

0.8

0.01

106

5977

6083

Johannesburg, South Africa

0.8

0.01

56

6154

6210

Mexico City, Mexico

0.8

0.01

5

6253

6258

Tehran, Iran

0.8

0.01

312

10934

11246

Rome, Italy

0.8

0.01

106

7707

7813

Porto, Portugal

0.8

0.01

44

6292

6336

San Francisco, USA

0.8

0.01

39

2571

2610

Tokyo, Japan

0.8

0.04

786

4308

5094

Paris, France

0.8

0.25

1050

2350

3400

Beijing, China

0.8

0.25

2143

4864

7007

Ankara, Turkey

0.8

0.25

1871

3007

4878

Tarvisio, Italy

0.8

0.25

3094

2187

5280

New York, USA

0.8

0.24

1539

4440

5979

Tampere, Finland

0.4

0.25

7437

1416

8853

Montreal, Quebec, Canada

0.2

0.24

8406

2816

11222

Moscow, Russia

0.1

0.25

7610

2192

9802

City

6. Discussion
Findings of the above mentioned analyses show that, in order to minimize the annual energy consumption for
air-conditioning in a standard small office building worldwide, roof solar reflectance plays a significant role.
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Roof thermal insulation level is also important, yet mainly in heating dominated climates or extreme climate
conditions. However, in accordance with existing works in literature (Radhi et al., 2017), when coupling cool
roof and thermal insulation capability, the role of roof insulation in improving building energy performance
becomes negligible, for the case study building in the majority of considered climate zones. In fact, office
buildings are characterized by high internal gains, and, therefore, heating load is dampened down by such heat
gains, while cooling load becomes predominant also in heating dominated climate contexts. However, in the
coldest zones, a consistent insulating layer is required to limit the significant heating energy need.
Thermal insulation level increase provides benefits mainly in terms of heating load reduction. Therefore, when
implementing a “standard roof”, characterized by higher external heat gains with respect to the “cool roof”, high
thermal insulation provides significant benefits in terms of both cooling and heating energy saving. On the other
hand, in the “cool roof” scenario, the cooling load is already minimized by the positive passive cooling effect
due to the low roof coating solar absorptance. In this scenario, although high thermal insulation level provides
positive effect in the cold season (heating load reduction), the cooling load is even increased when thick
insulating layers are implemented. Since, in the case study building typology, i.e. office building, the cooling
load is predominant, the annual HVAC energy consumption is generally minimized with low thermal insulation
thickness, with the exception of the coldest climates. Accordingly, building annual HVAC energy consumption
is more sensitive to roof solar reflectance variation, with respect to roof thermal insulation variation. Moreover,
when “cool roof” is applied over the building, the effect of thermal insulation variation is less significant, except
that in extremely cold conditions, because in the case study building the heating need is generally a small
percentage of the annual HVAC energy requirement.
In milder climate contexts, characterized by hot summer and mild/cold winter, the expected optimum roof
configuration, i.e. combination of roof solar reflectance and thermal insulation, would be with high solar
reflectance, which minimizes the cooling energy consumption, and maximum available thermal insulating layer
thickness, which minimizes the heating energy consumption. Nevertheless, due to the predominance of cooling
load in the case study building typology (characterized by high internal gains) and to the penalties in terms of
cooling need associated to high insulation levels, the optimum configuration is characterized by maximum solar
reflectance and minimum thermal insulation.

7. Conclusions and future developments
In this work, a replicable method for optimizing the combination of cool roof and roof thermal insulation as
passive strategies for building energy efficiency in different climate contexts is proposed. To this aim,
optimization analysis based on dynamic thermal-energy simulation is carried out with the final purpose of
minimizing annual energy requirement for air-conditioning by optimizing the roof configuration of a small
office building in different climate contexts worldwide. In particular the combination of two key parameters
affecting roof energy performance is taken into account, i.e. solar reflectance and thermal insulation thickness.
Results show that between the two considered roof characteristics, solar reflectance capability mostly affects
building energy performance. Moreover, “cool roof” optimizes the annual HVAC energy consumption of the
case study building in the majority of climate conditions. On the other hand, building energy performance is
more sensitive to roof thermal insulation variation when a low reflectance “standard roof” is implemented.
Nevertheless, when considering the combination of roof solar reflectance capability and thermal insulation level,
the optimum configuration is characterized by high cool capability, i.e. Rsolar equal to 0.8, and low insulating
layer thickness, i.e. Ithermal between 0.01 and 0.04 m, in the majority of climate zones (milder zones). The
exception is represented by the extremely hot and the coldest considered climate zones, where an insulating
layer up to 0.11 m and 0.25 m is required, in the hottest and the coldest zones, respectively, to limit the
significant thermal energy gains or losses through the roof. All in all, the optimum combination of roof solar
reflectance capability and thermal insulation level provides the maximum annual energy saving.
Although the present study refers to selected climate zones, reliable indications are provided also for other
regions in the world with similar climate classifications. Moreover, the same analysis procedure is reproducible
for other climate conditions. In addition, findings of this work highlight how both climate conditions and further
boundary conditions affecting building energy performance, namely end-use and envelope characteristics, e.g.
coating optic-energy properties, have to be taken into account simultaneously when targeting building envelope
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thermal requirements. Given the promising multivariable optimization results of this paper, future developments
of this work can be the investigation of economic and life-cycle benefits associated to coupling cool roof and
thermal insulation design of building envelopes. Furthermore, this optimization methodology can be
implemented to study the influence of further building boundary conditions in the optimum roof configuration,
e.g. end-use, type of HVAC system, occupancy, internal gains. The final goal is to develop guidelines for the
efficient implementation of cool roofs in different climate conditions.
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METALLIC SOLAR COLLECTORS

Summary
During the expected minimum life-span of 20 years, the absorber coating of unglazed thermal solar
collectors is directly exposed to different stresses like heat, rain and ice. With increasing application
possibilities for this type of collectors (e.g. for borehole regeneration), there is a need for the quality
certification of absorber coatings. However, there is no standard procedure available to assess the durability
of spectrally selective coatings for unglazed collectors. Existing aging tests (ISO 22975-3) are designed for
absorber coatings used in glazed solar collectors, where the degradation loads (e.g. for humidity and
condensation) are very different. Preliminary steps for developing an accelerated lifetime testing procedure
are presented. First results showing the optical performance after aging of two spectrally selective absorber
coatings on stainless steel are reported.
Keywords: unglazed solar thermal collectors, spectrally selective absorber coatings, time of wetness,
accelerated aging, optical performance.

1. Introduction
For certifying new absorber coatings, the expected service life must be predicted. Accelerated aging tests
considering the relevant degradation factors are required. The in-service conditions and environmental
stresses must be measured. High temperature, high humidity and moisture, and airborne pollutants were
identified by the IEA Working Group MSTC (Materials in Solar Thermal Collectors) as the most relevant
degradation factors for glazed flat plate collectors, used for domestic hot water production (Brunold et al.,
2000). However, the loads in terms of humidity, condensation, snow/icing and hail largely differ in the case
of unglazed collectors, because their absorber coating is directly exposed to the environmental stresses
(Dudita et al., 2016).
Several degradation mechanisms are influencing the performance and lifetime of absorber coatings,
including metal oxidation, elements diffusion and modification of the antireflective layer (Carlsson et al.,
2000; Dudita et al., 2015a). This might influence the optical performance expressed by the solar absorptance
Įs  DQG WKHUPDO HPLWWDQFH İt), and the long term durability of the absorber coating. High temperature
increases the metal oxidation rate leading to a decrease in Įs and an increase of İt. Humid air and
condensation occurring on the absorber surface can lead to hydration reactions of inorganic oxides and
electrochemical corrosion. The corrosion can be accelerated by airborne pollutants.
Accelerated lifetime testing of materials is thus highly important for the service life estimation, especially for
certification of new products prior to their market introduction. However, there is currently no standard
procedure to assess the durability of unglazed metallic absorbers. Existing tests (ISO 22975-3) are specially
designed for glazed solar collectors (Brunold et al., 2000).
For developing an accelerated lifetime testing (ALT) procedure, realistic loads for the absorber surface are
needed. For unglazed solar thermal collectors, the degradation due to temperature and high humidity and
condensation might be predominant. We have performed, as a first step, simulations to determine the
temperature frequency distribution (TFD) and time of wetness (TOW) frequency distribution for the absorber
surface. A representative TOW diagram which is needed to quantify the humidity induced stress, is presented
in this paper. Wetting due to rain or due to environmental humidity condensing on the absorber surface was
considered. Moreover, we have performed preliminary tests to assess the durability of new selective coatings
on stainless steel substrate that can potentially be used in unglazed collectors. Our tests are based on the
procedure mentioned in ISO 22975-3, nonetheless higher testing temperature were also included. Two
samples from under development selective coatings were exposed to high humidity and condensation, at
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constant temperature (sample temperature between 40 °C and 70 °C) and constant humidity (95% RH). The
optical degradation of the coatings was monitored with the help of a Bruker IFS 66/S spectrometer with a
custom made configuration. A detailed description of the experimental procedure is described elsewhere
(Dudita et al., 2015b).
2. Durability assessment of spectrally selective absorber coatings for unglazed solar
thermal collectors
The temperature frequency distribution and the time of wetness (TOW) expected for absorber plates of
unglazed collectors in different system configurations were determined by means of transient system
simulations (TRNSYS v.17). In particular, a heat pump heating system with a small ice storage tank, where
the collectors are operated in very harsh conditions, was selected (Mojic et al., 2015). The simulation model
of the collector (TRNSYS Type 832 v5.10) includes condensation, frost and rain heat gains. As boundary
conditions for the simulations, weather data for different climatic regions were considered.
An example of a yearly time of wetness (TOW) frequency distribution (humidity or condensation) for an
unglazed collector is represented in Fig. 1 together with the one specific for the glazed collectors from IEA
SHC Task X. The climate data represent a typical year for Zürich (Switzerland), with a time resolution of 6
minutes. Since unglazed collectors are operated at lower temperatures and in the simulated system frequently
below dew point, their TOW distribution shows much larger frequencies at low temperatures. Ultimately, the
established load profiles, together with the experimentally determined activation energies for the different
degradation modes, will be used to define the parameters of the accelerated aging tests.
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Fig. 1 Yearly time of wetness frequency distributions for absorber surfaces of glazed and unglazed collectors (criteria for the
TOW were a relative humiGLW\DWWKHDEVRUEHUVXUIDFHRI5+RUDUDLQUDWH! PPK

The resistance of absorber coatings to high humidity and condensation conditions was investigated for two
different absorber coatings. An adapted procedure based on ISO 22975-3 for the qualification of solar
absorber coatings used in glazed collectors was followed. Different testing sample temperatures (40°C to
70°C), high humidity and condensation conditions were applied for the two spectrally selective coatings
(Type A and Type B) deposited via physical vapor deposition on stainless steel substrate. The optical
performance expressed as the variation of solar absorptance and thermal emittance remained constant in the
40°C test (see Fig. 2 and Fig. 3). Higher testing temperatures (60°C and 70°C) were used to estimate the
activation energy and the coatings lifetime.
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Fig. 2 Solar absorptance after different testing duration in high humidity (95%) and condensation at 40°C for two
spectrally selective absorber coatings: Type A (a) and Type B (b)
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Fig. 3 Thermal emittance after different testing duration in high humidity (95%) and condensation at 40°C for two
spectrally selective absorber coatings: Type A (a) and Type B (b)

3. Concluding remarks
The market of unglazed solar thermal collectors with spectrally selective coatings on metal substrate is
continuously increasing as new applications like boreholes regeneration or combination with ice storages are
emerging. There is currently no standard procedure to assess the durability of unglazed metal-based
absorbers used for unglazed solar thermal collectors. However, accelerated lifetime testing of materials is
highly important for the development and certification of (new) products prior to their market introduction.
Introduction of new materials for the absorber coating is hindered by insecurities regarding lifetime.
First results of a project aiming at the development of an accelerated aging procedure for spectrally selective
coatings on metal substrate for unglazed collectors are presented. Realistic load profiles, e.g. the yearly time
of wetness (TOW) frequency distribution due to humidity or condensation generated by simulations are
shown.
In order to propose an accelerating aging procedure, further studies are necessary. In particular, an
appropriate Performance Criterion (PC) must be established to set limits on the acceptable change of the
optical properties of the absorber coating, corresponding to an acceptable decrease of the performance of a
typical energy system with uncovered solar collectors.
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Abstract
After introducing the configuration of a heat-pipe for solar thermal application, this paper analyses test
methods for two main aspects which affect the durability of heat-pipes, i.e. high temperature resistance and
freeze resistance, and also analyses test methods for three important parameters which indicate the
performance of heat-pipes, i.e. starting temperature, temperature uniformity and heat transfer power. For
each durability test and performance test of heat-pipes, their significance and necessity, as well as their test
objective, test principle, test conditions, test apparatus, test procedure, test results, etc. are respectively
introduced in this paper. These test methods have been newly developed as the International Standard ISO
22975-2: 2016, which will play an important role in enhancing product quality and reducing test cost of
heat-pipes.
Keywords: Heat-pipe, test methods, durability test, performance test, International Standard

1. Introduction
Heat-pipe is a highly efficient heat transfer element and has been widely used for solar thermal application.
For this reason, ISO/TC 180 has recently developed the International Standard ISO 22975-2: 2016 titled as
Solar Energy – Collector components and materials, Part 2: Heat-pipe for solar thermal application –
Durability and performance.
ISO 22975-2: 2016 specifies test methods for durability and performance of heat-pipes, and is applicable to
all heat-pipes for use with evacuated tubes, including glass-metal sealed evacuated tubes and double-glass
evacuated tubes, as well as for use with flat-plate collectors.
For each durability test and performance test of heat-pipes, their significance as well as test objective, test
principle, test condition, test apparatus, test procedure, test results, etc. will be introduced in the paper.

2. Configuration of the heat-pipe
Heat-pipes operate only by utilizing latent heat of phase-change of the working fluid for heat transfer.
Heat-pipes can be basically classified into two categories according to backflow manner of the working fluid.
One is the heat-pipe with a capillary wick, and the other one is the heat-pipe without a capillary wick. For the
former, backflow of the liquefied working fluid relies on the capillary action; whereas for the later, backflow
of the liquefied working fluid relies on its gravity. Therefore, the later is also called as the gravity heat-pipe.
Since this international standard is only applicable to gravity heat-pipes, so the gravity heat-pipe essentially
consists of evaporator, condenser, adiabatic section and working fluid, as shown in Fig. 1, and there is a highly
evacuated space inside the heat-pipe. For the gravity heat-pipe, the liquefied working fluid returns from the
condenser to the evaporator due to its own weight.
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Fig. 1: Typical configuration of a heat-pipe for solar thermal application

3. Durability of heat-pipes
3.1. High temperature resistance test
As heat-pipes used for solar thermal application may probably undergo an exposure state under the sun to
reach a quite high temperature, for example, in the range of 180 °C to 280 °C for different applications, so it is
necessary to perform a high temperature resistance test.
This test is intended to assess the capability of the heat-pipe to withstand quite high temperature without
failure.
The test needs indoor environment. The test shall be carried out using a set of test apparatus which consists of
a heating chamber and a thermometric system, of which the test temperature shall be at 180 °C ± 5 °C or
230 °C ± 5 °C or 280 °C ± 5 °C, depending on specific application and manufacturer’s declaration.
In the test, place all sample heat-pipes with a tilt angle 90° ± 1° into the heating chamber; increase the
temperature slowly (maximum 20 K/min) up to the selected test temperature; maintain the test temperature for
30 h; then let heat-pipes naturally cool down; after the heat-pipes have cooled to room temperature, visually
inspect for damage such as leakage, breakage, distortion or deformation.
The heat-pipes will be qualified if there is no visual evidence of damage.

3.2. Freeze resistance test
As heat-pipes used for solar thermal application may undergo a freeze weather condition in winter season in
many areas to reach a rather low temperature, such as below 0 °C, so it is very important to perform a freeze
resistance test.
This test is intended to assess the extent to which the heat-pipe which is claimed to be freeze resistant, can
withstand freezing without failure.
The test needs indoor environment. The test shall be carried out using a set of test apparatus which consists of
an appropriate freezing device and a thawing device. The freezing temperature shall be at −20 °C ± 1 °C and
the thawing temperature shall be at 20 °C ± 1 °C.
In the test, place all sample heat-pipes with a tilt angle 90° ± 1° into the freezing device for 60 min; remove
the heat-pipes from the freezing device and insert them into the thawing device, keeping the evaporator in
lower position; measure the temperature on the condenser surface; wait for 5 min after the temperature
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difference between the thawing device and the condenser surface is less than 9 K, which indicates that
heat-pipes have started to operate again; repeat above-mentioned steps 20 times; then visually inspect for
damage such as leakage, breakage, distortion or deformation.
The heat-pipes will be qualified if there is no visual evidence of damage.

4. Performance of heat-pipes
4.1. Starting temperature of heat-pipes
Heat-pipes used for solar thermal application always face such a problem, whether and when the heat-pipe can
start operating. From the evaporation point of view, as there is a negative pressure inside the heat-pipe, the
evaporation temperature of the liquefied working fluid should be lower than that at atmospheric temperature,
so as to easily start operating of the heat-pipe, and undoubtedly the lower starting temperature the better for
solar thermal application. Therefore, starting temperature is one of the important parameters of heat-pipes.
This test is intended to determine the minimum temperature required for a heat-pipe to start operating.
The test needs indoor environment. The test shall be carried out using a set of test apparatus which consists of
a cold water bath at 10 °C ± 0.5 °C and a hot water bath at 25 °C ± 0.5 °C or 30 °C ± 0.5 °C or 40 °C ± 0.5 °C,
depending on specific application for different working temperature of the heat-pipe; however, 40 °C ± 0.5 °C
shall be the maximum test temperature.
In the test, fit a surface temperature sensor to the condenser; immerse the lower end of the heat-pipe in the
cold water bath with a tilt angle 90° ± 1°; wait for at least 3 min after stable conditions are reached; remove
the heat-pipe from the cold water bath and immerse its lower end in the hot water bath; measure and record
the temperature on the condenser surface every 10 s until at least 120 s after stable conditions are reached;
record the condenser surface temperature together with the hot water bath temperature.
The measurement results shall be reported together with ambient temperature, cold water bath temperature,
hot water bath temperature, insertion depth of the heat-pipe, distance of measuring point from top of the
condenser and variation of the condenser surface temperature.

4.2. Temperature uniformity of heat-pipes
Under normal operating conditions, steam of the working fluid inside the heat-pipe is in a saturated state, and
pressure of the saturated steam determines temperature of the saturated steam. As the pressure drop produced
when saturated steam moves from the evaporator to the condenser is very small, so the temperature drop is
also very small. That is why the heat-pipe possesses excellent isothermal. If there is an obvious temperature
difference between the evaporator and the condenser, i.e. the heat-pipe loses the temperature uniformity; it
means that non-condensable gas produced during the manufacturing stays in the condenser. Undoubtedly the
smaller temperature differences the better for solar thermal application. Therefore, temperature uniformity is
also one of the important parameters of heat-pipes.
This test is intended to measure the temperature difference between the evaporator and the condenser when
the heat-pipe operates under normal conditions.
The test needs indoor environment. The test shall be carried out using a thermostatic hot water bath at 90 °C
± 0.5 °C.
In the test, fit a surface temperature sensor to the condenser at a point between 18 mm and 22 mm from top of
the condenser; insert the heat-pipe into the thermostatic hot water bath to a depth of 3/5 - 2/3 of the total length
of the heat-pipe at a tilt angle 90° ± 1°; measure and record the temperature on the condenser surface every
10 s until at least 60 s after stable conditions are reached; record the temperature difference between the hot
water bath temperature and the stable condenser surface temperature.
The measurement results shall be reported together with ambient temperature, test temperature in water bath,
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insertion depth of the heat-pipe, measuring point from top of the condenser, and condenser temperature
variation.

4.3. Heat transfer power of heat-pipes
As a highly efficient heat transfer element for solar thermal application, it is concerned that how much power
can be transferred. Therefore, heat transfer power is certainly one of the important parameters of heat-pipes.
As heat transfer power depends on operating temperatures and tilt angles of the heat-pipe, so this test is
intended to determine the heat transfer power of the heat-pipe at different operating temperatures and different
tilt angles.
The test needs indoor environment. The test apparatus includes tilt-angle adjustable mounting support,
evaporator electric heating barrel, condenser cooling liquid jacket, thermostatic liquid bath, flow meter, etc.
shown in Fig. 2.
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11)
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Fig. 2: Typical test apparatus for measuring the heat transfer power of a heat-pipe

In accordance with the energy conservation law, the heat transfer power of the heat-pipe shall be calculated
according to Equation (1).

Q
where
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Q
Q1
Q2

= heat transfer power of heat-pipe, W
= thermal power transferred to cooling liquid from heat-pipe, W
= thermal power transferred to cooling liquid from environment or apparatus ˈ W;
normally Q 2 is negligible if the cooling liquid jacket is well insulated

The thermal power received by cooling liquid shall be calculated according to Equation (2).

Q1

= m C p (- 2 –- 1 )

m

=
=
=
=

(eq. 2)

where
Cp
-2
-1

mass flow rate of cooling liquid, kg/s
specific heat capacity of cooling liquid, J/(kg • K)
inlet temperature of cooling liquid, °C
outlet temperature of cooling liquid, °C

In the test, the evaporator of the heat-pipe is inserted into the sleeve of the electric heating barrel; a copper
tube shall be placed between the evaporator and the electric heating elements to ensure uniform heating
power distribution; the outer surface of the electric heating barrel shall be thermally insulated; meanwhile,
the condenser of the heat-pipe is inserted into the sleeve of the cooling liquid jacket and surrounded with heat
transfer paste which has not been used previously; the outer surface of the cooling liquid jacket shall be
thermally insulated.
After measuring all necessary parameters, such as mass flow rate m , inlet temperature -2 and outlet
temperature -1 of the cooling liquid, then determine the heat transfer power Q1 at different operating
temperatures and different tilt angles, according to Equation (2).
The test operating temperatures shall be respectively at 60 °C ± 0.5 °C, 90 °C ± 1 °C and 120 °C ± 2 °C (when
the heat-pipe is claimed to be able to operate at above 100 °C).
The tilt angle of the heat-pipe shall be from the lowest recommended angle to 90°, i.e. respectively the lowest
recommended angle, 20° ± 1°, 30° ± 1°, 45° ± 1°, 60° ± 1°, 75° ± 1°, 90° ± 1°.
In this test, the maximum heat transfer power Q max also could be determined. This test shall be conducted
directly after carrying out the test of heat transfer power at the test operating temperature 120 °C ± 2 °C and
test tilt angle 90° ± 1°.
For determining the maximum heat transfer power Q max, the procedure shall be as follows:
Slowly increase the power input to the evaporator electric heating barrel, i.e. at a rate of less than 5 W/min;
observe the test operating temperature of the heat pipe; once there is an obvious sudden temperature increase,
or the temperature shows obvious oscillation and instability, it means that the heat-pipe has reached its heat
transfer limit; then quickly reduce the power input to the evaporator electric heating barrel to a point just
before the heat transfer limit; when steady state conditions have been achieved, begin to record the values of
mass flow rate m of the cooling liquid, and inlet/outlet temperature difference (-2 –-1) of the cooling liquid,
at intervals of 30 s for a period of 10 min; finally calculate the maximum heat transfer power Q max of the
heat-pipe according to Equations (2), using the averages of the recorded values for mass flow rate and
inlet/outlet temperature difference of the cooling liquid.

5. Conclusion
Heat-pipe is one of the important components in solar thermal application. Through a lot of experiments and
accumulated practical experience, this paper analyses two main aspects which affect the durability of
heat-pipes, including high temperature resistance and freeze resistance,
In addition, this paper also analyses three important parameters which indicate the performance of heat-pipes,
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including starting temperature, temperature uniformity and heat transfer power.
Based on these achievements, under the joint efforts of WG 3 members, ISO/TC 180 has recently developed
International Standard ISO 22975-2: 2016. The newly developed International Standard will play an important
role in enhancing product quality and reducing test cost of heat-pipes.
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Chinese National Standard, GB/T 14812 – 2008, Testing method for heat transfer performance of heat-pipes.
Chinese National Standard, GB/T 24767 – 2009, The gravity heat-pipe for solar application.
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In this paper, the major challenges of in-situ collector array testing are analyzed and a framework to address them
is developed. The study of the challenges is based on theoretical investigations as well as on data evaluations of a
solar district heating (SDH) plant which was equipped with high-precision measurement equipment.
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1. Introduction
1.1 The need for in-situ testing of large scale solar thermal plants
Large scale solar thermal plants (>500 m² collector area, >350 kWth nominal thermal power) are a cost-effective
way to provide renewable heat (ESTIF, 2015). The market has experienced considerable growth recently, with
close to 500,000 m2 of solar collectors (350 MWth) installed in large scale systems in Europe in 2016. The driving
force has been solar district heating applications in Denmark, where the world’s largest plant in Silkeborg
(156,694 m² flat plate collectors; 110 MWth) started operating in December 2016 (Weiss, Spörk-Dür and
Mauthner 2017).
Key factors to increase the market penetration of large solar thermal plants are the reduction of investment risks
and the realization of cost saving potentials during the plant operation by means of performance guarantees (for
the thermal power output and/or solar yield), efficient monitoring and ongoing optimization.
These measures rely on an accurate and reliable assessment and characterization of the collector array performance
for the observed operational behavior. To this aim, an in-situ test procedure to evaluate the thermal power output
of large collector arrays under transient conditions is developed. Hereafter we refer to this procedure as the in-situ
collector array test.

1.2 In-situ collector array test
The cornerstones of the test procedure are the following:
x

focusing on large scale collector arrays with flat plate collectors (flat plate collectors are the most common
collector technology deployed in large scale applications)

x

the outcome of the test is a characterization of the thermal power output with a set of characteristic
parameters which are estimated from measurement data, using a parametrized model of the collector array

x

the test considers ‘real operation conditions’ like soiling, shading, etc. which affect the collector array
performance (for single collectors under laboratory conditions, these ‘disturbances’ can be controlled or
are not relevant)

x

applicability of the procedure to the most common plant configurations and measurement setups

x

the system boundaries of the collector array model are the return and supply lines on the primary side of
the heat exchanger (or the equivalent position if there is no heat exchanger)

x

the modeling of the collector array puts emphasis on the most important influencing factors on the thermal
performance, but restrains from a detailed representation to facilitate the application of the procedure
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x

a major requirement is a short test period and the reliance on data from the normal plant operation whenever
possible

x

provision of a standardized and traceable framework for data acquisition, data processing and parameter
estimation

The in-situ test procedure will have some similarities with the ISO 9806 standard for single collector tests, but
focuses on large collector arrays instead of single collectors and moves from laboratory to ‘real-world’ conditions.
The aim is not to test single collectors in the field, but rather to examine the behavior of an ‘average collector’
within the array arrangement. In-situ testing of collector arrays is also useful when single collector tests are very
difficult to implement, e.g. for large collectors assembled directly at the construction site.
Work on using in-situ data to determine collector (array) parameters date back more than twenty years and include
Perers (1993), Bosanac and Nielsen (1997) and Spirkl et al. (1997). These approaches are based on the modeling
and data evaluation techniques of single collectors in the spirit of EN 12975. In later work, approaches to identify
the collector (array) parameters based on dynamic system simulations were also used (see e.g. Almeida et al.
(2014)). In the literature, there is no methodologically sound procedure for testing large collector arrays available.

1.3 Content and structure of this work
In this paper, the major challenges of in-situ collector array testing are analyzed and a framework to address them
is developed. The study of the challenges is based on theoretical investigations as well as on data evaluations of a
solar district heating (SDH) plant which was equipped with high-precision measurement equipment. To develop
an in-situ collector array test, reliable data of large scale installations are essential.
The structure of the paper is as follows. In chapter 2, the main steps of the in-situ collector array test are outlined
with the help of a flowchart. In chapter 3, the measurement setup of the SDH plant which was used to gain
measurement data for the development of the methodology is shown. In chapter 4, the challenges of the test
procedure are analyzed in detail. In chapter 5, a framework to address these challenges is presented. Chapter 6
summarizes the results and gives an outlook on future work.

2. Flowchart of the in-situ collector array test
Fig. 1 shows a simplified flowchart of the collector array test. The first steps are to create a model of the solar
thermal plant and to collect, pre-process, select and assess the measurement data. Based on these preliminary
tasks, the model input data, i.e. the time series with the explanatory variables and the dependent variable which
enter the parameter estimation procedure, are created. The parameters are then estimated and a test report is issued.

[A] Plant representation
The representation of the solar thermal plant is done by adapting a general modeling approach which is suitable
for the most common configurations. The representation encompasses the (i) typical collector array parameters
(gross collector area, total fluid content, etc.), (ii) collector array geometry (row spacing, azimuth and tilt angle of
the collectors, etc.) which is necessary for the irradiance modeling, (iii) hydraulic arrangement and (iv)
information on the measurement setup (type of sensors, sensor positions, sensor precisions, installation conditions,
sampling rate, …) and available data.

[B.1] Measurement data acquisition and data pre-processing
For commercial installations, the quality of the measurement data is almost always an issue. The measurement
data needs to be checked for missing values, sensor readings outside physically plausible ranges, synchronization
problems of the data logger, etc. Redundancies of the measurement setup (e.g. both beam irradiance, diffuse
irradiance and total irradiance are measured) can be used for additional inspections. An often used check for insitu collector array testing is to compare the daily sum of the global irradiance and the daily collector yield and
verify if the relationship is approximately linear (Perers 1993).

[B.2] Measurement data selection
After pre-processing we have validated data. The next step is to select specific intervals to be used in the
subsequent parameter estimation procedure. For example, data when there is no volume flow in the collector array
might be excluded. If there is a lot of data available, it can be necessary to cluster the data and reduce it to
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‘characteristic days’ with typical operational and ambient conditions to obtain a representative sample.

[B.3] Test data assessment
The test data needs to meet certain criteria, and these have to be checked before applying the parameter estimation
procedure. Crucial is a sufficient variation, especially of the irradiance and the return temperature, as well as a
limited correlation of the explanatory variables (e.g. test data with low irradiance values and low and high
temperatures as well as high irradiance values and low and high temperatures).

[C] Model input data
The test data is then transformed to the explanatory variables and the dependent variable of a general collector
array model, which yields the same core parameters for all arrays. The explanatory variables include for example
(i) the beam irradiance on the tilted collectors calculated from the DNI measurement, the position of the sun and
the collector orientations and (ii) the primary volume flow, derived from the return and flow temperatures and
fluid properties of the primary side and the power output measurement of the secondary side. This allows some
flexibility regarding the measurement setup. Oftentimes, the model input data are exactly the same as the test data.
As long as the transformation from the test data to the model input data does not depend on the estimated
parameters itself, the transformed variables can be treated like measured values, but with additional modeling and
measurement uncertainties.

[D] Parameter identification
The next step is the parameter identification which yields the collector array parameters (heat losses coefficients,
incidence angle modifier, etc.). As the collector array model is based on differential equations, a dynamic
parameter estimation procedure is needed. For each set of parameters, a time series for the predicted output values
is calculated and the parameters are chosen in such a way, that the mean prediction error (predicted output values
minus measured output values) is minimized.

[E] Test report
The final step is the documentation of the results in a test report. The documentation contains the obtained
parameters, their significance, uncertainties, etc. and descriptions of the plant representation, measurement data,
data selection, etc.

Fig. 1: Flowchart of the in-situ collector array test
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3. High-precision measurement of a SDH plant
A cornerstone to develop the in-situ collector array test is the availability of high-precision measurement data of
large solar thermal plants. To this aim, a large solar thermal plant in Graz (Austria), depicted in Fig. 2, was
equipped with high-precision measurement equipment (i.e. high-precision irradiance, temperature and volume
sensors as specified below). In this plant, six collector arrays with high-efficiency flat plate collectors of five
different producers are measured (total gross collector area: 2,150 m2). Fig. 3 shows the positions of the volume
flow and temperature measurements. Each array has a separate volume flow sensor (electromagnetic flow sensor
KROHNE OPTIFLUX 4000). The inlet and outlet temperature of each array and the flow temperatures for each
row are measured. For one specific row, additional measurements of the inlet and outlet temperatures of single
collectors are put in place. All temperatures are measured directly in the fluid with PT100 sensors of tolerance
class DIN EN 60751, F 0.1. Total irradiance in the collector plane is captured by a pyranometer (Kipp & Zonen
SMP 21). For the measurement of beam irradiance, a pyrheliometer with an active solar tracking system device is
used (Kipp & Zonen SHP 1). Wind speed and ambient temperatures are measured in three different spots. The
sampling rate is one second. The aim of the measurement instrumentation is to achieve precisions comparable to
outdoor measurements of accredited collector test laboratories. The setup allows a direct side-by-side comparison
of the different collector types. Data are available since August 2016.

Fig. 2: High-precision measurement of a large solar thermal plant in Graz (Austria)

Fig. 3: Measurement setup of the volume flow and temperature sensors
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4. Major challenges of in-situ collector array testing
General requirements of technical test procedures are the validity, reliability and accuracy of the procedure. The
main challenges to achieve this are listed below.

4.1 Correct determination of the beam and diffuse irradiance on the collector plane
Problem description
The beam and diffuse irradiance on the collector plane are the most important influencing factors of the thermal
power output of the collector array. Three main issues are relevant here:
x

Internal shading due to collectors placed in front

x

External shading due to surrounding objects (buildings, trees, etc.)

x

Unequal distribution of beam and diffuse irradiance and non-representative sensor readings.
Typically, not all parts the collector array receive the same amount of beam and diffuse irradiance. The
front row is not exposed to internal shading and external shading depends on the position in the array
relative to the sun and the surrounding objects. Different sky view factors between the collectors and along
the collector height of single collectors, different albedo values of the ground, etc. lead to a varying diffuse
irradiance. This makes a representative measurement of the irradiance on a single ‘reference position’
difficult. The irradiance recorded by the radiation sensors and the irradiance the collectors are exposed to
might diverge to a point where the sensors are shaded and the rest of the field is not or vice versa.

These issues have been analyzed using data of the SDH test plant described in chapter 3. Fig. 4 shows two images
of the 3D model of the plant, taken in the morning and afternoon for a sample day. At 8.43h (left), external shading
can be spotted, at 16.30h (right) internal shading can be seen. Furthermore, the pyranometer positioned in the
middle of the array, is shaded by an external object, whereas most collectors are not.

Pyranometer shaded, but only
some collectors shaded

External shading
Internal shading

08.43h

16.30h
Fig. 4: Irradiance analysis of the test plant (2017-09-27)

Implications for in-situ collector array testing
When internal and external shading is not accounted for and the sensor readings differ from the irradiance the
collectors are exposed to, the assessment of the collector array performance is not adequate because the energy
input to the system is not calculated correctly. Usually the irradiance is overestimated, as the pyranometer which
measures the total tilted irradiance is placed above the collectors where it is less exposed to shading and has a
larger sky view factor than the lower parts of the collector. If a collector has an optical efficiency of ߟ ൌ ͲǤͺ and
the irradiance on the collector at normal incidence is overestimated by 10% (e.g. 880 W/m2 instead of 800 W/m2),
then the calculated optical efficiency is mistakenly assumed to be ߟ ൌ ͲǤ͵, which makes a huge difference.
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4.2 Collector array dynamics
Problem description
Large collector arrays show a highly dynamic behavior due to abrupt changes of the irradiance, return temperature
and volume flow (variable speed pumps are the standard in large scale applications). For in-situ testing, there is
only a limited possibility to impose stationary conditions due to technical and economic constraints. The dynamic
behavior places an import role in the overall collector array assessment.
For large collector arrays, the dwelling time of the fluid in the collector array (i.e. the time that elapses between
the entrance of a fluid element volume in the collector array and its exit) is determined by the volume flow rate.
It is often in the range of 2 to 3 minutes and can reach up to 10 minutes. The dwelling time influences the dynamic
behavior to a large extend, the time constant and the heat capacity will vary accordingly.
In Fig. 5, the issues regarding the dynamics are exemplified by analyzing the response of the outlet temperature
when swift changes of the irradiance, return temperature and volume flow rate occur. Depicted are five arrays of
the test plant. After the volume flow rate decreases (1), the outlet temperature rises steadily over the course of ten
minutes (2) and starts decreasing again after the volume flow rate is put back to the initial level (3). A swift
increase of the return temperature (4) leads to lower outlet temperatures. The two effects interfere (5).

2
5
4

1

3

Fig. 5: Delayed response of the collector array outlet temperature (2, 5), when swift changes
of the volume flow rate (1, 3) and return temperature (4) occur. Depicted are five arrays of the test plant.

Implications for in-situ collector array testing
If the modeling of the collector array outlet temperature does not take the delay that the dwelling time causes into
account, then changes of the irradiance, return temperature and volume flow rate are mistakenly assumed to have
an immediate effect. This leads to an inaccurate prediction of the short-term thermal power output and wrong
estimates for the time constant and heat capacity values.
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4.3 Availability of measurement data
Problem description
The challenges regarding the available measurement data are the following:
x

Limited operating range. Most large scale installations feed into a district heating network. The most
common connection is Return/Supply (R/S), which implies that the return and flow temperatures of the
solar loop will usually be close to the (stable) grid return and flow temperatures. Data with a low
temperature rise between the return and flow side (these conditions are needed to determine the zero loss
coefficient) are usually not available.

x

High correlation of total tilted irradiance and the mean collector array minus ambient temperature,
as low irradiance levels lead to lower outlet temperatures and higher irradiance levels lead to higher outlet
temperatures.

x

Sensor readings are not representative. This problem is most prominent for the irradiance measurement
as was pointed out before. But the issue also applies to the wind speed or ambient temperature
measurements. The wind speed in the collector plane varies a lot across the array and cannot be measured
adequately for collector arrays (for single collector testing, ISO 9806 requires to measure the wind speed
on four edges of the collector).

x

Accuracy and precision of commercial measurement equipment. Commercial installations often use
low-cost sensors (especially for the irradiance measurements) and sensors might not be installed correctly
(e.g. temperature sensors with too low penetration depth).

x

Missing measurement points. Some inputs might not be directly measured, it can be needed to calculate
them (e.g. the primary volume flow, derived from the return temperature, flow temperature and fluid
properties of the primary side and the thermal power measurement of the secondary side). This can lead to
additional uncertainties.

In Fig. 6, a bi-variate histogram of the total irradiance on the collector plane and the collector array mean minus
ambient temperature of one-year data of one subfield of the test plant is shown. This distribution is typical for
SDH plants. Most of the data lies in a close range and the irradiance and temperature are positively correlated.

Fig. 6: Bi-variate histogram of the total irradiance on the collector plane
and the collector array mean minus ambient temperature
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Implications for in-situ collector array testing
A limited operating range and a high correlation of the irradiance and the collector array temperatures can lead to
unstable parameters and overfitting. Optical parameters (zero loss efficiency, incidence angle modifier) and heat
loss coefficients cannot be distinguished properly. Sensor readings that are not representative and low
measurement data quality can lead to a bias.

4.4 Conflict of interest regarding the goals of the procedure
Problem description
For in-situ collector array testing, the following trade-offs need to be addressed:
x

Precision vs. easy applicability. A detailed modeling of the collector array and strong restrictions
regarding measurement data (sensor precisions, data range, data variation, etc.) lead to a more precise
characterization of the collector array, but hinder an easy applicability. For example, a detailed modeling
of the temperature and flow distribution increases the exactness, but requires a big effort and detailed
analysis.

x

Comparability vs. broad applicability. Different flat plate collector types, collector tilts and orientations,
hydraulic layouts, flow conditions in the absorber pipes, varying levels of soiling, etc. might compromise
the comparability. At the same time, the test procedure needs to be flexible regarding different plant
configurations.

x

Choice of system boundaries. The choice of system boundaries depends foremost on the available
measurement points, but also encompasses choices regarding the attribution of losses. For example, if the
heat exchanger losses are not attributed to the collector array, systems with no heat exchanger and active
anti-freezing protection might have a disadvantage.

Implications for in-situ collector array testing
The advantages and disadvantages need to be balanced. The general approach of the developed in-situ collector
array test is to lean towards easy and broad applicability rather than exactness.

5. Framework for in-situ collector array testing
A framework to address these challenges is covered in this chapter. The major building blocks are:
x

Collector rows as basic modeling blocks. The core entity when modeling the primary side of large
collector arrays is one collector row. A collector row has a well-defined volume flow and inlet and outlet
temperature. These variables can be measured at the system boundaries or inferred if they are not given
directly. The temperature rise between the cold and hot side of a collector row is usually sufficiently large,
such that the thermal power output can be determined with reasonable accuracy. A collector row has also
a well-defined (mean) dwelling time. Furthermore, a collector row can in most cases be treated as
homogenous regarding tilt, azimuth and irradiance (the internal shading of the collectors is usually similar
for all collectors of one row). Irradiance measurements in the collector plane in one spot of the row have
in most cases the same (potential) bias for all collectors. A collector row behaves similar to a large collector
and can (for the most part) be described with collector parameters. However, changes in the flow regime
(laminar/turbulent) need to be carefully evaluated.

x

Finite volume collector array model. A reasonable simplification to model a single collector row is a
finite volume model which treats the collector row as a pipe with one-dimensional heat transfer in the flow
direction. The predicted variable of the model is the collector row outlet temperature. By applying an
energy input/output balance to a fluid element volume one obtains a hyperbolic differential equation for
the fluid temperature. The fluid temperature Tf(z,t) at position z and time t can be modeled as follows

where V(t) is the volume flow, Af is the pipe cross section area, Vcol is the total fluid content of the row, Acol
is the total collector area, (mc)sp is the specific heat capacity, α(t) is an absorption function for the beam
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and diffuse irradiance R(t), γ is a heat loss function (usually a second order polynomial) and Ta(t) is the
ambient temperature. This modeling approach is widely used (see e.g. Lemos, Neves-Silva, and Igreja
(2014))
If there is no significant maldistribution of the volume flow across the array, then the effect on the thermal
performance will be marginal, and a whole collector array can be modeled as a single row (and a single
row as a pipe). Modeling the collector array as a single pipe or multiple pipes with one-dimensional heat
transfer in the flow direction is a reasonable balance between precision and easy applicability as well as
comparability and broad applicability.
x

Irradiance modeling. For a correct determination of the beam and diffuse irradiance on the collector plane
an irradiance model of the plant is necessary, which is able to calculate the irradiance distribution on the
collector array (beam and diffuse) based on the sensor readings (total tilted irradiance and beam DNI
irradiance). Many tools and algorithms were developed, they date back to the 1970s (see e.g. Appelbaum
and Bany (1979)). However, they need to be adapted to large collector arrays. The simplest approach is to
check if there is any internal or external shading and exclude these conditions from the parameter
estimation procedure.

x

Design of experiments. Whenever possible, data of the normal plant operation should suffice for in-situ
testing. If the operating range or the variation in the data are so little, that the test procedure cannot be
applied, a carefully designed test to obtain more data can be conducted. For most plants, the return
temperature can be lifted (diminishing the load or mixing return and flow side). This variation has to be
done for different irradiance levels to gain uncorrelated measurements of the irradiance and collector array
temperatures. Additionally, periods with low temperatures at the heating up or cooling down operation
phase of the plant can be used.

x

Reducing modeling complexity. To reduce the modeling complexity, basic checks can be performed to
make sure that minor influencing factor on the thermal performance remain within acceptable ranges. For
example, instead of modeling the volume flow distribution, one can check if the flow distribution is roughly
balanced by evaluating the outlet temperatures of the collector rows.

x

Statistical data evaluation, modeling of uncertainty. To deal with commercial measurement equipment
and missing measurement points, the explanatory variables and the dependent variable need to be modeled
stochastically and the measurement and modeling uncertainties need to be taken into account.

6. Conclusion and Outlook
The major challenges for in-situ testing of large collector arrays were identified and a framework to address them
was developed. The next step is to elaborate the in-situ test procedure based on this framework, implement it in a
software environment, apply it to the test plant and validate it.
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Abstract
The former military area “Benjamin Franklin” in Mannheim, Germany, is converted in a completely new urban
area with the aim of providing a high living standard and an innovative energy supply. The actual proposed energy
supply concept for the sub quarter “Sullivan” was assessed. Two alternative concepts focusing on renewable
energy sources have been developed. For this, some approaches from [1], [2], [3] have been applied and further
extended. The developed concepts have been compared to the actual one, related to primary energy demand and
economics.
Keywords: energy concepts, quarters, urban area, district heating, solar thermal, photovoltaic, heat pump

1. Introduction
Mannheim is a city in the Rhine-valley in Germany approx. 100 km South from Frankfurt with around 300,000
inhabitants. After the withdrawal of the American Army, the military area “Benjamin Franklin Village” was
handed over to the city of Mannheim. Such a large area with around 1.4 million square meters almost in the city
centre offers wide possibilities for further urban development. Strategic, future-oriented urban development
implies not only architecture but also innovative energy supply. A similar realized and detailed evaluated project
can be found in [3]
Not only due to the European and German goals of CO2-emission reduction, the city of Mannheim decided to
request a sustainable and renewable energy supply concept for the “Benjamin Franklin Village”. Further drivers
for this innovative supply concept are the aim of creating attractive living areas and not least economic reasons.
Besides several architectonical requirements the city of Mannheim demands a primary energy factor of fp = 0.55
for the heat supply for the buildings.
The area “Benjamin Franklin Village” is subdivided into five smaller urban areas with different focal activities
such as living (Franklin center, Sullivan, area of Officers cantonment), services sector (Funari Barracks), and trade
and commerce (Columbus area). Additionally the current development status varies depending on the remaining
tasks to prepare the land for building. Since the pre-preparation of parts of the area is finished but the planning
phase is not yet finalized, the authors decided to investigate several energy supply concepts for the living sub
quarter “Sullivan” in detail, Fig 1.
As a result of an ideas competition, the city of Mannheim decided to award the local energy provider’s concept
for supply energy to the sub quarter “Sullivan”. The core components of the concept are the already available
district heating grid of Mannheim with a primary energy factor fp = 0.65, which is able to provide additionally the
heat for Sullivan, and a combination of an air to water heat pump and a photovoltaic (PV) system to reduce the
primary energy factor. In this present concept, neither an adaptive control, nor a prognoses tool related to demand
and weather is implemented. Therefore, the authors decided to assess the proposed energy concept in detail and
to develop alternative concepts with the focus on a higher level of sustainability and innovation combined with
an improved economic feasibility.
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Sullivan
Officers cantonment

Franklin centre

Columbus area
Funari Barracks

Fig. 1: Bird’s view of the Benjamin franklin Village in Mannheim, Germany, incl. the subdivision into the five quarters,
source: www.mz.de, modified by the author

In the following, the awarded concept is presented and further used as the reference concept for the three
developed alternative concepts. The comparison between the in total four concepts comprises as key aspects the
primary energy demand, CO2 emissions and the economics.

2. Reference concept
The awarded concept of the local energy supplier uses as basis heat source the already existing district heating
grid (primary district heating grid). This heating grid is located directly outside of the quarter “Sullivan” and can
be extended by a secondary heating grid for providing heat into “Sullivan”. Additionally, an air-to-water heat
pump feeds heat into the grid. Since the temperature level of the heating grid is 70 °C, a special, double stage,
high temperature heat pump will be installed. To reach the required primary energy factor for the heat supply in
the urban sub quarter Sullivan, ca. 1 500 m² PV modules (250 kWp) shall be installed. The provided electricity is
used to operate the compressor of the heat pump. Fig 2 shows the scheme for this concept.

Fig. 2: Scheme of the reference concept comprising heating grid, air-to-water heat pump and PV

Detailed simulation studies show that the primary district heating grid feeds the entire year heat into the secondary
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heating grid. The air-to-water heat pump provides only a small share of the energy. During summer, the available
PV power and the ambient air temperatures are much higher than in winter when the maximum heat load occurs.
Therefore, the energy share delivered by the heat pump is significant higher than during winter times. The total
energy delivered by the heat pump is 980 MWh/a with a seasonal performance factor of 3.0. This represents 15 %
of the total energy demand of the urban area. Even during the summer months, the heat pump covers less than
50 % of the heat demand. The amount of energy provided by the heat pump balances exactly with the amount of
energy required to reduce the primary energy factor of the entire system from 0.65 (primary district heating grid)
to 0.55. Since all further developed concepts compete with this conventional concept, it is defined as “reference
concept”.

Fig. 3: Energy balance of the reference concept

3. Alternative concepts
For additionally reducing the primary energy factor of the heat supply of the quartier Sullivan, alternative
innovative concepts are required. Since the energy provided by the sun has a primary energy factor of 0.0 by
definition, the concepts shall aim for a high solar thermal fraction. A seasonal thermal energy store (STES) offers
the possibility to increase further the solar thermal fraction. An integration of PV into the further investigated
alternative concepts was not taken into account due to the missing concurrency between generated PV-power and
heat demand. Only on a yearly bases, the energy balance of such combinations might be balanced. Furthermore
also under exergetic aspects it is considered as much more appropriate rather to use PV-power directly to substitute
conventional produced electricity than converting it into heat.
The following chapters present three alternative concepts with different characteristics. These concepts have been
compared to the reference concept related to economics, CO2 emissions, primary factor and solar fraction.

Concept 1: Solar district heating grid with short term thermal energy store
The first alternative concept for providing the required heat to “Sullivan” is also based on a district heating grid.
But in contrast to the reference concept it is partly fed by solar thermal energy. The primary district heating grid
of the city of Mannheim provides only the energy demand, which solar thermal cannot cover. The concept
comprises 5,000 m² solar thermal flat plate collectors, and a 400 m³ hot water buffer store. To avoid stagnation
during times without sufficient heat demand, the solar thermal collector field feeds into the return flow of the
primary district heating grid. Fig. 4 shows the scheme with the separation between primary and secondary district
heating grid and the hydraulics.
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Fig. 4: Scheme of the first concept based on solar district heating grid and a short term thermal energy store

Fig. 5 shows the energy balance on a monthly basis. During summer time, the energy gains from the solar collector
field covers entirely the heat demand of the quarter. The heat provide into the return flow of the primary district
heating grid to avoid stagnation is not diagrammed. Due to the relatively high inclination angle of 45° of the solar
thermal collector field, this heat can be neglected. No seasonal thermal energy storage is included. This approach
leads to a relatively high annual solar fraction of 34 % with lowest system and investment effort.

Fig. 5: Monthly energy balance of concept 1, comprising solar district heating grid and a short term thermal energy store

Concept 2: Solar district heating grid with seasonal thermal energy store and compression
heat pump
The second concept aims for a solar fraction of 50 % and a separated district heating grid. No heat exchange
between the primary and the secondary heating grid takes place. To reach a solar fraction of 50 %, a solar thermal
collector field of 7 600 m² is required, which is about 50 % larger than in concept 1. A seasonal thermal energy
store with a volume of 7 200 m³ stores the additional heat from the solar collector field, Due to this large store,
the volume of the short term buffer store is reduced by half, compared to concept 1, to 200 m³. A heat pump (HP)
decreases the temperature in the seasonal thermal energy store and therefore increases the effective usable storage
capacity. Additionally, the efficiency of the solar thermal collectors increase with decreasing operation
temperature. The heat pump only operates in winter times and decreases the temperature in the seasonal thermal
energy store down to 18 °C. A further temperature decrease in the seasonal thermal energy store is not efficient
any more. Due to available groundwater at a temperature level of 18 °C, the heat source of the heat pump is
changed at 18 °C from the seasonal thermal energy store to the groundwater. The heat pump has a nominal
electrical power of 400 kW, the highest monthly thermal power occurs in February with 1.27 MW. The buffer
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store covers the peak power demands that rises up to 2.8 MWth. Therefore, no auxiliary heating system
additionally to the heat pump is required. Fig. 6 shows the hydraulics of this concept.

Fig. 6: Scheme of the second concept based on a solar district heating grid, a seasonal thermal energy store and compression heat
pump

Fig. 7 shows the monthly energy balance of concept 2. The solar thermal collector charges during the months
April to September the seasonal thermal energy store. During October and November, this heat is discharged and
supplied directly into the district heating grid (light blue). Eventually in November, the temperature level of the
heat discharged from the seasonal thermal energy store is not sufficient any more. With the help of the heat pump,
the seasonal thermal energy store is discharged further and delivers into the grid (green). After reaching a
temperature level of 18 °C in the seasonal thermal energy store, the heat pump uses the available groundwater as
heat source and provides the energy demand for the district heating grid (violet) Although, the seasonal thermal
energy store feeds only in total 560 MWh/a heat into the grid, its implementation increases the efficiency of the
heat pump and the solar thermal collector significantly, [8].

Fig. 7: Monthly energy balance of concept 2, based on a solar district heating grid, a seasonal thermal energy store and a
compression heat pump

Concept 3: Solar district heating grid with seasonal thermal energy store and absorption
heat pump
The third concept bases on the second concept, but an absorption heat pump replaces the compression heat pump.
The collector area with 7,600 m², the size of the seasonal thermal energy store with 7,200 m³ and of the buffer
store with 200 m³ stay the same. The difference is the integration of the heat provided by the primary district
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heating grid. The primary grid feeds on the on hand directly into the secondary grid and on the other hand
indirectly via the generator of the absorption heat pump. The implementation of an absorption heat pump allows
for an efficient use of the heat of the primary district heating grid. Simultaneously, the solar thermal collectors
and the seasonal thermal energy store operate more efficiently compared to a system without heat pump. The
absorption heat pump has a nominal output power of 700 kW. The primary district heating grid covers the
additional heat demand directly.
This concept is similar to a solar district heating grid realized in the project “Ackermannbogen” in the city of
Munich, Germany. Only the size of the concept here exceeds the system in Munich by a factor of three. Fig. 8
shows the scheme of the concept three.

Fig. 8: Scheme of the third concept based on a solar district heating grid and the already available district heating grid, a seasonal
thermal energy store and an absorption heat pump

The solar collector field charges the seasonal thermal energy store during summer. The absorption heat pump uses
the seasonal thermal energy store and the groundwater as heat source. Additionally in the core winter months
December, January, February the primary district heating grid provides the remaining heat demand, as the
absorption heat pump cannot cover the total demand due to its limited size.

Fig. 9: Monthly energy balance concept 3, based on a solar district heating grid and the already available district heating grid, a
seasonal thermal energy store and a absorption heat pump
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4. Evaluation of concepts
The evaluation of the reference concepts and the three developed alternative concepts bases on four performance
figures:
x

Primary energy factor

x

CO2 emission in kg per MWh heat

x

Solar fraction

x

Specific costs in € per MWh heat

The primary energy factor fp [-] serves in several standards and directives in the building sector as performance
figure. The primary energy factor puts all efforts and losses, occurring during generating, treatment, storage,
transportation and distribution, into relation to the delivered usable energy. In contrast to the cumulative energy
demand, the primary energy factor only takes into account the energy carrier. Hence it omits the required raw
materials, semi-finished products and services, such as a power plant. Table 1 shows the primary energy factor
used for the evaluations.
Tab 1: Primary energy factor for different energy carriers

Energy carrier

Primary energy factor

Solar thermal
Photovoltaic

source

0

EnEV [11]

0

EnEV [11]

District heating,
Mannheim

0.65

certificate power plant, city of Mannheim

Electricity mix, Germany

1.8

EnEV [11]

Since the primary energy factor only indicates one aspect of the environmental stress, the CO2 emissions are
introduced as a further evaluation criteria. The CO2 emissions [kg/MWh] represents the amount of climatedamaging CO2 equivalents emitted per MWh final energy. The used data represent not only the energy carrier,
but also the production, use and disposal of the energy conversion systems. Bases of the calculation is the database
GEMIS, Version 4.93, see table 2 [12]
Tab 2: CO2 emissions of different energy carrier

Energy carrier

equivalent
CO2 emissions [kg/MWh]

Solar thermal, flat plate collector

13

Photovoltaic, multi crystalline

62

District heating mix, Mannheim

295

Electricity mix, Germany

617

The solar fraction [-] is the ratio between the useful, solar generated heat supplied to the system and the total heat
demand. The solar fraction is a common and wide spread performance figure to classify and compare solar thermal
systems.
The specific heat costs [€/MWh] is the ratio between the annual total costs and the generated heat based on
VDI 2067 [13]. The solar heat costs enable an economic comparison between different concepts and technologies.

2360

D. Bestenlehner / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

Fig 10: Comparison of the performance figures of the different concepts

Fig. 10 shows the comparison between the reference concept and the three alternative concepts. Concept one has
the lowest specific cost, even lower than the reference concept. The primary energy factor of all three alternative
concepts are lower than the one of the reference concept. Related to the CO2 emissions concept one and three have
lower emissions than the reference concepts, although concept two has the highest CO 2 emissions. This is due to
the high share of heat generated by the compression heat pump and therefore the high electricity demand. If an
additional installation of a PV system is considered (as it is within the reference system), the CO2 emissions would
be reduced significantly.

5. Conclusions
The evaluations of the three alternative concepts show a significant potential for improvements related to the
primary energy demand and the solar fraction. Further, concept one and three have reduced CO2 emissions
compared to the reference concept. Only concept two has higher CO 2 emissions due to the implementation of a
compression heat pump. Even for systems with 50 % solar fraction the specific heat costs are in the same range
of the reference concept.
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Analysis of the match of heating load and wind turbine production
– a case study for the Faroe Islands
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Abstract
In search for options to replace the fossil based heat supply of the housing stock of the Faroe Islands, the
application of electrical heating in combination with an increase of wind power penetration in the electricity grid
is analyzed. This option is favored by the – as compared to other geographical regions - good seasonal match of
the wind generation and the temperature driven heating load at this location. For this case the requirements for
oversizing of the wind generation capacity, inclusion of storage and/or use of back-up energy for a save load
supply are analyzed.
Keywords: heat supply. wind power, Faroe Islands

1. Introduction
The Faroe Islands - located remotely at 62ࡈ North, 7.5ࡈ West in the North Atlantic - have a population of ~55
thousand people. Due to the Gulf Stream, the climate is comparatively mild showing an annual mean temperature
of about 10°C with only limited deviations in summer and winter. This results in an overall moderate heating load
for the housing stock but calls for heating in all month. Currently the heat supply is almost completely based on
oil. According to the aim of reducing the dependence on fossil fuels and limiting CO2 emissions, replacements
are needed here. With the - due to the high latitude - limited solar resources in winter but an elevated wind power
potential, the use of electrical heat (with the option of using heat pumps) powered by a grid with a high wind
power penetration can be considered as option for an alternative heat supply. Additional benefits of linking wind
power to heat supply systems are discussed e.g. by Østergaard 2013, Xydis 2015 and Zhang et al. 2015. This
paper will give a more detailed assessment of this option by inspecting first the seasonal match of monthly heat
demand and monthly energy gain of wind turbines. For the Faroe Islands – showing a favorable seasonal match –
details on system performance are analyzed by simulations based on on-site wind and temperature data with 10min
time resolution.
As bases for these studies the next section will show a simple approach for modelling the heat requirements of
buildings based on temperature information used here for the assessment of the characteristics of both the monthly
and short term energy demand. With a similar simplified approach, the characteristics of the monthly energy gain
and short term power output of a wind turbine installation are assessed. Heat demand and wind generation are set
in relation by scaling the heat demand according to turbine generation, i.e. a selection of an appropriate number
of houses to be heated (or heated space area) by a wind installation.

2. Characteristics of the heat demand
For the assessment of the characteristics of the heating load, a simple linear dependence of required heating power
to ambient temperature is assumed. Heating is assumed to be necessary when ambient temperature is lower than
18°C, the required power rises linear with the with temperature difference to 18°C. Rated heating power is set to
refer to an ambient temperature of -18°C (see. eqn.1). The required monthly or annual energy can be evaluated
based on time series information on the ambient temperature and the rated heating power as given by eq. 1. The
temperature information can be compressed into the parameter heating degree days (HDD) – basically the
(monthly or annual) time integral of the difference of 18°C and the ambient temperature taken for situations with
ambient temperatures < 18°C.
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A first impression of the temperature conditions can be gained from the monthly mean temperatures. Fig.1 gives
these numbers for the site Tórshavn, Faroe Islands. Monthly mean temperatures vary but in the rage of 6-12 ࡈC.
These data are all taken from the RETScreen data base (Anonymous, 2014).

Fig. 1: Mean monthly temperatures for the Town of Tórshavn, Faroe Islands. Data taken from the RETScreen data base].

The respective values of the HDD - as indicator for the heating load as sketched above – for Tórshavn are shown
in Fig.2, They are also supplied by the RETscreen data base. For comparison, data for a site in Norway (Ålesund)
are given. As compared to Torshavn, that site shows an overall higher heating demand with a well pronounced
reduction of needs in summer. For Torshavn there is less variability in the monthly heating requirements. The
heating load in summer remains at about half of the heating load in winter.

Fig. 2: Monthly heating degree days (HDD for Tórshavn and Ålesund (Norway). Overall, there is less need for heating in
Torshavn, but a remaining requirement in summer.

3. Characteristics of wind turbine generation
For the calculation of the monthly turbine generation, based on information of monthly average wind speeds at
10m above ground level (information offered by the RETScreen data base) speeds are scaled up to 50m agl. (a
conservative assumption for larger wind turbines) assuming a logarithmic profile for a roughness length of 0.15m.
A monthly energy gain is calculated with the assumption of Rayleigh distributed wind speeds, using a power curve
for a typical 1MWrated turbine.
A first view on the wind resource on the Faroe Islands is given by Fig.3. Shown are the monthly mean wind speeds
at 10m agl. as supplied by RETScreen. This indicates good wind conditions with an annual mean wind speed of
~6.5m/s at 10m above ground level in an industrial/harbor environment. The good wind conditions on the Faroe
Islands are confirmed by data on the annual performance of a commercial wind farm close to Torshavn
(Annonymous 2017).
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Fig. 3: Monthly means of the wind speed in Tórshavn at 10m above ground level. Data are taken from the RETSrceen data base.

Based on the monthly mean wind speeds scaled up to a hub height of 50m as described above, and assuming a
Rayleigh distribution of the of wind speed, the monthly mean power output of a typical 1MW turbine is estimated
(see Fig. 4). With the assumption of 0.15m roughness length used for this site, the results are conservative
estimates of the energy gain.

Fig. 4: Estimated monthly mean power output of a 1MWrated turbine at Tórshavn.

4. Linking wind resource and heating load
Comparing the pattern of the monthly heating load as determined the pattern of HDD values and the monthly
power generation for Tórshavn, the good match of these sets is obvious (see Fig.5, correlation coefficient of the
two sets is 0.87). However, not for all month a wind turbine sized to cover the annual demand would be able to
cover each monthly load).

Fig. 5: Estimated normalized monthly energy gain from a wind turbine together with the normalized monthly heating load
calculated on basis of the heating degree days (site: Tórshavn). Both production and demand are given as monthly fraction of the
annual sum.

This pattern can now be compared to that of other locations. With the scaling of the heating load applied, it should
be remarked that the results for each location refer to different relations of heated space to turbine size (the
1MWrated system used as standard here), resulting from the specific wind and temperature (HDD) conditions.
The sites scanned here comprise of different locations in Northern and North-Western Europe including the
Atlantic isles. Fig 6 gives with the comparison of the load and generation patterns for two locations on the Faroe
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Islands, besides Torshavn the site of Akraberg on the southernmost of the Islands. Fig.7 gives the data for the
sites Lerwick, Shetlands and Ålesund, Western Norway, Fig 8 for Bremen, Germany and Cardiff, Wales.

Fig. 6: Estimated normalized monthly energy gain from a wind turbine together with the normalized monthly heating load
calculated on basis of the heating degree days. Both production and demand are given as monthly fraction of the annual sum.

Fig. 7: Same as Fig.5, but for the Sites Lerwick and Ålesund, showing similar pattern as the Faroe Islands sites

Fig. 8: Same as Fig.5, but for the sites Bremen and Cardiff. For these sites, except for magnitude, the pattern remains similar to
those of the more northerly sites. Difference is in the heating load (blue) in summer being reduced to almost zero, causing a larger
spread of the pattern of the monthly heating loads.

For Akraberg – with wind speeds superior to those at Torshavn, the monthly pattern in wind generation is even
less pronounced than for Torshavn. For both sites monthly wind generation and load are closely correlated with
a similar spread. This pattern is repeated for Lerwick and Ålesund, with Ålesund showing a higher parallel sprread
in both monthly load and generation. For Bremen and Cardiff, with less favorable wind conditions and thus lower
wind generation. With the load scaling according to annual production a remarkable surplus in generation occurs
in the summer month. This is due to the heating load approaching zero in summer. In contrast production deficits
occur in winter. With still a good correlation of production and load, the mismatch is a consequence of the
different spreads of the two series – variability of the monthly heating load much bigger than variability of the
monthly production.
The quality of the match of these series of monthly energy data can be related to basic characteristics of the
meteorological series. To show this kind of dependency, the Root mean square of the differences in monthly
generation and load, both normalized by the respective annual sums is extracted for an extended set of stations
(all represented in the RETScreen set) in North-Western Europe (see Tab.1).
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Tab. 1: Maximum difference of monthly normalized HDD and normalized wind speed and root mean square of the monthly
difference of normalized load and production
ƐŝƚĞ
ŬƌĂďĞƌŐ͕&ĂƌŽĞ/ƐůĂŶĚƐ
dŽƌƐŚĂǀŶ͕&ĂƌŽĞ/ƐůĂŶĚƐ
>ĞƌǁŝĐŬ͕^ŚĞƚůĂŶĚƐ
ďĞƌĚĞĞŶ͕^ĐŽƚůĂŶĚ
ůĞƐƵŶĚ͕EŽƌǁĂǇtĞƐƚĐŽĂƐƚ
ZƆƌŽƐ͕EŽƌǁĂǇ/ŶƚĞƌŝŽƌ
ƌĞƐƚ͕&ƌĂŶĐĞ͕ƌĞƚĂŐŶĞ
WůǇŵŽƵƚŚ͕ŶŐůĂŶĚŚĂŶĂůŽĂƐƚ
ĂƌĚŝĨĨ͕tĂůĞƐ
ƌĞŵĞŶ͕EŽƌƚŚĞƌŶ'ĞƌŵĂŶǇ
>ŝůůĞ͕EŽƌƚŚĞƌŶ&ƌĂŶĐĞ
ƌĞƐĚĞŶ͕ĂƐƚĞƌŶ'ĞƌŵĂŶǇ
ŽƵůŽŶŐĞ^ĞŝŶĞ͕EŽƌƚŚĞƌŶ&ƌĂŶĐĞ
<ĂƌůƐƌƵŚĞ͕^ƵƚŚͲtĞƐƚĞƌŶ'ĞƌŶĂďǇ

ZD^ŵŽŶ͘ĞŶ͘ŵŝƐƐ͘
Ϭ͘ϭϭϲ
Ϭ͘ϭϯϵ
Ϭ͘ϭϯϵ
Ϭ͘ϭϲϴ
Ϭ͘ϭϳϬ
Ϭ͘ϮϬϬ
Ϭ͘Ϯϭϳ
Ϭ͘Ϯϳϭ
Ϭ͘ϯϰϭ
Ϭ͘ϯϳϳ
Ϭ͘ϯϴϬ
Ϭ͘ϰϯϱ
Ϭ͘ϰϲϲ
Ϭ͘ϰϵϰ

ŵĂǆ͘ŵŽŶ͘ŵĞƚ͘ŵŝƐƐŵĂƚĐŚ
Ϭ͘ϮϬϵ
Ϭ͘ϭϰϯ
Ϭ͘ϮϬϲ
Ϭ͘ϰϮϰ
Ϭ͘Ϯϰϲ
Ϭ͘ϯϲϲ
Ϭ͘ϰϵϵ
Ϭ͘ϰϱϲ
Ϭ͘ϱϮϰ
Ϭ͘ϲϴϴ
Ϭ͘ϳϴϬ
Ϭ͘ϴϳϲ
Ϭ͘ϳϰϲ
Ϭ͘ϵϮϵ

In addition, as a measure for the similarity in the monthly sets of wind speed and ambient temperature is set up.
It is given as the maximum difference of the normalized monthly HDD and the normalized monthly wind speed,
both normalized by the average of the respective set. The values for the sites selected are also given in table 1.
Fig. 9 shows the relation of the energetic mismatch to the meteorological mismatch, presenting a good correlation
of the two sets. Thus, the feasibility of wind heating systems at a site can be pre-assessed by inspecting the sets
of monthly HDD’s and wind speeds.

Fig. 9: Relation of the root mean square of the monthly difference of normalized load and production -as measured of the
energetic mismatch – to the maximum difference of monthly normalized HDD and normalized wind speed as measure of
‘meteorological mismatch’ (data see tab.1).

5. Analyses of system performance at a well matched site with higher time
resolution
For more insight in expected system performance, a more detailed study is done based on annual 10min time
series of wind speed and ambient temperature measured at one of the smaller Faroe Islands, Nólsoy. These sets,
showing a time resolution of 10min had been measured by the Danish Meteorological Institute. The annual set
for 2008 is used here, showing a mean wind speed of 9.4m/s. These data are used directly as input to calculate
the power output series of a 1MW wind turbine. The heating load is calculated according to the linear dependence
that forms the basis of eqn.1. Thermal inertia of the building is neglected here, which, for the prevailing woodbased construction type on the Faroe Islands - and as the heating system of the houses contain but the storage
capacity of conventional oil-fired systems – should be not too far from reality here.
Fig. 10 gives a first impression of the system performance based on the 10 min. data. Given are the evolution of
the accumulated heating load and the accumulated turbine generation over the year. As for the monthly resolved
data for Torshavn discussed above, there is a lack in generation in the late spring/early summer months. From an
in-depth analysis of the series of the accumulated deficit (see e.g. Haas 1995), a storage dimensioned to host 30
times the average daily load is identified to be necessary for a continuous supply of the load.
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Fig. 10: Annual evolution of normalized cumulated heating load (red) and normalized cumulated wind turbine production for
temperature and wind conditions at the site Nólsoy and matched annual load and production.

This requirement for storage could be reduced by an oversizing of the wind turbine. Combinations of oversizing
of the wind generation and required storage size resulting from this type of calculation are given in Fig. 11. It has
to be remarked that these calculations to not take into account storage losses that would provoke an increase in
turbine size.

Fig. 11: Combinations of relative turbine and storage size for systems assuring the continuous supply of the load based on the data
set for the site Nólsoy, Faroe Islands. Turbine size is normalized by the size of the turbine assuring the annual match of production
and load, the storage size is normalized to the average annual load.

For a storage with the indicated almost monthly capacity pumped hydro may be considered as the only practical
option – a solution currently discussed for the Faroe Islands to stabilize the isolated grid on the isle of Suðuroy
(see Ludescher-Huber, 2017). On a smaller scale, thermal storage, buffering the heat on a daily scale may be
applied, as demonstrated be a dedicated wind/heating micro grid in operation for some year on Nolsøy (Thomsen
et al, 2015).
The requirement for storage may be reduced by an oversizing of the wind generation. Fig. 12 gives the
combinations of storage size and turbine size representing the limit sizes for autonomous systems, i.e. systems
not allowing for a loss of load.
As example a wind generation doubled as compared to the matching size would reduce the required storage size
to about 5 days – a magnitude not totally out of reach for battery based electricity storage or thermal storage,
depending on the absolute system size.
Another option for avoiding the need for large storage sizes is to either allow for a loss of load or the use of
backup energy, i.e. the use of a backup power source. Fig. 9 gives the fraction of unserved power for systems
with various turbine sizes and a 1-day storage. For a system with the turbine sized to match the annual load the
annual unserved load – or need for backup energy - amounts to ~60 days of consumption.
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Fig. 12: Fraction of unserved power (normalized by the annual load) in systems using a storage to cover one day of load and
various turbine sizes (data base and normalization as for fig. 11).

Thus, even in a region with a favorable seasonal match of heating load and wind turbine generation the effort for
a complete coverage of the load by wind generation remains substantial and asks for dedicated studies on optimal
system design,

6. Conclusion and outlook
As given here, the monthly pattern of power generation of wind turbines matches quite well to the heating load of
houses for the inspected Atlantic and North-Sea climates. For the case of turbines scaled to match the annual load,
however, some deficit will occur in the April to June period. As counter measures, either an over dimensioning of
the wind capacity and/or the inclusion of storage or the limited use of backup energy has to be considered.
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Abstract

The aim of this study is a comparison among Italian and Brazilian electrical energy system with a particular focus on
renewable energy sources. The energy sector has a key role in the sustainable development of a country, so it influences
economic and political choices. The work would underline differences, common point among two country, specially, in
this particular socio-economic period and it should emphasize that green economy could be a possible answer to
financial crisis. The main purpose of this study is a presentation of Italian and Brazilian energy system with a particular
focus on renewable sources. The energy sector has a key role in the sustainable development of these countries and it
could influence economic and political choices or their economic climb. The work will be divided into four sections:
Section I will introduce all details of the question; Section II will explain the renewable assessments or the countries,
Section III will talk how renewable energy investment could be for economic crisis and the last section will show final
conclusions.
.
Keywords: energy policy, renewable energy, solar, economic, sustainable.

1. Introduction
The idea of economic growth has dominated politics and policies since 1945. Environmental concerns and sustainable
development were introduced at a later time. Expectations of win–win, sustainable growth through
technological(Schneider et al. 2010) and efficiency improvements, have not been fulfilled. The present economic crisis
opens up a social opportunity to ask fundamental questions.
The energy assumed a central role in human life since the ancient time because the economic progress developed thanks
to an idea of deranged use of available resources like water, energy or land (Mathiesen et al. 2011).
An immediate consequence of the financial crisis that shook the large majority of countries is the reduction of economic
activity and increased unemployment. Since economic activity is closely linked to energy consumption, it is expected
that the quantity of energy consumed will also decrease. At first glance this seems to be good news: with lower demand,
prices should fall, as occurs when stores offer sales.
The Paris Agreement on climate change, which entered into force in November 2016, is at its most recent heart an
agreement about energy (IEA - International Energy Agency 2011). Anyway, political and economic crisis influenced
the global energy markets, so the aim of this paper is a presentation how their knowledge is essential to define a future
energy programs. The description is based on the study of two different Country: Italy and Brazil, as far for their
geographical but so close for many common points.
As regards climate change and environmental-energy programs, Italy as a member of the European Union was a
signatory to the United Nations Framework Convention on Climate Change (International Energy Agency 2010)
(UNFCCC) and to the Kyoto Protocol and on October of 2016 Italy ratified the Paris Agreement. In fact, already in the
past, Italy has implemented a number of sectoral and cross-sectoral policies to have a direct or indirect effect on the
reduction of greenhouse gas emissions. Legislation introduced to improve the energy performance of buildings,
strengthening their thermal demand requirements. These include compulsory standards for new buildings and
renovation of older buildings.
After less than a year since its signing, Brazil has officially validated the Paris Agreement at the national level. This was
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an essential step because Brazil, one of the world’s biggest greenhouse gas emissions (GHG) emitters, has a
fundamental role in this scenario. The INDCs (Intended Nationally Determined Contributions) submitted by the country
set an absolute emission reduction of 37% until 2025 and 43% until 2030, having as base 2005 levels. Figure 1 shows a
comparison between Italian and Brazilian CO2 emissions’ trend.
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Fig. 1: Comparison of CO2 emissions (period 1960-2012) (Data from http://resourceirena.irena.org)

Remark that figure 1 represents data until 2011, year that signs economic slowdown for Italy but growth for Brazil..
Connected to CO2 emissions and political actions to fight global warming, it is interesting to evaluate climate variation
in the time, considering actual and past data.
The monthly mean historical rainfall and temperature data show the baseline climate and seasonality by month, for
specific years, and for rainfall and temperature.
Figures 1a and 2b display mean historical monthly temperature and rainfall for Brazil and Italy during the period 19002012. The dataset was produced by the Climatic Research Unit (CRU) of University of East Anglia (UEA).

Brazil

Italy

Fig. 1:Mean historical monthly temperature and rainfall (1900-2012) a) Brazil and b) Italy (Data from
http://sdwebx.worldbank.org/climateportal/)

According these data, a significant amount of rainfall characterized Brazilian climate and influenced hydropower
generation in Country. The next sections will explain all renewable energy sources available in the two countries and
the financial effects that turned out.
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2. Renewable energy study in Italy
Italy is a large mountainous country and runs from Alps to Mediterranean Sea. Its surface is 300.000 km2 and we find
some islands like Sicily, Sardinia and other small islands. Italy has almost 59 million inhabitants of whom 22 million
are in active employment. The country is divide into 20 independent regions and all of which are part of the
constitutional structure of State. Italy was a founding member of the European Union and is part of the G8 group of
countries. It enjoys a GDP per capita just above the European average. It has developed a framework to implement an
energy market policy that is consistent with European requirements. The Table 1.1 recaps all principal information(GSE
2016.).
Tab. 1: Italian General Information

General Data
Inhabitants

60.6 [million]

Surface

301.340 [km2]

Density

200 [ab/km2]

Gross Domestic Product

30.527,27 mln $US

Italian energy sector is strong dependent on foreign energy markets and electricity generated from thermal generation.
Specifically, Italy produces small volumes of natural gas and oil but most fossil fuels are imported and augmented by
local production of energy from renewable sources.
European Government imposed that by 2020, the renewable energy should account for 20% of the EU’s final energy
consumption so to meet this shared target, each member state needs to increase its production and use of renewable
energy in electricity, heating and cooling, and transport. In 2015 renewable energy production (only electrical) was been
of 106.686 GWh thanks to a large contribution of hydropower and solar plant. Figure 3 shows an evolution of electricity
generation from 2000-2014 years.

Fig. 3: Italian Electricity Generation from RES (renewable energy system) (Data from http://resourceirena.irena.org) (Data from
http://resourceirena.irena.org)
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The installed power at the end of 2015 is 51,475 MW and represents a little increase respect to the previous year thanks
to the installation of new wind farms and photovoltaic plants. Between 2002 and 2015, the gross efficient power
installed in Italy changed from 19,221 MW to 51,475 MW, an increase of 32,254 MW and an annual average growth
rate of 7.9% overall power; The years 2011 and 2012 are characterized by higher power. Figure 4 shows RES plant
installed between 2002-2015 (GSE 2016).

Fig. 4: Trend of the installed power of renewable energy plants.

Electricity demand 2016, equal to 314.3TWh (-0.8% by 2015), was met for 88.2% by national production (277.2TWh:
+ 2.5% by 2015) and for the remaining quota from net imports from abroad (37.0 TWh: -20.2% by 2015). National
production recorded a substantial increase in the thermoelectric component and a substantial reduction in hydroelectric
power. Renewable production is down due to the reduction in renewable hydroelectric production and, for the first time,
of photovoltaic. Three counterproductive sources: wind, bioenergy and geothermal power generation.
Consumption is down 0.6% compared with 2015 and is 295.5TWh. The distribution by industry shows an increase in
industry, a substantial stability of the attested service and a decline in both the domestic and the agricultural sectors. In
terms of power installed, at December 31, 2016, the gross efficient generation power was 117.081MW, down 2,960MW
(-2.5%) compared to 2015. This phenomenon is due to discharges in the thermoelectric park, increasing the capacity of
renewable sources such as photovoltaics, wind and hydroelectric power (GSE 2016).
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Fig. 5: Electrical consumption for year 2015.

3. Investigation on Brazilian energy sources
Brazil, officially the Federative Republic of Brazil, is the largest country in both South America and Latin America. As
the world's fifth-largest country by area and sixth by population, it is the largest country to have Portuguese as an
official language and the only one in the Americas. Brazil is one of the states with the best performance of economic
development. It is part of the so-called BRICS (Brazil, Russia, India, China and South Africa) namely Countries that in
recent years, and probably in the near future, recorded the highest rates of economic growth. The government plays a
substantial role in the Brazilian electricity sector. Until the 1990s, the government controlled the electricity sector
almost completely(Hira & de Oliveira 2009; Da Silva et al. 2005).

Tab. 2: Brazilian General Information

General Data
Inhabitants

207.8 [million]

Surface

8 514 877 [km2]

Density

23 [ab/km2]

Fig. 6: Brazil GDP (2008-2016)

In 2004, the Brazilian government implemented a new model for the electricity sector. This hybrid approach to
government involvement splits the sector into regulated and unregulated markets for different producers and consumers.
This approach allows for both public and private investment in new generation and distribution projects.
As for conventional source, the thermoelectric generation, above all, coming from natural gas, and for oil reserve, EIA
estimates that Brazil had 13.2 billion barrels of proved reserves, the second-largest level in South America after
Venezuela. More than 94% of Brazil's reserves are located offshore, and 80% of all reserves are found offshore near the
state of Rio de Janeiro.
Regarding renewable sources, Brazil is one of the countries with the highest contribution of renewable energy; in fact
the main considerable are: water resources and biomass. The percentage of renewables in the energy mix has been
increasing over time and is expected to increase further to rise from 42.4% to 47% of the domestic total Brazilian in
2030, as required by the National Energy Plan (PNE). The hydroelectric potential in Brazil is among the top five in the
world: the country has nearly 20% of the planet and has approximately 11% of global hydropower production. The use
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of hydraulic source comes from1883.

Fig. 7: Renewable and conventional sources

The exploitable hydropower potential is still estimated about 250 GW of installed power. Most of this potential is
localized in the Amazon basin, while the north areas aren’t still used. Hydroelectric plants are about 70% of the total
electrical capacity installed in Brazil, amounting to 84 GW. Of these, approximately 14 GW are produced by Itaipù,
built in Parana River on the border between Brazil and Paraguay; production values are split 50% between the two
countries. Currently Itaipù hydroelectric plant produces about 90 to 100 TWh per year; the unused part of the
production from Paraguay to Brazil is counted as the import of electricity. The Brazilian wind potential is estimated at
about 350 GW14, concentrated mainly in northeast areas of country that is characterized by a high wind. There are 986
square kilometers of sand dunes with strong winds in the coast of Rio Grande do Sul. Another promising region is
Minuano. A for solar energy, Brazil is a privileged country regarding solar irradiation.
However, exploitation of this resource is still insignificant because there are installed only 26 MW. The average energy
conversion from photovoltaic systems is very interesting: the annual solar radiation is at its maximum value
(approximately 2,300 kWh / m2) in the semi-arid northeast regions while the minimum (about 1,100 kWh / m2) in the
northwest and southeast area. Figure 8 describes power installed in the period 2005-2016.
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Fig. 8: Renewable energy plant installed in Brazil.

4. Economic impacts of renewable energy industry
In developing countries, where per capita consumption is relatively small, energy efficiency alone will not resolve the
problem, because in many cases the final energy services (lighting, heating, cooking etc.) are still insufficiently
available. Thus, global production and consumption of energy must increase to fulfill this repressed demand(IRENA
2017).
In this field, the renewable energies (such as wind, solar, biomass and small scale hydropower) will have a major role to
play. Not only are these energy sources less polluting, but by their nature, are produced in small units. The
decentralization of energy production leads to increased supply security and the creation of jobs. For example, this
occurs in the production of ethanol from sugar cane in Brazil. The production of ethanol generates 4 – 21 times as many
jobs as those needed to the produce the equivalent amount of energy from oil. For the same quantity of electricity, the
number of jobs generated with wind energy is nearly 100 times greater than that generated by nuclear. The 120 GW of
installed capacity in wind turbines throughout the world produce 260 TWh of electricity and avoid the emission of 158
million tons per year of CO2, which would occur if this energy was produced from fossil fuels. This is a market of
about US $ 48 billion, which creates some 400,000 jobs (as shown in figure 8).
As for Europe, the wind industry remains one of the mainstays of the renewable energy sector in Europe. Employment
declined slightly to 329,700 in 2015 (EurObserv’ER, 2017). Germany was the leader in wind jobs with 43% of the total
in the European Union, followed by the United Kingdom, Denmark, Italy and France. The European solar PV industry
continued to see a fall in employment in 2015. At 114,450, it has lost two thirds of jobs since 2011. Germany, the
United Kingdom, France, and Italy are the leaders, with 67% of the European PV jobs in 2015. If we consider the huge
potential of renewable energy sources for Brazil and Italy, more investments may cause an increase of the jobs in this
sector.

Fig.9: Global renewable energy employment

5. Conclusion
In conclusion, this paper gives information about energy supply in Italy and Brazil, focusing on the renewable energy
sector.
The first part of the work describes a brief energy summary for Brazil and Italy in terms of capacity installed and
electrical consumption. Furthermore, many international researches underline that the market for renewable sources
grows and the financial crisis may be an opportunity. The presence of a stable, favourable policy framework continued
to be a key factor for renewable energy job creation. New wind power installations in the United States, Germany, India
and Brazil, meanwhile, contributed to the increase in global wind employment by 7%, to reach 1.2 million jobs.
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Liquid biofuels (1.7 million jobs), solid biomass (0.7 million) and biogas (0.3 million) were also major employers, with
jobs concentrated in feedstock supply. Brazil, China, the United States and India were key bioenergy job markets.
Jobs in solar heating and cooling declined 12% to 0.8 million amid an installation slowdown in major markets such as
China, Brazil and the European Union. Large hydropower employed 1.5 million people (direct jobs), with around 60%
of those in operation and maintenance. Key job markets were China, India, Brazil, the Russian Federation and Vietnam.
Differently for Italy, according to EurObserver data, employment in renewables in Italy has even declined from 121,850
occupied in 2011 to 97,100 in 2015, a less than 20%. A plausible explanation is that Italy's growth in renewables sector
is reduced to minimum because in the electricity sector invested a significant share of incentives.
In conclusion, the investment in sustainable energy sector can be a correct politic choice to improve programs thus it
may be an attractive opportunity and challenge for the future.
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Abstract
The present work is on the experimental validation of a multi-functional façade model developed within an objectoriented simulation platform. An existing building façade is retrofitted by means of PV and vacuum insulation panels,
which form a ventilation channel. For the optimum performance of the PV panel element, the channel thickness is
chosen by means of the numerical tool so as to maximize the heat evacuated from the ventilation channel throughout
the year, thus enhancing the efficiency of the whole system. The multi-functional façade is properly instrumentalized
and is exposed to real meteorological conditions in order to assess its long term reliability, durability, and energy
performance. Moreover, with the gathered experimental data, the developed numerical model will be validated.
Keywords: PV panel, ventilated façade, numerical simulation, object-oriented numerical platform, experimental
validation.

1. Introduction
Energy efficient buildings have a large potential due to the necessity of reducing energy consumption and carbon
emissions in line with European climate and energy targets for the year 2020. In order to improve the overall impact
of the buildings, different strategies and architectonic solutions are being implemented, stimulating the development
of accurate tools and methodologies in order to analyze their performance properly (Clarke and Hensen (2015)). The
employment of multi-functional façades with double skins seems attractive due to their high potential to provide
structural and energetic advantages, as well as aesthetic and comfort perception. Moreover, they can provide space
for integrated PV panels (Agathokleous and Kalogirou, 2016). The channel formed within two skins can generate a
microclimate around the building. The temperature gradients can facilitate natural and hybrid ventilation (Gratia and
De Herde, 2007) and it can be used for heat recovery purposes, reducing the heating and cooling loads of the building
(Ioannidis et al., 2017).

Fig. 1 Schematic view of the PV Ventilated Façade design (left), sketch of the functioning PV Ventilated Façade (right).
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The present work aims at taking to a further step a previous investigation on the implementation of a numerical model
capable of predicting the thermal and fluid dynamic behavior of a multi-functional ventilated façade (Kizildag et al.,
2015) within the existing parallel and object-oriented platform NEST (Damle et al., 2011). This methodology was
recently employed within the framework of an innovative project (Retrofitting Solutions and Services for the
enhancement of Energy Efficiency in Public Edification, RESSEEPE Project) in the task of envelope retrofitting. In
the framework of this task, numerical simulations taking into account different configurations formed by a PV panel,
a natural convection ventilation channel, and vacuum insulation panels were performed. The numerical study yielded
a design which optimizes the PV panel efficiency under the weather conditions of Coventry, where one of the demo
sites of the mentioned research project is located. In Figure 1, the schematic view of the final design for the retrofitting
of the existing building is depicted. Note that this final design is the outcome of the synthesis of both thermal and
structural analyses carried out in the design stage.

Fig. 2 Numerical analysis of the evacuated heat for different channel widths in the pre-design stage.

In Figure 2, an example of the influence of the possible ventilation channel widths on the evacuated heat is depicted
for a typical month, based on the meteorological data obtained from Meteonorm ® software for the closest location
to the John Laing Building in Coventry. Note, however, that the chosen channel thickness (see Figure 1) considers
the overall effect of the results obtained for the whole year, which does not necessarily correspond to the optimum
solution for a given period.

2. Mathematical and numerical modeling
In the NEST numerical platform, the system is a collection of some basic elements that can individually be solved
for given boundary conditions, which are obtained from neighbor elements. By means of efficient coupling strategies,
different levels of modelling can be put together in problems of complex heat transfer and fluid flow phenomena, for
which multi-functional façades represent a good example. For instance, the critical elements of the façade or the
building can be simulated by means of CFD models based on large-eddy or direct numerical simulations (Lehmkuhl
et al., 2007), providing high precision results where necessary. The coupling of these results with lower order of
modelling is powerful in allowing for carrying out simulations corresponding to extended domains in space and time.

Fig. 3 Scheme of the NEST system as a collection of elements to model the Coventry demo site ventilated PV façade.
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The NEST numerical platform is especially powerful in that it also allows parallel computation, which can
redistribute the available computational resources according to the demands of the employed elements. The
implemented module of the numerical tool aims at modelling an existing building envelope retrofitted by means of
PV panel that is installed in the façade to form a vertical channel. The scheme of the resulting multi-functional
ventilated façade module is shown in Figure 3.
Details of the mathematical and numerical model for the employed elements to form the PV Ventilated Façade is
given by Kizildag et al. (2015). Note that PV Panel is modelled as an opaque one-dimensional conduction element
with internal heat generation, assuming that the portion of the incident solar energy which is not used in the electricity
generation is absorbed by the panel. This study basically addresses the thermal performance of the element.
Regarding the Vertical Channel element, it is worth noting that Bernoulli equation is applied in the inlet of the
channel, assuming acceleration from an unperturbed point at the bottom of the channel. As for the thermal boundary
conditions, improving the mathematical model employed in the previous work (Kizildag et al., 2015), the inlet
temperature is no longer set constant at the mean outdoor temperature value of the simulated period, but it is
dynamically adapted from the available meteorological data. The governing continuity, momentum, and energy
equations regarding the Vertical Channel element are discretized by means of appropriate numerical schemes as
explained in (Patankar, 1980) and using SIMPLEC algorithm.
Opaque Wall element is modeled in the same fashion as the PV Panel element, except for the existence of the inner
heat generation terms. This element, which models the insulation layer, uses the thermophysical properties
corresponding to the aerogel-based superinsulating mortar or vacuum insulation panels (VIP) provided by the
manufacturers of these architectonic solutions, applied in the retrofitting of the demo building.

Fig. 4 Global resolution algorithm of the numerical tool.

The global resolution algorithm of the numerical model is shown in Figure 4. At each iteration, once the inputs (e.g.
temperature, heat flux etc.) are obtained from the neighbors, the governing equations for each element are solved and
the final outputs are supplied again to the neighboring elements as boundary conditions. Iterations continue until
convergence is reached at a given time step and next time step calculation starts as the variables are updated. Details
of the numerical platform are provided in (Damle et al., 2011).

3. Experimental validation of the numerical model in demo site
The validation of the numerical model was performed separately for each element constituting the PV façade using
subsystems for which an analytical solution exists (see Kizildag et al., 2015 for details). As for the PV Panel and
Opaque Wall, an analytical solution exists. Regarding the Vertical Channel, the analytical solution presented in (BarCohen and Rohsenow, 1984) was used. Detailed results of the code validation were given in (Kizildag et al., 2014).
The present work, however, is aimed at completing this initial analytical validation by a proper experimental
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validation. Thus, in order to validate the implemented numerical model, the whole PV façade module of the
retrofitted façade of the John Laing building (see Figure 5), composed of a PV panel, a ventilation channel, VIP
panels and brick layers, was instrumentalized.

Fig. 5 Retrofitted façade of the John Laing Building in Coventry University.

The façade is equipped with a pyranometer measuring the global solar radiation in the plane of the façade, and a
temperature sensor registering the outdoor ambient temperature in the vicinity of the prototype. Within the ventilation
channel, two anemometers are placed, one in the midheight, the other in the 90% of the PV panel height locations.
Two temperature sensors are also located in these locations. Another temperature sensor is also placed in the inner
surface of the VIP panel which confines the ventilation channel. See Figure 6 for the images corresponding the
instrumentalization of the PV façade.

Fig. 6 Pyranometer and outdoor temperature sensor (left), anemometer and inner tempearure sensors (right).

The experimental data from the sensors installed in this facility is gathered by a data acquisition system during
prolonged periods of time. In Figure 7, the measured meteorological data for the PV façade for the winter and spring
periods are depicted. Note that, during the winter period, the available solar energy on the plane of the façade is
significantly lower with respect to spring conditions, which makes the months of March and April periods more
suitable for the analysis of the façade. For the validation of the numerical model, the gathered meteorological data is
feeded in the numerical model as the boundary conditions of the studied case, and the numerical outcomes of the
model is than compared with the experimental data obtained from the temperature and air velocity sensors located
within the cavity of the ventilation channel. To that end, three representative variables are selected:
x
x

average air velocity within the ventilation channel
temperature at the outlet of the channel
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x

temperature at the VIP surface, adjacent to the ventilation channel

Fig. 7 Solar radiation and ambient temperature in demo site during winter (top) and spring (bottom).

Fig. 8 Comparison of the numerical model’s average velocity field with the experimental readings for March 2017 (top) and April 2017.
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Fig. 9 Comparison of PV Façade air outlet temperatures obtained numerically and experimentally for March 2017 (top) and April 2017
(bottom).

Fig. 10 Comparison of VIP surface temperature, confining the channel, obtained numerically and experimentally for March 2017 (top)
and April 2017 (bottom).
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The data corresponding to these selected variables are comparatively presented in Figures 8-10. The numerical data
here presented for these considerably large periods of time –of the order of months- is in significantly good agreement
with the gathered experimental data, thus providing a reasonable confidence in the potential of the numerical model
in anticipating the thermal and fluid dynamics performance of the studied PV façade.
It has to be noted that, the model outcome is consistent with the complex physical phenomena taking place in the PV
ventilated façade, as the temperature evolution data can fully follow the trend of the experimental temperature
evolutions registered in two depicted key locations (see Figures 9 and 10). As for the air velocity within the
ventilation channel, the numerical outcomes correlate very well with the availability of solar radiation, however they
somewhat overestimate the velocities registered by the anemometer located at the top location of the channel (see
Figure 8). Similarly, the estimated temperatures, while reproducing the phenomena correctly, are a few degrees lower
than the experimental readings. These discrepancies can be attributed to many circumstances, such as:
x

1D numerical model vs 3D physical phenomenon: The employed numerical model is necessarily a 1D
model, due to the impossibility of the detailed numerical resolution of the complex phenomena within the
air channel for prolonged periods of time, typically one year. Any higher order model, such as CFD models,
is not feasible for the present study.

x

1D model necessarily employs empirical data, such as friction factor or heat transfer coefficient which are
derived for general situations which may not be in line with the actual studied case.

x

The empirical data employed is derived for steady-state conditions, while the present study involves a
transient behavior.

x

The placement of the physical sensors, cables and other connection devices within the air velocity affects
the overall behavior of the flow in the ventilation channel. These details are not considered in these
simulations.

x

The inlet and outlet geometry of the channel deviates from the initially studied case, which can justify
important discrepancies with respect to the flow configuration.

x

The employed anemometers have associated errors which can lead to discrepancies.

x

Shadows are reported to be partially present on the studied façade, which can cause virtually higher or lower
available radiation data on the façade.

x

Temperature indoors is considered as a given constant value throughout the simulations.

To have a closer look at the model performance, data corresponding to the 1st week of April 2017 is depicted in
Figure 11. The data is in line with the main conclusions mentioned above regarding the agreement of the numerical
and experimental data, considering the assumptions that are included in this numerical study.
Thus it can be said that, the numerical tool, after being validated using the experimental data gathered in the John
Laing Building, certifies the proper functioning of the ventilation channel placed behind the PV panel. The channel
is shown to effectively dissipate the heat accumulated in the PV panel element, thus avoiding it to reach temperatures
in which the correct functioning and overall efficiency of the PV element would be negatively affected.
Overall, the present numerical methodology for the long term thermal and fluid dynamics behavior analysis of a PV
Ventilated Façade is shown to be an effective tool to design and optimize similar configurations. It is especially
interesting to note that, due to the modular design of the validated software, new and more efficient materials or
different innovative architectural solutions which are daily emerging in the market can be readily implemented in
this validated numerical tool to address each time a wider range of situations regarding the retrofitting of the
buildings.

4. Analysis of PV Ventilated Façade technology extrapolated to whole building
As an additional step of the present work, the numerical tool is employed to analyze the heat dissipation behavior of
the channel, in the event that the PV ventilated façade technology is applied to the total available opaque surfaces
present in the western façade of the demo building. In line with the objectives of the RESSEEPE project, it is of
importance to extrapolate the results of the demo site module to the whole façade, thus highlighting the overall
savings that could be provided by this retrofitting technology.
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Fig. 11 Numerical vs experimental data for the 1st week of April. Temperature at the outlet of the channel (top), temperature at VIP
surface (middle), average channel air velocity (bottom).

In Figure 12, the instantaneous total heat which would be evacuated by means of the ventilation channels is
compactly depicted during the periods of winter and spring. This calculation is carried out by means of the already
presented and validated numerical tool, using as boundary conditions the meteorological data gathered in the demo
site, for the hypothetical case of installing the identical PV Ventilated Façade to all the available opaque spaces,
excluding the already existing windows. Note that the evacuated heat, represented by the blue lines, have higher
influence at higher levels of incident solar energy. During the winter months, the available solar energy is reduced
and the outdoor ambient temperatures are relatively lower, thus the effect of the ventilation channel is not expected
to be critical during these months, as confirmed by the outcomes of the numerical tool. However, from the detailed
results depicted in Figure 13, it can be observed that the façade would effectively remove important portions of heat
during the times of high solar availability, such as in May, by means of the ventilation channel.
Table 1 Total incident solar energy and the dissipated portion by the ventilation channel during 6 months.

Month

Incident Heat (kWh)

Dissipated Heat (kWh)

Percentage (%)

December

1375

203

14.8

January

1369

146

10.7

February

2578

760

29.5

March

6636

2371

35.7

April

11395

4784

42.0

May

11606

4788

41.3
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In Table 1, the monthly total incident solar energy is given together with the dissipated portion by means of the PV
Ventilated Façade. The tabulated data shows that, in the hypothetical case of installing this technology to the whole
western façade of the John Laing building, over 40% of the absorbed heat by the PV panel would be effectively
dissipated, leading to the optimum and efficient functioning of the PV panel.

Fig. 12 Incident vs evacuated heat calculated for the hypothetic implementation of the technology to the whole façade.

In order to complement the data presented in ¡Error! No se encuentra el origen de la referencia., and to study the
improvement experimented by the system thanks to the presence of the ventilation channel, the validated tool has
been employed to comparatively study the influence of the ventilation channel on the PV panel temperatures. Note
that, according to the technical specifications of the implemented panels in Coventry demo site, the efficiency of the
electricity production of the panels reduce approximately by 0.451 % for each ºC of temperature rise experimented
in the mean temperature of the cells. To that end, an additional simulation has been performed, simulating the thermal
behavior of the façade for an identical system, but without the channel, i.e. the PV Panel is modelled to be attached
directly to the VIP element. Considering the projection of this technology to the whole western façade of the John
Laing building, the additional electrical energy delivered to the system is depicted in Table 2. Note that, the daily
average PV panel temperatures are evaluated for the periods where there is solar availability within a day, i.e. during
sunshine hours. The data reveal the key function of the ventilated façade, which make the PV panel function close
to the ideal temperature conditions, and thus contributing it to deliver a considerably higher amount of electrical
energy when compared with a hypothetical solution without ventilation channel.

Fig. 13 Hypothetical instantaneous evacuated heat during the first two weeks of May 2017.
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Table 2 Projection of the improvement of the electrical energy generation due to the presence of the ventilation channel for the
meteorological data gathered in May 2017.

Daily average PV
panel temperature
without channel

Daily average PV panel
temperature with
channel

Additional electrical
energy delivered to the
system

(º C)

(º C)

(kWh)

1

27.975

21.089

9.38

2

24.622

19.056

6.53

3

24.205

19.216

5.63

4

36.878

25.405

28.23

5

36.527

25.009

31.09

6

14.354

13.966

0.19

7

38.207

26.269

30.87

8

26.303

21.255

7.73

9

29.523

23.260

12.78

10

36.562

25.237

32.09

11

30.433

22.162

13.81

12

28.305

21.219

8.08

13

31.207

22.351

17.35

Day

In summary, the analysis extrapolated to the whole building by means of the validated numerical model shows that
PV Ventilated Façade can be an interesting solution, evacuating the excess of heat through the ventilation channel
by means of natural convection, thus contributing to the corresponding ventilation of the PV Panel, enhancing its
efficiency. The analysis is carried out, not only for the particular module instrumentalized, but also for the whole
western façade of the demo building, on the hypothesis of applying the mentioned technology to the entire façade.

5. Conclusions
It has been shown in the demo site located in John Laing Building in Coventry University by means of
instrumentation that the designed and installed module of PV Ventilated Façade is functioning properly, as the
ventilation channel effectively serves to evacuate the excess of the heat to enhance the overall performance.
The numerical methodology, employed in the design stage of the PV Ventilated Façade, is properly validated by
means of experimentation. It has been shown that, besides the limitations of the assumptions, which are necessary
so as to provide feasible numerical simulations for complex phenomena in physically large domains such as buildings
and for typically extended periods of time, the numerical tool is capable of reproducing the general behavior of the
retrofitted PV Façade studied in the present study.
Although the tested period does not cover a representatively long time span, however the initial outcomes in terms
of both energy efficiency and the reliability of the system are promising.
The final outcome of this study is the experimental validation of an existing numerical tool which is capable of
design, optimization, and long term performance prediction of PV Ventilated Façades or similar retrofitting or newlybuilt architectonical solutions. Additionally, due to its modular structure, the present tool can be extended to a wider
range of retrofitting solutions, with the straightforward implementation of the numerical models of the newly
emerging innovative materials and devices.
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Abstract
Sustainable urban renovation is characterized by multiple factors (e.g. technical, socio-economic, environmental
and ethical perspectives), different spatial scales and a number of administrative structures that should address the
evaluation of alternative scenarios or solutions. This defines a complex decision problem that includes different
stakeholders where several aspects need to be considered simultaneously. In spite of the knowledge and
experiences during the recent years, there is a need of methods that lead the decision-making processes.
In response, a methodology based on the global idea and implications of working towards a more sustainable and
energy efficient cities as a holistic procedure for urban renovation at district level is proposed in the European
Smart City project CITyFiED. The methodology has the energy efficiency as main pillar and the local authorities
as client. It is composed of seven phases that ensures an effective dialogue among all the stakeholders, aiming to
understand the objectives and needs of the city to define a set of Strategies for Sustainable Urban Renovation and
their integration within the Strategic Urban Planning of the cities.
Keywords: Sustainability, Decision making, Urban Renovation, Indicators, Energy planning

1. Introduction
Urban planning and regeneration process are concepts that involve a number of dimensions, e.g. technical, socioeconomic, environmental and ethical perspectives. Sustainable urban regeneration is characterized by multiple
factors, different spatial scales and a number of administrative structures that should address the evaluation of
alternative scenarios or solutions. This defines a complex decision problem that includes a number of different
stakeholders where several aspects need to be considered simultaneously. It is usually based on series of
qualitative and quantitative data related to empirical observations, physical conditions and trends. In the decisionmaking process, cities need to invest a great deal of resources and time in the collection of information to deliver
such assessments and decisions. However, very little is known about how decisions are made and the processes
that lead to them.
There is a need to better identify, analyse, model and map resources and the current situation of urban settlements
and solutions to achieve a more efficient built environment and match its demands with efficient sustainable
energy sources at the least cost. Such energy planning is already mandated in the Energy Efficiency Directive
(Directive 2012/27/EU). This needs to be done at local, regional and national levels to help develop energy
strategies and ensure their consistency at national level and with EU policies; in fact, promoting sustainable urban
development is a key element of the European Cohesion Policy and a continuous process.
During the last years, a great deal of research have been develop on one hand, by Technical Committees and
Working Groups, which have been working in the field of Smart Cities, such us ISO TC/268, developing
requirements, frameworks, guidance and supporting techniques and tools related to the achievement of sustainable
development. On the other hand, there are many EU projects working to create models on energy efficient and
sustainable city planning, such as PLEEC, or financial entities, such us The Word Bank, who has developed the
Urban Regeneration Decision Tool.
Despite the vast amount of knowledge and tangible experiences that have being generated, there is still a need of
deployment of holistic methodologies which comprise a global approach at city level and embrace the concept of
sustainability. This implies the development of procedures, tools, key performance indicators and guidelines to

 
       
  !"  # $  "%  % &''
( ))*!$  + ,#  "(!!"    

2389

E. Vallejo / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

cover the large scale and complexity of this approach. In this context, under the umbrella of Sustainable Strategic
Urban Planning, a novel methodology for urban renovation at district level is proposed and validated by the
European Smart City project CITyFiED (Grant Agreement Nº 609129).

2. CITyFiED Methodology for city renovation at district level
According to the United Nations, in 2014 more than half of the world’s population was living in urban areas and
two third of the world’s population will be living in an urban area by 2050 (United Nations, 2014) being Europe
the most urbanized continent (URBACT, 2015). The forecast for 2050 in this case is to increase the percentage
up to 75 percent (Eurostat, 2016). Besides, urban areas are engines of regional and national growth as they generate
53 percent of gross national product (GNP) in low-income countries, 73 percent in middle-income countries, and
85 percent in high-income countries (World Bank, 1999).
These features bring about many desirable advantages for citizens. Although the concentration in cities usually
supposes an increase of density and less consumption of resources, cities use two-thirds of the world’s energy and
generate three-fourths of the world’s CO2 emissions (Smart Cities Council, 2013). In addition, urban areas have
important drawbacks, being waste production, carbon emissions, pollution, lack of preservation of heritage and
environment, traffic congestion, etc. (Broere, 2012). It is analysed that the exposure of citizens to these problems
is more than two times higher than in the case of people living in rural areas (Eurostat, 2016).
It seems that residential sector of small and medium sizes cities are the strategic lines of action to solve these
problems due to their potential. The total number of dwellings in Europe in 2014 was 249,652.26 thousands and
from those, around 45% were built before 1969, 32% between 1970 and 1989 and only 9.3% in the 90’s. Moreover,
the energy consumption of the residential sector was 263.22 Mtoe what supposes 158.76 kWh/m 2, still far from
the H2020 set objectives (BPIE database). This data shows an elevated average age of the building stock in Europe
with low energy performance and therefore, susceptible of being renovated. On the other hand, an 83% of cities
in Europe are small and medium cities in terms of population (50.000-250.000 inhabitants) (Dijkstra and Poelman,
2012).
Above all, urban lifestyle needs to be sustainable, and sustainability should be understood from three points of
view: environmental, socio-economic and institutional. Citizens’ current way of life must be reconsidered and
cities need to find a way to regenerate themselves in order to ensure long-term sustainability and overcome the
current challenges they are facing.
In CITyFiED Methodology, the sustainable city renovation is understood as regeneration of actions, policies, and
processes within a city, which address interrelated technical, spatial, and socio-economic problems in order to
reduce environmental impact, mitigate environmental risk, and improve environmental quality of urban systems,
lifestyles and assets. It aims to enable the replicability and mass-market deployment of energy-efficient retrofit of
districts, considering as a reference the large CITyFiED demonstration cases in the cities of Lund (Sweden),
Laguna de Duero (Spain) and Soma (Turkey), decision-making processes and business models.

Fig. 1: Phases of CITyFiED Methodology and the twofold scale

The Methodology is a procedure composed of 7 phases and a decision making process that aims to understand the
city (objectives and needs) in order to deliver a set of customized Strategies for the Sustainable Urban Renovation
at district level with the energy efficiency as the main pillar and local authorities as clients.
Each phase ensures an effective dialogue among all stakeholders and considers ways to strengthen confidence in
decision-making processes. The present approach has been validated through the active participation of the
CITyFiED network of cities.
The methodological approach foresees the creation of an External Consultancy Group (ECG) to closely cooperate
with the local authorities when understanding the city and setting up the most suitable set of strategies for the
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urban renovation at district level. The process is supported by different tools and levels of indicators that would
enable the assessment of the suggested actions (Strategies for Sustainable Urban Renovation) as compared to the
original situation and objectives.
Three levels of indicators have been defined: City Level Indicators (Level 1) at city & district level, Project Level
Indicators KPIs (Level 2), and Impact Assessment Indicators at city level (Level 3).

2.1. Involvement of Stakeholders
The Methodology addresses the roles and responsibilities of the stakeholders involved along the application
phases. In the first place, the Municipalities, representing the interest of citizens. They also promote the
renovations at city or district levels to increase the sustainable performance of cities. Therefore, the experts
representing the Municipality are conceived as collaborative clients in the methodology approach, divided into
several committees as they are usually organized.
Public Participation understood as citizens, NGOs, neighbors associations, etc. are other group of stakeholders
involved in sustainable renovations through different participation techniques cause “all members of society have
a key role in addressing the energy climate challenge with their local authorities” (CoM, 2010).
Besides, External Stakeholders are required to carry out the renovation as constructors, financial entities, energy
companies, investors, etc. As one key innovative aspect of the methodology, it proposes the foresight of an
External Consultancy Group (ECG) to offer their services and closely cooperate with the Municipality. This is a
multidisciplinary consultancy that supports the local authorities when understanding the city and setting up the
most suitable set of Strategies for Sustainable Urban Renovation (SSUR), facilitating consequently the decisionmaking process.

Fig. 2: Stakeholders defined in the Methodology

These stakeholders are sorted in different groups as shown in Fig. 2:
Experts representing the Municipality (Client)
x

Steering committee. This committee includes those capable actors to make decisions in the local
authorities’ bodies, providing “(…) strategic direction and political support during the process” (CoM,
2010). Their mission is focused on the first stages of the process, i.e., understanding the city and
diagnosis, selection of scenarios, etc.

x

Technical committee. It is recommended to create this commission from a multi-criteria perspective,
including urban planners, technicians, engineers, architects, designers, environmental consultants, etc.

x

Monitoring committee. This committee is in charge of the monitoring strategy definition and
implementation during the execution and for the final evaluation.

x

Advisory committee. Other politicians or technicians from higher levels of the Public Administration
could form an additional group of stakeholders to advice the Steering committee, i.e., regional and state
technicians.
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Consultant experts and stakeholders from the building, energy and financial sector (Service)
x

External Consultancy Group (ECG). This group is conceived as a multi-perspective consultancy. It
consists of technical consultants, technological institutes, research institutions, academia, energy experts,
engineers, etc. that assess the Municipality during first phases of the methodology to define the initial
situation, evaluate measures and scenarios and define the Strategies for the Sustainable Urban
Renovation (SSUR). The addition of this group reduces risks by guaranteeing the achievement of the
final objectives

x

Contracting parties. These are independent companies and entities involved in the execution of the works
that normally should be selected through tender/bidding process (e.g. architecture firms, building and
energy companies, etc.). They should establish a fluent dialogue with the technical committee.

x

Financial institutions.

Public participation (End users)
This group is formed by citizens, neighbourhood associations, housing associations, NGOs, etc. Their feedback
is collected during all the process, but especially during diagnosis, decision-making and final evaluation. Building
owners and tenants are deeply involved in the strategies definition.

3. Phases of the Methodology
The Methodology is deployed in seven phases as can be seen in Fig. 3. Each phase ensures an effective dialogue
among all the stakeholders previously defined in order to ease the decision-making processes. It combines both
district and city scales, starting with the city and district analysis, proposing initiatives at district level and pursuing
the impact of the renovation and the accomplishment with the initial objectives at both scales.

Fig. 3: Methodological approach for urban renovation and planning

Phase I: Understanding the city
This phase aims to make a first approach to the city understanding, evaluating its context and needs with a set of
City Level Indicators as a supporting tool and taking into account public participation. This analysis, combined
with the definition of the long-term city vision, enables the identification of the city sustainable pathway within
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its Strategic Urban Planning and the definition of the general objectives that guide this transition.
The pre-diagnosis and data collection of the city is precisely the first step of this phase. Here, the most relevant
factors at city level from different perspectives are evaluated in order to contextualize the current situation of the
city. The complexity of urban areas, together with the ambitious scope of the methodology and the guidelines for
sustainable development from the EC, makes necessary to consider a multi-criteria or holistic perspective during
this analysis. However, in order to facilitate the application of the methodology it was necessary to limit the scope
of the evaluation. Therefore, considering that the purpose of the CITyFiED project, the matrix of Fig. 4 was
defined to gather all the relevant areas to be analyzed. The columns of this matrix are defined as “city strategic
areas” which represent the main ambits that will be treated by the implementation of specific improvement
interventions at district and city scale. On the other hand, the rows of the matrix are defined as “application areas”
and represent the different sectors of the city in which the different interventions can be implemented.

Fig. 4: CITyFiED Application Areas and City Strategic Areas

Following this perspective, the pre-diagnosis will cover aspects of the city such as culture, economy, urban
morphology or the main constraints and opportunities for the implementation of measures (legal framework,
financial opportunities, etc.). This analysis will contribute to the required initial city context knowledge for the
definition of the general objectives of the Strategic Urban Planning.
However, the quantification of specific City Level Indicators (Level 1) that can be compared to other city values
provides a better understanding of the improvement potential and needs of different areas of the city evaluated.
This is covered by the second step, in which a set of indexes related to the city level analysis “Level 1 City
indicators” serve to evaluate the sustainability standards, identify city’s strengths and weaknesses, and help
setting general and specific objectives for the city.
Although many cities are implementing various low-carbon practices, it is still unclear how this sustainability or
low carbon level can be certified. In this context, the methodology developed defines its own set of indicators
considering the many efforts that have been previously made at developing indicators-based frameworks capable
of evaluating cities’ sustainability. The final selection of indicators that at this point includes 17 mobility related
indicators, 14 building related indicators and 14 energy related indicators, was carried out following a rigorous
internal and external validation process. The internal validation involved CITyFiED project partners (technicians,
experts, etc.) and participants involved in the demo sites. The external validation on the other hand, involved the
cities of the City Cluster and the Community of Interest, and took part during the Workshop about the CITyFiED
Methodology performed in Laguna de Duero (Spain) in March 2017, with approximately 60 attendees.
Besides, each of the defined Level 1 City indicator has its specific reference value defined, considering the average
values for the European cities. This allows understanding the distance between the initial situation of the city and
the reference value in a way that cities can identify easily the area in which are performing worse than it is
supposed to. The complementation of this indicator based analysis with different techniques such as the SWOT
analysis and Workshops that include the main stakeholders involved in the planning process will facilitate both
the definition of the long-term city vision and their general objectives.

Phase II: Diagnosis of the city at district level
In this second phase of the methodology the city is understood as an aggregation of districts. Taking into account
the results in Phase I and following a bottom-up approach, the city is analyzed at district level to define the specific
objectives for the districts object of the intervention. These specific objectives will serve to outline the different

2393

E. Vallejo / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

set of measures that can be implemented in Phase III.
In a first step, a decision needs to be made by the Municipality regarding the district that will be selected for the
transformation. This selection will be made taking into account the main characteristics of the district evaluated
in terms of the potential to contribute to the transformation of the city, as well as the urgency of the specific needs
of each district. The second step on the other hand, corresponds to the diagnosis of the district that will be
evaluated for the city. The diagnosis will cover the following aspects; socio-economic analysis (age distribution
of the inhabitants, the average household disposable income, the unemployment rate, etc.), morphological aspects
(spatial distribution of the buildings, age and use of buildings, etc.), social analysis including aspects such as
building owners and public participation, or environmental factors such as the potential for integrating renewable
energy sources. Special attention should be paid in the analysis to aspects such as public participation activities
developed by the Municipality with regard to the measures that are susceptible to be implemented, since these
aspects are critical to identify non-technological barriers and to avoid difficulties during their implementation.
Level 1 indicators are also calculated at district level, when appropriate. This will contribute to the definition of
the baseline of the district and will establish a direct link between the changes in the district and the impacts in
the entire city, both will be evaluated in Phase VII. The values of these indexes will allow understanding better
the context information at district scale with the quantitative values of indicators that are in line with the analysis
carried out at city scale in the Phase I of the methodology. Besides, having the specific values of these indicators
at district scale will aid to define specific objectives and measures and to stablish the prioritization criteria.
Taking into account all the information gathered at district scale, the energy demand and consumption of the base
case scenario needs to be modelled for the district to allow the comparison with the forecast scenarios in the next
phases. In this regard, energy planners usually need to combine various tools with different scales, and approaches,
which makes difficult to develop a baseline analysis. Over the last 20 to 30 years, many different tools for building
energy modelling have been developed. Several reviews, such as (Swan & Ugursal, 2009) and (Bourdic & Salat,
2012), describe different modelling approaches that can be used for evaluating the energy consumption of
buildings at the district level. In the case of the tools that are designed for building energy modelling, the
availability varies depending on the scale of the project. As mentioned by (Martos, Pacheco-Torres, Ordóñez, &
Jadraque-Gago, 2016), the development of tools for evaluating and predicting the future energy consumption of
cities and districts will be one of the biggest challenges in the field. However, the situation is much better in terms
of the availability and reliability of tools for analysis of single buildings or a reduced building group. There are
several tools, such as EnergyPlus and TRNSYS, that are broadly accepted and that allow for a very detailed and
dynamic building energy simulation. Other modelling approaches such as BIM models, as well as the life cycle
approach, are also identified as useful for this baseline definition stage. All these type of models and approaches
need to be combined at this phase to achieve an appropriate analysis of the district.
This baseline analysis combined with the context information and the district scale Level 1 indicators will be used
for the definition of the specific objectives of the district. These objectives are the conclusion from Phases I and
II. They consist on targets related to improve the environmental, economic and social profile of the district and
the city, and can be related to specific measures that are susceptible to be implemented in the district in order to
contribute to the compliance of the targets of the city.

Phase III: Definition and analysis of the intervention and scenarios
The main target of this phase is to define the possible retrofitting scenarios to be considered for being implemented
in the selected district according to the city (general objectives) and district needs (specific objectives). These
scenarios consist of groups of measures that aid to forecast the impact on the sustainability performance. Before
defining the scenarios, it is necessary to decide which measures should be discarded and for that purpose, the
potential of each measure with respect to the objectives achievement is analyzed individually.
The ECG is the responsible of these activities. As a multidisciplinary group, it assists the Municipality to facilitate
the analysis and the decision-making process. The ECG performs this supported on different recommendations,
simulation tools and Indicators. In addition, the Technical and Steering committees from the Municipality can
follow and control the process with them.
The measures to be considered are named as Energy Conservation Measures (ECMs). They are defined as
“measures that are applied to a building or group of buildings to improve energy efficiency and are life cycle cost
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effective and also they involve energy conservation, cogeneration facilities, renewable energy sources,
improvements in operations and maintenance, or retrofit activities” (CITyFiED, D4.18). The catalogue of ECMs
proposed in the methodology collects the CITyFiED “Basket of technologies” (CITyFiED, D1.7); a reduced list
with the most efficient measures identified within CITyFiED Project approach. They are grouped into different
categories: the first two focus on decreasing the energy consumption and the third one promotes the use of
renewable energy sources, saving CO2 and Primary Energy.
The steps to achieve by the ECG during Phase III are mainly two. The first one is the measures preselection,
which consists of a preliminary choice of measures applying a filter, the specific objectives set in Phases I and II.
The methodology establishes the relationships between ECMs and objectives, so it is possible to discard some of
them at this early stage. In addition, the results of the Level 1 indicators, the feedback from the citizens (public
participation activities) and Municipality, and other aspects identified during the analysis at both scales i.e., nontechnological barriers, financial opportunities, etc., should be considered for this preliminary step.
The second step consist of a feasibility analysis of the preselected measures and the final selection of those that
will be part of the retrofitting scenarios. For this analysis, it is necessary to evaluate the environmental, economic,
technical and social aspects. In order to guide this study qualitatively, estimations from research on energy and
CO2 emissions levels of savings, payback periods, social issues, etc. are included in the catalogue of measures, as
well as general recommendations for district retrofitting that affect the measures selection based on CITyFiED
experiences (CITyFiED, D2.1 and D6.4) or other sources (STBA).
On the other hand, “Level 2 indicators” defined in the CITyFiED project could be calculated to assess
Environmental, Technical, Economic and Social aspects along the application areas, and compare the results
obtained for each ECM. The ECG could consider calculating at this stage only the most relevant indicators with
respect to the objectives. Finally, previous recommendations and L2 indicators make possible to select a list of
the most cost-effective measures ECMs to reach the sustainable objectives that the city desires.
Scenarios are tools to predict the results that could be obtained in case of their implementation. There is a high
number of possible ECMs combinations, so it is necessary to generate the scenarios with the information already
obtained, considering also experts’ intuition and experience. The procedure proposed starts defining those
measures considered as indispensable to proceed with the intervention as the starting point. Then, the rest of
scenarios are defined increasing the performance from that set point. They are sorted in three groups depending
on the €/Kg CO2 savings ratio estimation – basic, efficient and advanced.
When each scenario is specified, it is necessary to recapitulate the information to analyze the retrofitting scenarios
as units in next Phase IV, due to the result of the combination of some ECMs could be different from the addition
of the individual results.

Phase IV: Prioritization and selection of the intervention scenario
The objective of this phase is to identify the most convenient solution from the potential scenarios. The ECG
expertise, Level 2 indicators applied to the alternative scenarios and multi-criteria analysis, are the basis for the
decision-making process. Finally, the discussion is expected to be carried out between technicians, citizens and
local authorities.
The first step is focused on the evaluation of alternative scenarios. Here, the results of the different scenarios
defined in the Phase III are evaluated considering the economic, social, technical and environmental dimensions.
With this aim the defined Level 2 indicators at project level are evaluated for each scenario following different
approaches, such as energy simulation tools for district renovation, building information modelling (BIM),
geographic information systems (GIS) tools and the Life Cycle Analysis (LCA).
The results obtained from this analysis are used in the scenario prioritization step. It is necessary to take into
account that the prioritization of strategies and scenarios needs to be based on the evaluation of a number of
criteria that cannot be optimized simultaneously. Therefore, in the context of urban energy planning it can be said
that there is no a unique optimum scenario within the set of alternative options for achieving a specific goal for
the city.
Different methodologies are needed to support the decision-making once the evaluation studies have been carried
out. With this aim, Multi-criteria Decision Analysis (MCDA) offers a wide range of methodologies and tools to
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support decision-makers, allowing the combination of their own preferences with the data available (from
modelling or not) to reach their own conclusions in a structured and consistent way. In the last few decades, the
number of MCDA methods has substantially increased and nowadays, there are hundreds of methods available
(Hobbs & Horn, 1997). Many studies and different classifications of these methods can be found in the literature.
In the review carried out by (Pohekar & Ramachandran, 2004), an assessment of more than 60 studies regarding
the application of multi-criteria decision making to sustainable energy planning is presented. In the same way, the
study by Diaz-Balteiro et al. (Diaz-Balteiro, González-Pachón, & Romero, 2016) offers an extensive review of
271 papers using MCDA methods for measuring systems sustainability. The study shows that the use of
methodologies such as the AHP developed by Saaty (Saaty, 1980) is in general, increasing in recent years. From
the literature review, it can be concluded that using multi-criteria analysis in the context of urban renovation has
attracted the attention of decision makers for a long time and that although there is not a specific method that can
be prioritized, some of them seem to be more appropriate if we consider the development of the last few years.
For CITyFiED methodology, the method proposed for the prioritization, in order to combine both the quantitative
results of the scenarios and the qualitative relevance of each criterion, is the AHP.
In the first step of the application of the AHP method, a disaggregation of the problem has to be done defining
a hierarchy of the interrelated elements, identifying the general objective, the specific objectives or criteria and
the potential alternatives or scenarios.

Fig. 5: Hierarchical problem structuring example

The specific objectives defined at district scale in the Phase II can be used as the basis to define the main criteria
for the prioritization. In the same way, the sub-criteria that contribute to the consecution of the specific criteria
can be related to the Level 2 indicators evaluated for each scenario. Therefore, for the identification and selection
of the prioritization criteria, a clear connection can be made at this stage with the Level 2 indicators. This decision
will be taken by an open dialog and consensus between technicians and local authorities. Including public
participation at this stage of the process and taking it into account in the decision making is really relevant for
engaging citizens in climate challenge.
In a second step, the weighting of each criterion needs to be also defined following the same procedure. Finally,
through the complete application of the AHP method, the evaluation of the performance of each scenario for each
prioritization criteria is carried out. The scenario with the highest result is identified as the most suitable one.

Phase V: Strategies for Sustainable Urban Renovation (SSUR)
The main target of this phase is to define the set of Strategies for Sustainable Urban Renovation (SSUR) where
the ECMs of the selected scenario are further developed. In addition, these strategies should be integrated within
the Strategic Urban Plan of the city, as a long-term vision plan for the city.
Local authorities, especially the Technical committee - and the ECG if it is desired by the Municipality – are in
charge on the development of the SSUR, which is understood as a highly participatory management tool, that is
to say this document is a process, not a project. It contents all the development of the previous phases.
First of all, the documents presents the causes for developing a Strategy for Sustainable Urban Renovation, the
past of the city is explained as well as current situation. This means to give the answers to the questions where do
we come from? And where are we? The vision of the city from Phase I is defined, by explaining the local
authorities’ motivations for implement sustainable strategies; Where do we want to go?
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Secondly, the document exposures the work done by the ECG together with the Technical committee regarding
the city analysis and diagnosis, the scope definition, to be specific, the district selected. Moreover, it is also
presented the scenarios evaluation and the final selection.
Finally, it presents the Strategy which compromises “a co-ordinated set of participatory and continuously
improving processes of analysis, debate, capacity-strengthening, planning and investment, which integrates the
economic, social and environmental objectives of society, seeking trade-offs where this is not possible” (OECD
2001).
The Strategy does not end with the exposure of the selected scenario in Phase IV, but also it will guide and
coordinates the process during its implementation through a Strategy Implementation Plan (SIP), which will
detail the intervention actions to be applied in the district, the schedule which includes a temporary planning for
each actuation line during the period of SIP´s life, and finally the budget of the implementation plan.
On the other hand, one of the most important aspects during the definition of the strategies is the need to guarantee
its success through not only ensuring an effective participation of the citizens (CoM, 2010), but also the
identification of the non-technological barriers and the potential business models that will enable the
realization of specific strategies.
Non-technological aspects, such as financial, organizational, legal, cultural and social, have be explored during
the process (from phases I to IV). For that, a participatory methodology was designed in CITyFiED project to
involve key stakeholders, this procedure is based on interviews that should be adapted according to the specific
of the cities to identify the barriers and potential for energy efficient retrofitting.
CITyFiED Methodology will proposed also a mechanism to analyse possible business models and investment
schemes for the cities to identify the most convenient, in order to minimize gaps and risks of the suggested
strategies.
Last but not least, the document Strategies for Sustainable Urban City Renovation should detail recommendations
to ensure that the skip from Planning to Implementation phases will be done properly. In that sense, the Strategy
should define the Method of Procurement (MOP), detailing the factors that influence it, such us project
characteristics, cost issues, timing, external factors, client resources, etc.
In addition, recommendations for the Monitoring and Impact Assessment Evaluation Phase (Phase VII) are also
given, regarding the need to develop a Sustainable Evaluation Plan (SEP), which coordinates the activities and
guarantee the city goals achievement. The SEP, understood as a protocol to evaluate the sustainability and quality
of the interventions at district level after their implementation (Phase VI). It should be based on the evaluation of
the energy performance and energy savings through well-known Measurement & Verification (M&V) protocols
(e.g. IPMVP, FEMP or ASHRAE), the economic issues, such as return of investment (ROI) and cost effectiveness
of the solutions, the Quality control of the interventions, the Social acceptance and a Life Cycle Analysis (LCA),
to evaluate the CO2 emission reduction.

Phase VI: Execution plan
The strategies from the SSUR document are implemented in this phase, according to the recommendations from
planning to implementation and the SEP guidelines pre-defined in Phase V. The detail definition of these activities
depend in other aspects, i.e., technical definition, that could not be defined before the SSUR. Therefore, these
issues and specific guidelines to put into practice the strategies – delivery method, procurement process, risk
allocation, etc. - are further developed in Phase VI, acting as an overall Execution Plan.
The Municipality, the ECG and financial institutions are involved in these activities, as well as building owners
and citizens. Contracting parties group are the principal figure for the execution of works, including designers,
ESCOs, energy suppliers, technology providers, etc. Their participation starts at this stage because in public
procurements they usually have to be selected through a tender/bidding process.
Part of the execution procedure is to clarify the financial resources to put into practice the SSUR according to
the Business model identified and the ownership of the properties to be renovated. In the case of public ownership
of the buildings the Municipality usually acts as financier; while in private ownership the ESCO business model
is highly recommended. The most relevant public financing mechanisms are grants, interest subsidies, revolving
funds and financial instruments (Núñez et al., 2013).
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A Project Delivery Method has to be identified by the Municipality to define the contracting formats between
the stakeholders to achieve the delivery (CMAA, 2012). There are different methods but the most recommended
is the Integrated Project Delivery (IPD), defined as “a collaborative alliance (…) that harnesses the talents and
insights of all participants to optimize project results, increase value to the owner, reduce waste, and maximize
efficiency (…)” (AIA, 2007) . Its principles focus on the collaboration since the beginning of the project to avoid
future problems and the share of risks and responsibilities between the stakeholders.
The Procurement starts after, to define the process of services or works acquisition for the implementation of the
strategies. In public procurement is usually mandatory to select the entities through a tender/bidding process.
Attending to the scope the Municipality could contract just the implementation (Build), if it wills to develop the
technical definition of the strategies. By contrary, it could offer the design and the execution to different entities
(Design / Build) or the same one (Design + Build). The winners of the tender will be part of the Contracting parties
group. The tender documents can be prescriptive if the requirements are technically specified or performance
based, and in the second case also related to reduce the environmental impact what is known as sustainable
procurement (Pless et al., 2012).
In parallel to the two previous activities, the district and strategies need to be further developed into detail from
the technical and economical perspectives. It is recommended to support the technical definition on BIM approach
that allows to address responsibilities, layouts, schedule, risks, etc. in a collaborative framework, and it is
identified as the most adequate to maximize the benefits of IPD principles (AIA, 2007). Depending on the
procurement selected the technical definition of the strategies is performed before or after tender/bidding
processes.
Another relevant aspect is to include a Risk Management Plan in the context of IPD, to eliminate or reduce the
risk that could be avoided, establish mitigation actions to reduce the probability of occurrence, or develop
contingency strategies for those risks that could be predicted or avoided (Association of Project Managers, 2000).
The follow-up strategy during the execution of works (Phase VI) and evaluation phase (Phase VII) is the SEP
already pre-defined in SSUR document and that is completed by the Monitoring and Technical Committees during
this phase once the technical definition of the strategies is achieved. The follow-up of the intervention should be
reported monthly or bimonthly, and gathered in annual reports in the SSUR. In parallel, regular meetings should
be established between the actors involved to control and make decisions and changes approval.

Phase VII: Monitoring and impact assessment evaluation
The main objective of this last phase is to evaluate and monitor the strategies implemented during the previous
phase, because at this stage, actions and construction works are completed, so it is necessary to assess the impact
in the sustainability at district and city level, and finally to deploy corrective actions if the impact obtained it
is not the expected. So that, the objective of the monitoring plan is twofold, evaluate the performance and impact
of the strategies at district level (Level 2 indicators) and city level (Level 3 indicators).
Within CITyFiED project a Sustainable Evaluation Plan (SEP) has been defined (CITyFiED, D4.10) in order to
assess the impact in the sustainability at district/project level. The objective of the plan developed was to reduce
the complexity of some existing standards such as BREEAM and/or LEED and integrate new pillars in the
evaluation according to the new trends, i.e. ICTs and LCA. Thus, Fig. 6 illustrates the protocol proposed, including
its pillars: Energy, ICTs, Quality control of interventions, Economic evaluation, Social acceptance and LCA.
As it can be seen in Fig. 6, the left hand side represents the analysis before the implementation (Baseline calculated
during Phase II), meanwhile the right hand side denotes the assessment after intervention; at the top, Level 2
indicators (KPIs) give an objective the framework for calculating the evidences of assessment, and at the bottom,
LCA covers the project from the beginning to the end of the works. In the middle, the ECMs appear, which refer
to the interventions themselves.
Starting from the left hand side, it is shown that the energy concerns begin with social awareness, both at citizens’
level and at organizational level (public authorities, sustainability plans, etc.). Collecting all these aspects through
metering determines the retrofitting strategy as well as the best ECM for the specific building or district.
On the right hand side, the status after the execution phase is evaluated. The main aspect is the energy performance
in terms of energy savings, which is partially achieved by the investment in new ICT technologies (digital homes),
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and the ECMs. To ensure the expected energy savings, the ECM has to be implemented in the correct way
following Quality Control of interventions rules during Phase VI. These energy savings drive to cost savings at
consumption. And thanks to the energy efficiency, less invoice costs and new technologies, together with the
involvement of citizens, the social acceptance of these solutions is increased.

Fig. 6: CITyFiED Sustainability Evaluation Plan (SEP) at district level

The CITyFiED Methodology, as a systematic process, considers that if the results obtained after the deployment
of the SEP not achieve the expected results at district level, corrective actions should be applied, starting from the
analysis of SSUR if necessary. The deviation between the expected results and the obtained ones, is part of the
evaluation and means that the General and Specific objectives defined during Phase I and II are only partially
achieved. This experience is part of the correction actions for future city renovations that all the stakeholders from
the Municipality should consider, too.
In the same way, the impact of the interventions at city level will be evaluated. For that purpose, there was defined
a set of indicators (Level 3: Impact Assessment Indicators at city level) in order to evaluate the following
categories of impacts after the strategy implementation: Energy impact: Energy savings obtained; Environment
impact: CO2 emissions avoided with the intervention; Economic impact: investment mobilized and its return to
the users, companies and municipalities as well as benefits of retrofitting to the users associated to the cost savings;
and Benefits for SMEs.

4. Conclusions
This Methodology is a holistic procedure for the city renovation at district level that considers a multi-criteria
perspective. The integration of the three levels of indicators supports the diagnosis, selection as well as final
evaluation of measures and retrofitting scenarios during the project, serving as a control and decision-making tool.
The CITyFiED project aims to enable the replicability and mass-market deployment of energy-efficient retrofit
of districts. The approach and the indicators were conceived and are being refined considering as a reference the
large CITyFiED demonstration cases in the cities of Lund (Sweden), Laguna de Duero (Spain) and Soma
(Turkey), including decision-making processes and business models. The approach is also being validated through
the active participation of the CITyFiED network of cities, assuring its flexibility and adaptability to different
European cities. Then, the future work is to complete its development, continue its external validation activities
with the CITyFiED network of cities and extract conclusions.
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Abstract

An increased use of solar energy is a key ingredient for forging resilient cities. This recognises the importance of
the urban fabric being able to use renewable energy sources to become increasingly self-sustainable. In that regard,
the integration of active solar energy systems in the built environment will allow cities to reach a high level of
sustainability. In this framework, the main objective of the IEA SHC Task 51 Solar Energy in Urban Planning,
was to provide support to urban planners, authorities and architects to develop urban areas with architecturally
integrated solar energy solutions. The scope includes solar energy issues related to new and existing urban
development areas and sensitive solar landscapes. This paper presents an overview of the Task’s results from 11
countries including reviews on legal framework, barriers and opportunities, on planning processes and on
educational issues. Approaches, methods and tools are presented as well as a collection of case stories with lessons
learnt and a web-based learning platform.
Keywords: solar energy, urban planning, solar landscapes, methods, tools, education, case stories, IEA

1. Introduction
A large portion of the potential for energy efficiency in existing buildings and potential to utilize solar energy still
remains unused. Globally, goals and specific targets are set up to reduce our environmental impact on climate and
secure future supply of energy. The built environment accounts for over 40% of the world’s total primary energy
use and 24% of greenhouse gas emissions (Hegger et al, 2008). A combination of making buildings more energyefficient and using a larger fraction of renewable energy is therefore a key issue. Political statements and directives
are already moving towards zero-energy buildings and communities (Sartori et al, 2010; Voss and Musall, 2011).
An increased use of solar energy, enabling renewable energy supply, is firmly acknowledged as a key ingredient
for forging resilience and future proofing of our cities on the one hand. On the other hand, it is an important part
of the development ahead, where the urban fabric strives to utilize passive solar gains and daylight to reduce the
energy use in buildings and for lighting outdoor environments, as well as to improve the inhabitants’ comfort
(Compagnon, 2004).
The main objective of the IEA Solar Heating & Cooling Programme, Task 51 Solar Energy in Urban Planning, is
to provide support to urban planners, authorities and architects to achieve urban areas, and eventually whole cities,
with architecturally integrated solar energy solutions (active and passive). The objective contributes to urban
planning by providing guidance for urban planners and policy makers on a large fraction of renewable energy
supply. This includes approaches, methods and tools capable of assisting cities in developing a long term urban
solar energy strategy. Heritage and aesthetic issues are carefully considered. Also, the goal is to prepare for and
strengthen education at universities on solar energy in urban planning, by testing and developing teaching material
for programmes in architecture, architectural engineering and urban planning. The material will serve a dual
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purpose by being inclusive for postgraduate courses and continuing professional development (CPD).
The scope of the Task includes solar energy issues related to 1) new urban area development, 2) existing urban
area development and 3) sensitive and protected landscapes (solar fields). Both solar thermal and photovoltaics
are taken into account. In addition, passive solar - as passive solar heating, daylight access and outdoor thermal
comfort - is considered in the urban environment. Solar energy integration in existing and in new city districts are
two different contexts with different opportunities and constraints. Furthermore, ground based active solar
applications are interfacing with urban environments, creating solar landscapes that juxtaposition with the existing
urban form with varying levels of aesthetic acceptance. In open landscapes, solar fields need to harmonize with
the rural landscape and nature. Understanding the existing parameters under which planners operate and the
challenges this presents is a key consideration of this Task.

2. Objectives, materials and methods
The Task’s work started in 2013 and ends in 2017: it involved a consolidated scientific collaboration between
researchers and practitioners from Australia, Austria, Canada, China, Denmark, France, Germany, Italy,
Luxembourg (observer), Norway, Sweden and Switzerland. The Task was structured in four Subtasks:
Subtask A: Legal framework, barriers and opportunities. Lead: Australia.
Subtask B: Processes, methods and tools. Lead: Sweden.
Subtask C: Case studies and action research. Lead: Norway.
Subtask D: Education and dissemination. Lead: Germany.
Subtask A sets the current boundary conditions for solar integration, deals with the assessment of available
potential and elucidates opportunities. Subtask B deals with processes, methods and tools and developments for
the applied phase related to specific situations (new development areas, existing urban areas, landscapes). Subtask
C focuses on implementation issues e.g. tests of processes, methods and tools, through case stories and showing
relevant examples as case studies. Finally, Subtask D covers the dissemination focused on tertiary education and
continuing professional development (CPD). The whole Task was led by Sweden.
Although Task 51 is organized in different subtasks, most of the work has been collaborative across subtasks. A
central part of the work was carried out as action research. Action research is a reflective process of progressive
problem solving led by individuals working with others in teams or as part of a "community of practice" to
improve the way they address issues and solve problems (Stringer, 2014). Action research involves the process of
actively participating in an organization change situation whilst conducting research. In Task 51, this was reflected
in the participants’ collaboration with urban planners and other key actors within local urban planning
developments in each participating country. In this way information about important issues to address was
identified. The goal has then been to develop knowledge that is useful for practicing urban planners and for
education of architects and planners.
For Subtask A, a historical reflection was completed in parallel with sourcing country information regarding the
legislative frameworks and voluntary initiatives that impact on the uptake of solar energy in urban areas. This
included a review of legal cases that define the treatment and judgement of decisions where solar energy
implementation was claimed to have created conflict or where urban development threatened solar access of
existing systems. Whilst the treatment of passive solar protection is well defined, the research looked to review
how active solar technologies are applied to urban environments and the planning controls that might promote or
constrain their use. It also investigated the cultural and aesthetic sensitivities and parameters directly affecting
technological choice and the acceptable application of urban solar systems.
The main topic in Subtask B was the planning process descriptions. Through collecting and sharing knowledge
among experts in Task 51, the local planning prerequisites, including legislation and praxis, have been analysed
in order to find commonalities to describe a generic planning process valid across countries in Subtask B. This
work was carried out first on a national level by the experts collecting and describing the formal and informal
planning processes through the steps of 1) short interviews during the Task definition phase, 2) analyzing
legislation and 3) expert participation in urban planning projects in the form of action research. The aim was to
explore when and how knowledge on solar energy (passive and active strategies) could enter planning processes.
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The work on collecting local legislation and praxis has been reported in a common report between Subtask A on
Legislation and Subtask B on Processes, Methods and Tools. In Task meetings, workshops were held where the
experts analyzed national planning process similarities between different countries. The experts then agreed upon
a common generic planning process described at different spatial scales, showing what actually is taking place in
urban planning in all these cases. The scales found in all countries were 1) comprehensive/strategical planning
scale 1:2000-1:100 000, 2) urban and landscape design scale 1:1000-1:5000, 3) detailed development plans 1:5001:2000 and 4) architectural design stage 1:10-1:500.
Another objective in Subtask B was to identify supportive instruments that can assist planners during the planning
process. These supportive instruments were defined as Approaches, i.e. means of incorporating solar methods and
tools, Methods, i.e. planned procedures to assess and evaluate solar in relation to other aspects in urban planning
(including landscape planning) and Tools, i.e. a rule of thumb, a calculation or a modelling software giving
geometrical or numerical results; e.g. solar maps, solar potential software, GIS software, etc. This definition also
implies a hierarchy where approaches include methods that incorporate tools in a planned procedure. The
identification of existing as well as the development of new approaches, methods and tools was carried out during
the action research work within national planning contexts and is presented in a report on Approaches, methods
and tools for enhancing solar energy targeting urban planners. The approaches, methods and tools within the
scope are instruments to support decision-making and to combine qualitative and quantitative aspects of relevance
for spatial concerns in urban planning.
Bringing the generic planning process and the existing and new approaches, methods and tools on active and
passive (daylight, solar gains and micro climate) solar measures together creates the base for the guidelines,
developed as a homepage. The aims are to inform and support decision-making, orienting on existing and new
approaches, methods and tools to inspire planners to find new ways of developing the planning process to enhance
solar energy in the urban and landscape context.
The main objective of Subtask C was to stimulate successful practice and facilitate its replicability, by
documenting experiences, helping cities avoid pitfalls already encountered by others, and creating arenas for
mutual interaction between researchers and city managers. In that regard, the work was focused on case stories of
new, existing urban areas and landscape planning related to active solar systems (both photovoltaics and solar
thermal) and interrelated technical (i.e. solar potential, cost investment, product technology, energy production,
daylight, quality of visibility etc.) and non-technical aspects (i.e. planning process, right of light, policy and
legislation, etc.). More than 30 case stories from 11 countries have been analysed and compared in extensive
reports (Lobaccaro et al., 2017). Lessons learnt for different targets groups have been condensed into guidelines
for solar energy in urban planning (Fig. 1). Finally, a webpage of case studies linked to a world-map has been
established. This serves as a user-friendly consultation and dissemination instrument: it is a sort of case stories’
platform from which the users can download dedicated brochures where detailed information related to both single
case stories and/or the case study comparisons have been collected.

Fig. 1: A scheme of the methodology used for the case studies analysis

The work on education and dissemination in Subtask D started with a review of the present situation (Fig. 2). As
a first step, existing courses and software tools in nine countries were surveyed and evaluated. The applied
methodologies were based on a developed questionnaire handed out to a broad range of international institutes of
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urban planning and direct interviews with researchers and academics were undertaken.
An overview of existing software tools within solar energy was generated. These tools where tested and evaluated
by students through an urban design task. Various criteria were applied such as usability, integration into other
popular 3D modelling software and readability of results. Based on the results, it became evident that there was a
lack of existing courses on solar energy in the urban context for students. This formed the basis for the
development of an e-learning platform including a software package. This platform was then tested and evaluated
during a series of symposia with experts and practitioners.

Figure 2: Overview of the methodology and approach concerning education and dissemination (Source: Subtask D, K. Simon)

3. Results
The Task is now in its final stage with some results already published. All results will be available as soon as they
go through the review process within the IEA SHC programme. Main results are presented and discussed below.

3.1 Legislation and voluntary initiatives
The current status of solar energy in urban planning regarding legislation and voluntary initiatives were
documented from 11 countries. As a starting point, recognition was given that many ancient civilizations have
purposefully harnessed the sun's energy to add comfort to living spaces (Butti and Perlin, 1980) and incorporated
into the rule of law safeguards to protect its practical inclusion as evidenced by ancient lights proclamations and
Greek philosopher Hippocrates’s air light treatise enshrining the sensible use of sunlight along with clear air and
water. These well-founded learnings have witnessed significant upheaval through the technological innovation of
electricity and urban densification pressures and consequently changing planning values and priorities. Urban
plans and building widths, building heights, story heights, façade design and window heights did, until the early
20th century, comply with the physics of daylight distribution and natural ventilation (Lechner, 2008). This meant
a certain limitation in widths and heights already on an urban level. When electricity and mechanical ventilation
started to support the indoor climate as a standard, these limitations were broken and significant knowledge was
lost during the second half of the 20th century.
The increased population growth in combination with the environmental gains of walkable and public transport
cities, as well as higher real estate prices in the city centre work towards increased density. Increased density will
at certain points at different latitudes be counterproductive for energy use, since both electricity demand will rise
due to low winter daylight levels and summer cooling loads increase when natural cooling is diminished. The
contrasting relationships between building energy use and transport energy use after certain levels of density and
urban form have been eloquently presented by Steemers (2003). Research has shown that the relation between
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density and lower daylight is not linear, but relates to urban and building design. This pinpoints the important role
of urban planning in harnessing daylight as a natural source instead of using electricity and also utilising building
integrated solar structures for onsite energy generation and thermal shading that does not prohibit natural light
entering buildings.
As the deployment of active solar energy systems has grown in cities, the challenge of protecting sufficient solar
access into the future becomes more prominent as urban consolidation and densification intensifies (Snow and
Prasad, 2011). Within this context is also the critical pursuit of energy-efficient buildings as well as achieving
comfortable urban environments (Samimi and Nasrollahi, 2014). Whilst the provision of solar access rights has
historically focused on daylight (Lechner, 2014), there is an emerging need to revisit the legal framework and the
extent to which it enhances or hinders deployment of sustainable energy technologies. Despite the need to establish
a satisfactory legal regime for solar access protection was recognised many ago, the analysis from national
perspectives is that the law on this issue is still unsatisfactory. There is considerable scope for legal reform in
many countries and the typical subjective judgement of considering solar access under the characterisation of
‘nuisance’ creates significant investment uncertainty and barriers to uptake that could be remedied by more
informed decision-making processes.

3.2 Solar energy in urban planning processes
Urban planning is a political process that exists to balance society’s common interests against individual interest
mainly when it comes to land use. The political process as well as the planning process differs between national,
regional and local contexts (Newman and Thornley, 1996). The smallest common denominator is that all urban
planning deals with land use regulation in some way.
The focus of urban planning and the power of land allocation differs somewhat between countries. This implies
that the possibility to affect urban planning to implement solar energy to a higher extent differs as well. In some
countries, the largest potential may be to influence local planners on the municipal level who have a large influence
on the built environment while in other countries the potential may lie with influencing decision makers on a
regional or national scale who can more directly influence policy and legal instruments on a wider scale.
A comparison between studied local processes has been carried out by experts which has shown that a generic
planning process can be described using a spatial scale. Other aspects that relate to administrative and legal
frameworks in planning, i.e. laws and regulations, policies, ambitions, voluntary initiatives etc. are too dependent
on local contexts to generalize.
The generic planning process developed in Task 51 involves four stages; 1) comprehensive/strategical planning,
2) urban and landscape design, 3) detailed development plans and 4) architectural design (Fig. 3). Also,
approaches, methods and tools (AMTs) have been collected, summarised and related to which specific stage of
the urban planning process they are relevant. The AMTs can be divided into four types; 1) regulatory, policy and
governance approaches, 2) integrated design and planning support, 3) assessment methods and tools and 4)
awareness and consultation methods. Each type is exemplified with existing or newly developed AMTs and relate
to the four stages of the urban planning process.
1. Comprehensive/
Strategical Planning

2. Urban and
Landscape Design

3. Detailed
Development Plans

4. Architectural Design

Fig. 3: Illustration of four stages of urban planning

Guidelines for comprehensive/strategical planning
Within comprehensive/strategical planning, visions and strategies to reach certain goals are developed and
connected to land use and zoning. Plans can be regional and/or at municipal/city scale. Examples of key
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considerations and decisions taken at this stage are; visions for cities/municipalities, general land use, larger
infrastructure etc.
Comprehensive and strategic planning are often visionary plans stretching 20-30 years, which gives a general
direction for a city, municipality or region. They are used to identify potential development areas and the need for
larger infrastructure but should also include a clear idea of how to provide the city, municipality and/or region
with clean energy. Solar maps are one of the most common and efficient methods of integrating solar energy at
this scale, which acts as an inventory of the solar potential in existing urban structures (Kanters et al., 2014). Solar
maps can also be used to overlay solar potential with other aspects such as heritage concerns, energy infrastructure,
future renewable energy goals and the impact of new urban developments on existing urban fabric. As active solar
and daylight will become more and more present in urban planning, there is a need for targets, goals and
assessments in early comprehensive and strategic planning stages.
Guidelines for urban and landscape design
In the urban and landscape design stages, the urban fabric and morphology is decided for a city district and for a
landscape area. Examples of key considerations and decisions taken in this stage are street widths, volumes,
typologies, spatial patterns and orientation.
New urban environments
Planning of new urban environments in the 21st century requires focus on the need for energy efficient design and
an energy generating built environment. Urban planning is complex, and there is a need to bring in the relevant
aspects at stake at the right stages of the planning process. This is in order to support spatial planning and energy,
both relating to free energy such as daylight and to active solar, such as solar thermal and photovoltaics, for future
urban development and renewal projects. In situations where new urban areas lack existing energy infrastructure,
the possibilities for including solar energy are at their most favourable and the design scheme will be crucial.
The role of the urban planner is to design areas that can be built to last. For different reasons, solar energy
installations may not be feasible when the area is designed, but buildings change over time while typologies and
the urban fabric tend not to. An urban design that does not include solar energy considerations today may
effectively hinder it in the future.
Major aspects that have a large impact on solar energy potential are density, street widths, building heights, roof
angles i.e. the typology of an area (Kanters, 2015). Today the solar energy potential can easily be estimated
through rough simulations from early drawings to more detailed models. A rule of thumb is that the more complex
the model, the more complex the simulation.
In urban areas, solar energy also needs to be considered from a load matching perspective. Load matching implies
that the solar energy generation is compared to the energy use of buildings and neighbourhoods (Voss and Musall,
2011). This is meaningful because solar energy in urban areas is most relevant when the generated energy is used
locally rather than exported to the electrical grid or a district heating system. Criteria for load matching evaluation
annually can easily be estimated through a comparison between local energy performance standards and a solar
potential study although it is also important to consider seasonal and daily variations in energy use and potential
energy generation. In e.g. northern latitude countries this is imperative as energy use peaks at night and in winter
while solar energy generation peaks during the daytime and in summer.
Urban typologies also have a huge impact on daylight access both inside buildings but also on streets and public
spaces. Studies and research show that different urban design proposals for the same density give very different
daylight conditions and that the daylight design aspect on urban and building design scales are crucial for daytime,
sunlit areas in dense areas (Baek Pedersen, 2009; Sattrup, 2012).
Existing Urban Areas
The existing building stock will have the biggest impact regarding climate emissions from operational energy use
for the foreseeable future due to the high energy use compared to new buildings. Currently, most of the attention
is devoted to the reduction of energy needs, but the transition towards a more comprehensive renovation including
localized renewable energy generation is imperative. Prices for solar technologies are dropping and regulations
are encouraging local energy generation. More than half of the global PV capacity from now to 2050 will be
installed on buildings (IEA, 2014), producing a little less than half the total PV electricity needed. There is a risk
that such a massive deployment will sometimes lead to prioritising only the return of investment for private owners
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through a solar refurbishment, which is often riskier and less lucrative than early-design implementation for a new
settlement.
This deep intervention on the urban morphology requires a rational method to properly organize the arrangement
of installations according to site characteristics and a compromise between heritage protection, energy and spatial
planning. A match between building energy needs, solar energy generation potential and site identity has to be
aimed to tailor coherent strategies of solar refurbishment and define homogeneous zones with particular
architectural integration quality requirements.
In order to deal with the local energy production, new methods and tools have been introduced into urban planning,
such as assessment methods supporting urban planners and real estate owners in estimating the solar potentials of
existing built surfaces. One major outcome of this Task is the LESO-QSV Method (Fig. 4), which is based on the
above (Munari Probst and Roecker, 2015).

Fig. 4: Main screen of the LESO-QSV GRID program: 1 - Acceptability grid of the specific city: i.e. required integration quality
for each criticity level (system visibility; context sensitivity). These are the criteria to be met for the installation to be accepted; 2 Acceptability grid setting bar (for municipality use only): integration requirements can be selected by using pre-established grids
(more or less severe), or built to measure; 3 - Integration examples showcase: a database of more than 100 cases is shown
according to the selected filters setting (5). This showcase is meant to: help municipalities to set a convenient acceptability grid by
showing the impact in acceptancy of pre-defined sets of quality requirements; work as a model for authorities for how to
objectively evaluate integration quality; inspire architects, installers, building owners; 4 - Case details window: The window
appears while clicking on a specific case. The detailed evaluation of quality becomes visible, together with other more precise
information and additional pictures of the case; 5 - Filter bar: The case studies can be filtered according to solar system type,
position, dimension, context sensitivity, system visibility, integration quality; 6 - Accepted / not accepted cases button filter.
(Source: Maria Cristina Munari Probst and Christian Roecker)

Guidelines for detailed development plans
Detailed development plans set the implementation conditions for the urban design, and the land use is regulated
into legally binding documents. Examples of key considerations and decisions taken in this stage are maximum
building height, limitations on material choices and type of building (residential, office, school etc.).
Detailed development plans are legally binding documents that set the prerequisites for the building design in
contrast to the more visionary process in the urban design stage. An important factor here is a meaningful dialogue
between urban planners, the local authorities (both planning and building permit offices) and developers and real
estate owners. Academic institutions and research institutes have proven to be front runners in driving and
facilitating stakeholder dialogue and incorporating new solutions into urban planning. Since planning traditions
vary and this is bound by local planning traditions and legal frameworks (Newman and Thornley, 1996), it is
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difficult to give general advice.
Experiences have shown that specific requirements often attached to land procurement deals have in some cases
proven an efficient approach to introducing solar energy in urban areas. Also, since the interest for solar energy
is growing rapidly the concept of “solar rights” or “right to light” will probably need to be considered by many
urban planners in the near future. Solar rights work differently in different contexts but involves cases where an
existing building becomes shaded by a new building which can affect either daylight and sunlight access or energy
output from a solar energy installation.
Guidelines for architectural design
At the architectural design stage, new and existing buildings or landscape integrated systems are designed, new
or altered. Examples of key considerations and decisions taken in this stage are architectural composition and
pattern/surface/facade design.
New buildings
The integration of solar energy in buildings has been studied extensively through the completed IEA SHC Task
41 – Solar Energy and Architecture. More information about this can be found here http://task41.iea-shc.org/.
Also, a webpage on innovative solar products is available showing examples for building integration as
continuation from the project IEA SHC Task 41 (Munari Probst et al, 2012; Wall et al, 2012).
Existing buildings
The reduction of building energy use and the replacement of fossil energy by renewables have become priorities
for authorities and planners. As active solar is entering, architectural alteration, materiality, geometry and detailing
in buildings can be affected, resulting in new forms of architectural expression which are slowly modifying our
existing city landscapes. The increased use of active solar systems in buildings is necessary, but clearly poses
major challenges for existing environments. The large size of solar systems at the building scale asks for
thoughtful design, as these systems otherwise may end up compromising the aesthetics of the buildings, and may
affect the identity and the quality of entire contexts. Luckily, good architectural integrations are possible also in
the most critical situations, but they clearly need appropriate design and economic investments. A good knowledge
of basic solar physics, of simple dimensioning tools for early design phases and currently available products
designed for building integration can be very helpful for this purpose.
Before aesthetic standards can be established, objective criteria need to be developed. While it is often thought
that aesthetics is a matter of taste, recent studies confirm the existence of clear criteria against which the suitability
of solar power installations can be evaluated. Solar installations can be made qualitatively, evaluated through three
simple and objective criteria: the project’s geometry, materiality and modular pattern. These criteria provide a
framework for assessing how harmoniously an installation fits into the surrounding urban environment. In several
cities in Scandinavia, guidelines for stakeholders seeking building permits have been published with advice from
IEA SHC Task 41 and in relation to the architectural guidelines regarding respect of existing qualities in the built
environment. With additional support from the LESO-QSV method, several reference examples can be consulted.
The method can also be used to create a “criticity” grid identifying different situations for which the municipal
authorities will set quality standards in view of local considerations.
Approaches, methods and tools for solar energy
Urban planners are typically generalists who have to consider many different aspects. It is important that methods,
tools and approaches are designed to aid urban planners in their work rather than increasing their workload. There
exists a large amount of software tools today where solar insolation of an urban area can be calculated and
visualised, but there is a lack of approaches and methods of how to integrate the results from such tools into
traditional urban planning processes. The software tools available also vary in complexity, user friendliness and
quality of end result. Extensive work has been carried out in developing approaches, methods and tools that aid
in understanding solar potential in an urban planning context as well as defining which level of detail potential
studies need to be at in different phases of urban planning. Generally, in early phases, such as comprehensive and
strategical planning as well as urban design on a city district scale, the potential studies can be quite rough as
many parameters can change later on while in latter phases such as building design, the potential studies need to
be more detailed.

2408

M. Wall / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

3.3 Lessons learnt from the case stories
Case stories provide an international overview of different types of examples where solar energy in urban planning
is applied in new, existing and landscape areas. The case stories reflect the objective of Task 51 with cases placing
different emphasis on legislation, education and approaches, methods and tools. In addition, case stories indicate
other influencing aspects for solar energy in urban planning such as economy and the role of stakeholders. Table
1 below outlines which cases emphasize the aforementioned aspects featured in Task 51.
Solar energy does not necessarily feature in legislation, but is often one of the options to help meet national energy
reduction targets. Legislation played a key influential role in many of the case stories but also there were
indications that legislation could go further to incentivize solar energy in urban planning. For example, solar
landscape case stories offered creative opportunities to overcome restrictive legislation by exploiting the dual use
of agricultural land as a cheap alternative for a common use of food production and to generate energy from large
scale solar energy systems.
The use of public institutions to aid the take-up of solar energy other than legislative governing bodies is through
educational institution. Education was important for case stories as a mechanism to ensure professionals of urban
planning have the knowledge and skill to consider solar as an option for renewable energy solutions for a district.
However, there is still some ground to cover in education in terms of raising awareness of how to implement solar
energy into an urban area. There were indications in responding to the ‘how’ questions in the case stories. One
approach are holistic approaches of involving all relevant stakeholders of urban planning. This involvement
extends to citizen engagement, which is crucial in building agreements, understanding and achieving solutions.
This approach ensures wide representation of stakeholders and increases the chances of reaching ambitious goals
by overcoming barriers in developing solar energy in urban planning through an open communication forum.
Approaches, methods and tools are key instruments from which design and energy strategies can be formulated
to achieve the optimum solutions for implementing solar energy in both new and existing urban environments.
All case stories used both technical and non-technical approaches, methods and tools, thus highlighting the need
for a multidisciplinary attitude to contemplate appropriate solutions of solar energy in the complex environment
of urban planning. Indeed, case stories highlighted that the planning process for solar energy is complex with
consideration on how solar energy can contribute to the development of the area as well as work within the
confines of an allocated area where options for design may be limited. Examining the potential and use of design
expertise are essential steps in the planning process and should include local conditions and context, in particular,
the scale of the area, options for design layouts as well as technical knowledge.
Finally, economy is influential in developing different solar energy solutions, as there are diverse economic
factors. These economic factors include affordability of urban areas; the energy market; available financial
incentives; financial benefits of introducing solar as a single solution or an integrated solution. There are also solar
group purchase initiatives which motivate small property owners to realize solar installations while reducing
investment costs. Above all, the case stories exemplify the scope and possibilities for implementing solar energy
in urban planning on a global scale, which is beneficial both for the environment and for the societies living in
urban areas.
Tab. 1: Type of lessons learnt found in the case stories

Lessons learnt
Legislation

Education
Stakeholder and
researcher
involvement

Case stories
Freiham Munich Nord, Germany; Lund Brunnshög and Malmö Hyllie, Uppsala
Frodeparken, Sweden; Le Albere, Agrovoltaico, Italy; The Eco Neighborhood of Ravine
Blanche, The sustainable city of Beauséjour, Agrinergie 5, Lyon Confluence, France;
VerGe project - Lugano-Paradiso, Switzerland; Sarnia Photovoltaic Power Plant,
Canada, Zero Emission Office Building, Norway.
Øvre Rotvoll, Norway; Lyon Confluence, France
aspern+ Die Seestadt Wiens, Stadtwerk Lehen, Graz Reininghaus, Austria; FredericiaC
and Gehry City Harbour, Denmark; Residential Plot B45, China; The Eco Neighborhood
of Ravine Blanche, France; Dale, Norway; VerGe project - Lugano-Paradiso,
Switzerland.
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Economy

Planning
process

Energy Innovation Solar Purchase Group, Switzerland; Freiham Nord Munich,
Germany; aspern+ Die Seestadt Wiens, Austria; Violino District in Brescia, Italy; Solar
in Halifax Regional Municipality, Canada; Dale, Norway; Sarnia, Canada; Solar
District Heating Brædstrup, Denmark; Agrovoltaico, Italy and Agrinergie 5, Reunion
Island, France.
Solar District Heating Brædstrup, FredericiaC, Gehry City Harbor in Sønderborg,
Denmark; Lund Brunnshög, Malmö Hyllie Sweden; Photovoltaic Village in Alessandria,
Italy.

3.4 From research to education
A state-of-the-art of education on solar energy in urban planning in nine countries was carried out and summarised
in two different parts. Part 1 on approaches and methods in education showed through a survey that solar energy
as it relates to urban planning was rarely part of the curriculum at universities. The identified courses are instead
mostly offered in other disciplines. Technical aspects, especially on the architectural level, are taught in most of
the courses, particularly in the undergraduate level. The main reason for these shortcomings is the short duration
of the relevant courses during the studies. Due to relevant aspects in the planning of sustainable settlements,
usually the subject of solar integration is only addressed on the periphery during urban development design
assignments (Siems et al., 2017a). The identified continuing professional development (CPD) programmes
generally dealt with key aspects, such as climate change, and not specifically with solar energy in urban planning.
In Part 2 of the review, solar tools in education are discussed and experiences in using the selected software tools
in university are compared. The differences among the analysed software tools are large, both in functional scope
and operation. Only the software plug-in DIVA for Rhino3D achieved high marks of usability and precise
calculation results. Its short initiation period for new users, its high computing power, and its visual results in the
form of false-colour imaging makes this tool eminently suitable for use in training and continuing education.
However, number-based output of the calculation results for further use in other software tools and a version for
the Mac OS would be welcome.
The identified gaps and barriers in existing courses and pedagogy provide knowledge that can be implemented in
relevant seminars, lectures and tools for educating the next generation of architects, urban planners and specialist
planners by developing a web-based platform. Therefore, a tool, called Solar Potential Analysis for both students
and life-long learning was created. The software tool itself is accompanied by a detailed user manual. The entire
software package is free to use without limitations. The goal of this web-based platform is to help students to
integrate solar energy in their design projects by providing relevant materials such as explanations, tutorials,
illustrations etc. One part of this is the open source tool “Solar Potential Analysis” which allows for analysis of
solar potentials and visualisation of the results as false-colour images. In parallel with the digital software tool, a
set of manual tools such as "register cards" were designed for bachelor and master courses to aid exercises and
seminars in relation to solar energy. The set will be freely available online to download.
The University of Wuppertal organised an interdisciplinary summer school to educate students from various
disciplinary backgrounds. Such summer schools and courses provide valuable input to improve teaching methods
and assessment tools for solar energy planning such as the tool “Solar Potential Analysis” and the developed
manual set of tools. Teaching methodologies and results from the summer schools were documented in a booklet
(Siems and Simon, 2017b).

4. Conclusions and outlook
There is considerable scope for legal reform in many countries as to solar access protection. Planners are
increasingly calling for more sophisticated decision support tools to assess active solar energy potential and
measures to determine the impacts of future development, the range of technological options that may more readily
accommodate shade impacts as well as aesthetic solutions. This is becoming more important as solar energy
targets are being pursued in an aim to transition to low carbon cities to build resilience. It also allows building
owners utilise their solar access assets to harvest energy and reduce their exposure to external energy price
variability and supply constraints. Ultimately, the research found that active solar systems have a critical role to
play and their deployment will conflict with future development heights if there is not a more cohesive relationship
between planning approval processes and building innovation.
There is more work needed that aims to help urban planners and designers in understanding the complexity in
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dealing with daylight, active solar and energy performance in cities that are rapidly densifying. The role of the
urban planner is to design areas that can be built to last. Urban design that addresses the need for daylight and
sunlight will not only contribute to a healthier urban environment, it will also enable photovoltaics and solar
thermal technologies to be implemented if not now, in the future.
The case stories illustrate that while technical and non-technical aspects of solar energy are important, they are
still often considered as separate entities. However, within the complexity of urban planning, these entities are
part of a holistic picture. The development of urban areas takes into account social contexts, economic frames,
legislative constraints/enablers and stakeholders’ expertise and/or access to expertise. The integration of solar
energy in urban planning requires taking into account complexity and the need for holistic approaches.
The research also illustrated the importance of introducing solar with systematic respect to the urban context to
preserve heritage and avoid unnecessary aesthetic conflicts. There is a risk if these aspects are not taken seriously
that the social acceptance of solar technologies may decrease and in the long run slow down the pace of solar
utilisation.
With increasing global population growth, cities will require more resources while at the same time renewable
energy sources are expected to expand rapidly and the needed land to support cities can be expected to increase.
Renewable energy systems are set to be a major land use in the near future and more research is needed to
understand the environmental and social impacts of these systems and how rapidly growing cities affect the land
use in the immediate surroundings.
Teaching at universities and colleges cannot be considered separate from research or practice. Creating a
connection between the areas of “research and teaching”, as well as between “research and practice” is an essential
integral objective for research projects. Therefore, research is used as a connective link between teaching and
practice and/or the public with far-reaching impacts. Researching new insights is not the only important factor
here, but also information exchange and dissemination. Education and dissemination need to be strengthened to
rapidly ensure that knowledge and support are offered for present and future professionals and educators. The
research results should be disseminated through a public and easily accessible platform. The work of Task 51 will
hopefully support such developments and knowledge transfer.
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Abstract
In article renewed energy sources on Far East of Russia are considered: thermal energy, energy of salinity
gradients, tide, waves, currents, a wind and solar power. Estimations of power resources of these energy
sources are given. Places in which they are offered can are effectively used.
A system of autonomous power supply for a coastal facility for the cultivation of hydrobionts from
renewable sources on the island of Popov is proposed. A device for growing hydrobionts on artificial
automated plantations in the water column without diving with an autonomous power supply from renewable
sources has been developed..
Keywords: source of energy, thermal, salinity, tide, wave, current, wind, solar, hydrobionts

1. Introduction
The Far East of Russia is the region of Russia where the primary start of development and use of ocean
energy sources is possible, this is facilitated by the fact that the Far East has a long coastline and most of the
territory of the Far East is not connected to the unified energy system. And as the population density in these
territories is small, it is economically justified to use autonomous energy sources, and, first of all, renewable
energy sources of the ocean. The territory of the Far East stretching from the south to the north of 4500 km,
more than 70% of the length of its borders falls on the shorelines of the seas of the Arctic and Pacific
Oceans, covers different natural areas, and almost everywhere the potential of renewable energy sources is
very high. The Far East has the longest coastal line among the regions - 17,700 km. (with islands).
The population of the Earth grows; requirements for marine foodstuff accordingly increase. The aquatic
organisms grown in pollution-free natural settings of seas of the Far East of Russia are especially
appreciated. Aquaculture development in this region is complicated small population, remoteness, absence of
the production engineering, allowing to develop continuous process in the conditions of a frigid climate and
high ecological requirements. This paper is devoted researches in power supply from renewed sources and
working out of a perspective complex of a marine aquaculture.

2. Source of energy
2.1. Thermal energy of the ocean
In ocean thermal energy conversion (OTEC) the difference in temperatures of warm surface water and cold
deep water is used to generate energy. The resources of this type of energy in the oceans are huge. But
basically they can be used in the tropical zone of the ocean. In the Russian Far East, only in the southern
regions and only part of the year is it advisable to transform the thermal energy of the ocean by traditional
methods. It is still possible to increase temperature differences using warm water from shallow natural and
artificial, sun-warmed water bodies or warm drains of some enterprises.
Therefore in the laboratory of the energy of the ocean it was proposed to use the temperature difference
between the outdoor air and sea water in the cold seasons of the year. For the northern regions of the Far
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East, these seasons are long and the potential of the thermal energy of the northern seas is extremely high. In
addition, energy can be obtained from this source precisely when energy requirements are high.
Transformers of thermal energy of the ocean with low-boiling heat-carriers were proposed.

2.2. Salinity gradient energy
Places where there are differences in salinity (concentration) of natural waters and solutions can be used as
energy sources, which are called salinity gradient energy (SGE) sources. As sources of energy, salinity
gradients are considered, first of all, the mouths of rivers flowing into the sea. The energy density of these
sources is high. So, it can be imagined that in the mouths of rivers flowing into the seas, so much energy is
lost, as if they ended in waterfalls with a height of 240 meters, since the osmotic pressure of the sea water
exceeds 2.4 x 106 Pa (24 atm).
Amur the river most abounding in water in considered region. The average discharge of water in its mouth
12.8-11.4 m3/s. Resources of energy of this river are huge. But so the river Amur runs into shallow Amur
liman between island Sakhalin and continent at building there to power station of a point of a water fence of
fresh water and not diluted sea water would be carried on the big distance.
Estimations of potentials of energy of gradients of salinity of some large rivers flowing into Okhotsk Sea are
resulted in the Table 1.
Tab. 1: Energy potential SGE in the mouths of the rivers flowing into Okhotsk Sea

The river

Area of the river
basin, km2

Penzhina
Uda
Okhota
Poronay

73500
61300
19100
7990

Rate of the
flow, m3/s
680
510
200
120

Average
power, MW
1514
1135
445.2
267.1

For the largest rivers of the Primorsky krai (Primorye) flowing into the Sea of Japan, the energy potential
was assessed (Fig. 1) (Knyazhev, 2010). The total energy potential in the estuaries of the rivers will be 1.5 x
103 MW, while theoretically possible annual energy production will amount to 4.25 x 107 MJ. Resources
SGE in other areas of the Far East is much higher. The total runoff of the rivers of the Pacific Ocean basin is
1212 km3 / year, which corresponds to the theoretical resources of the SGE about 2.7 x 109 MJ.
Several methods have been proposed for the conversion of EGS. This is primarily membrane methods of
energy conversion using semipermeable osmotic membranes and ion-selective membranes (reverse
electrodialysis), as well as energy conversion methods, in which the transfer of water molecules occurs
through surfaces that separate the different phase states of solutions, etc.
The development of osmotic power plants, the testing of semipermeable membranes and small experimental
power blocks was carried out in the USA, Israel, Italy, and Japan. And in November 2009 in Norway in
Tofte, south of Oslo, the state-owned energy company Statkraft launched the world's first osmotic power
plant, which generates energy by mixing sea and fresh water.
Reverse electrodialysis plants allow direct conversion of energy from salinity gradients to electrical energy.
Research on the development and testing of reverse electrodialysis plants was conducted in the USA,
Sweden and Israel.
In the Netherlands, on the dam Afsluitdijk separating the man-made lake IJsselmeer from the sea, a pilot
RED-Stack installation operates. And in Trapani (Sicily), a prototype of the pilot installation of the
REAPower (Reverse Electrodialysis Alternative Power) plant, which uses brines from evaporative ponds and
seawater is tested.
The main element of the reverse electrodialysis installation is an electrodialysis battery, which is a stack of
alternating anion and cation-exchange membranes placed between the electrodes. Solutions with different
concentrations are fed into chambers formed by pairs of membranes and working frames, so that chambers
with solutions of high and low concentrations alternate. The directional movement of ions from the chambers
from a high concentration to the chambers with a low concentration leads to the accumulation of an electrical
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potential on the electrodes.

Fig. 1: SGE resourses rivers of Prymorye, Russia

In the laboratory of non-traditional energetics of IMTP FEB RAS, studies of the energy conversion of
salinity gradients by the method of reverse electrodialysis were carried out. This method has a number of
advantages and is most suitable for converting energy in the mouths of rivers flowing into the sea [2]. An
experimental reverse electrodialysis installation was developed and created. Tests of the experimental
installation in full-scale conditions on sea water from Alekseev Bay on the island of. Popov and fresh water
from an artesian well confirmed that this method can be used to directly convert SGE into electricity.

2.3. Energy of the tides
In the Far East, the highest tides in the Penzhina Bay in the north of the Sea of Okhotsk, they reach 12.9 m
there. In the Sea of Okhotsk, tides of a mixed type predominantly prevail, predominantly of the irregular
diurnal one. Employees of the Ocean Energy Laboratory together with specialists from Moscow and
Leningrad, together with the creator of the first in the country Kislogubskaya TPS (Tidal Power Station)
L.B. Bernshtein from the Institute "Hydroproject" carried out work on the investigation of tidal regimes in
the Penzhina Bay and in the Tugur Bay, proposed preliminary TPS projects. Expeditions were made to the
Tugur Bay and the Penzhinskaya Bay to measure tidal sea level fluctuations (Fig. 2-Fig. 4).
According to the results of these studies, the energy resources of the tides in the Okhotsk Sea are the
following potential integral values: the energy production of a tidal power plant in the Tugur Bay is
estimated at about 6.8 x 1010 MJ / year, which corresponds to a power of more than 2000 MW; the energy
production of a tidal power plant in the Penzhina Bay is estimated at about 6.8 x 10 11 MJ / year, which
corresponds to a capacity of more than 20 000 MW. Since such an amount of energy could not be used by
the nearest consumers, it was proposed to export electricity to neighboring countries - Japan and China.
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Fig. 2: Penzhina Bay, Cape Sredniy, loading the expedition on the vessel at low tide

Tugur
вау

a)

b)
Fig. 3: a) Map of the Tugur Bay, b) Tidal level fluctuations. Tugur Bay. 5 - 28 August 1981 y.
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Fig. 4: a) Map of the Penzhina Bay, b) Tidal level fluctuations. Penzhina Bay
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2.4. Current energy
Near the Far Eastern coast of Russia, tidal currents in narrow areas have speeds sufficient to effectively use
them. In the Kurile Straits and in the Shantar Islands, the speed of tidal currents is up to 3.5 m / sec. It is
there that it is possible to install hydroturbines in the water column to convert the energy of tidal currents.
The power of such stations can increase gradually, adding as necessary new turbines. In this they have an
advantage over the dams of TPS, when creating, which require huge initial capital costs for the construction
of dams.

2.5. Energy waves
In the laboratory of the energy of the ocean, the problems of conversion of wave energy, wave energy
resources in the World Ocean were studied. Several designs of wave energy stations have been proposed and
patented, which have greater efficiency and lower material intensity.
The energy resources of waves in the Far Eastern Seas are high (Sichkarev, Akulichev, 1989) in Tab. 2 and
3 show the values of the wave energy fluxes, renewable power and annual energy in these seas.
Tab. 2: Flows of wave energy of the Far East seas (kW/m)

The sea

Winter

Spring

Summer

Autumn

Average
annual

Bering

58/411

43/351

26/411

54/465

45/465

Okhotsk

34/351

31/294

18/351

32/189

29/351

Japan

49/351

40/351

17/189

37/351

36/351

Tab. 3: Renewed capacity and annual energy of water area of the Far East seas

The sea

The area,
m2, ·1012

Flows of wave
energy
(kW/m)

Renewed
power,

Annual
energy,

W, 1011

J, ·1018

Bering

2.30

45

1,9

6,00

Okhotsk

1,59

29

1,01

3,19

Japan

0,98

36

0,71

2,24

2.6. Wind energy
Wind energy can be used not only on the sea, but also on land. And it was on land this source of energy was
originally started to be exploited for technological purposes. As a result, significant progress has been made
in the world in wind energy. In developed and developing countries, many wind turbines have been installed.
As a result, in densely populated Europe there are almost no places to install large-capacity wind turbines.
Therefore, and also because the resources of wind energy above the ocean surface considerably exceed them
above the land, more and larger wind farms are installed on the sea shelf.
The coastal areas of the Far East have huge resources of wind energy; most of them belong to areas with
winds of strong and medium intensity. According to experts in Russia, about 30% of the economic potential
of wind energy is concentrated in the Far East. The advantage of using wind energy in these areas is that the
maximum average speed here falls on autumn and winter - the periods of the greatest need for electricity and
heat. The resources of wind energy over the water areas of the Far Eastern seas are much higher.
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2.7. Solar energy
Primorsky Krai belongs to the regions of the Russian Far East and the whole of Russia, where it is advisable
to use solar energy for energy supply purposes. The average number of sunny days per year for the
Primorsky Kray is 310, with a sunshine duration of more than 2000 hours. Moreover, there are areas where
the number of days without the sun is only 26 per year; the duration of sunshine is 2,494 hours. On the
northern coast, the duration of sunshine is 1900 ... 2100 hours, on the southern coast the duration of sunshine
is 2000 ... 2200 hours.
In general, the power input of solar energy to the territory of Primorsky Krai is about 30 billion kW. The
practical resources of solar energy, taking into account environmental and other limitations, achieve: when
receiving only thermal energy - 16 million kW; when receiving only electric energy - 4.9 million kW (Fig.5).

Fig. 5: Solar energy resources of Primosky kray

3. The system of energy supply of promising aquaculture complexes

The system of autonomous power supply of the long-shore factory of an aquaculture from renewed sources
on an island of Popov is offered (Fig.6). The design of an experimental power system is fulfilled taking into
account local natural settings and long-term meteorological and hydrological measurements for all-the-yearround providing of flow processes. Heat, cold and electricity ensure department of cultivation and
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department of deep rehash of aquatic organisms.
An autonomous automatic plantation (Fig.7) on the deep-water shelf with remote dispatching control and
control, a wave electro-pneumatic installation and a system of buoyancy, aeration and lifting devices that
provide long-term processes are developed. Remote dispatch control over the biological and technological
parameters of plantations and depth change control excludes diving operations.
The technical project of a specialized semisubmersible vessel-dock of service of marine plantations develops.
The vessel will effect installation and removal of sectors of plantations and will handle a crop.

Fig. 6: The system of autonomous power supply of the long-shore factory of an aquaculture from renewed sources on an island
of Popov. 1 - the managing valve; 2 - the pump circulating; 3 - the exchanger; 4 - probes of sector of heating; 5- probes of
sector of refrigeration.
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Fig. 7: Plantation Schemes on the Deep-water Shelf
1-bottom anchor; 2 - electric cable winch; 3 - platform; 4 - anchor cable-rope; 5 - automatic mechanical spring-loaded rod air
valve; 6 - wave energy device; 7 - a cable-cable with the air pipeline; 8 - automatic program control and control unit with
dispatching satellite communication; 9 - a set of sensors: battery charge, air pressure in the pontoon and the height of surface
waves; 10 - set of depth, light, temperature, salinity, oxygen content and water flow rate; 11 - rigid loop; 12 - rigid grating; 13 flexible floats; 14 - collector cables with hydrobionts; 15 - rigid lattice of hollow tubes; 16 - flexible braces; 17 - a cable-cable
with the air pipeline; 18 - air lift pick-up; 19 - cable rope with air line and air-lift pipe.
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Abstract
Under its Vision 2030, the Kingdom of Saudi Arabia (KSA) announced an ambitious strategy to diversify their
economy from oil dependency. One of the goals of the vision is an initial target to produce 9.5 GW of electricity
from renewable energy sources. Offshore wind energy conversion is considered to be mature technology with more
than 12 GW of installed capacity globally. Offshore wind has advantages when compared with onshore wind, such
as, higher wind speed, reduced turbulence, minimal visual and noise impacts. KSA has two shorelines, one is
laying on the Arabian Gulf and the other is on the Red Sea. The work presented here evaluates offshore wind
potentials in in the East Coast of the Red Sea in KSA which was chosen due minimum restrictions and has no close
oil extraction facilities. The evaluation was based on a Boolean Mask model linked coupled analysis undertaken in
Geographical Information System developed for the Red Sea area.
Using the UK’s London Array wind farm as a minimum required area for offshore wind farms, the work identifies
ten different locations as possible areas for the first offshore wind farms in KSA. The analysis considered the
deployment of two types of turbine of capacities 3.6MW and 5MW. The results for the higher capacity turbine
indicate that over 12.3 GW of offshore wind power can be generated from the identified sites. These results and the
produced location maps could be used to help stakeholders in KSA in planning for the exploitation of offshore
wind energy in KSA. Thus providing a pathway to contribute to achieving the 9.5 GW national target.
Keywords: Wind energy, offshore wind, GIS, Boolean Mask, Red Sea, KSA

1. Introduction
Offshore wind energy is considered mature technology with over 12 GW of installed capacity globally. The recent
contract for difference (CfD) announcement in the UK showed halving the cost per MWh to £57.5 compared to the
previous round (CB, 2017). Onshore wind on the other hand is further ahead in terms of economics, however, it has
some disadvantages, such as the value of the land areas, noise, high vibrations, visual impacts, bird paths hazards,
and shadow flicker effect. Shadow flicker effect that is an infrequent event, which could happen, when the sun’s
light is at horizon. Shadow flicker could be responsible for photo-induced seizures or photosensitive epilepsy and
other disturbance to humans near the turbines (Knopper & Ollson, 2011). Offshore wind on the whole does not
suffer from these disadvantages, and has two extra advantages: the average wind speed is larger than over onshore
areas and the turbulence wind effect is minimized when compared to installation over land. The latter is important
as fatigue stress encountered is smaller enhancing offshore wind turbines life.
The Kingdom of Saudi Arabia (KSA) has a total area of 2.2 million km2, and a population of more than 30 million.
KSA lies between latitude of 17.5 °N and 31 °N and longitude of 36.6 °E and 50 °E (Bahakeem, 2015). The west
coastline of KSA is more than 1800 km in length and is situated around the Red Sea and the Gulf of Aqaba with a
boundary between Haql to the north and Jazan to the south (Fig.1).
The energy consumption of KSA has been on rapid rise to cope with the growing demand of the industrial, water
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and building sectors. Most of this energy is derived from fossil fuels leading to high carbon emissions. This
dependence is as a result of the vast oil resources in KSA estimated to be more than 250 billion barrels of oil
reserves or one-fifth of total known global reserves (Bahakeem, 2015). Hence there is an urgent need for KSA to
move towards low carbon renewable energy production.
In order to decrease its reliance on fossil fuels and balance its economy, KSA has developed the Vision 2030
programme under which it plans to generate 9.5 gigawatts of electricity from renewable energy sources (Gazette,
2016). This is more likely to be derived from solar energy and wind energy. Hence, this work is directed towards
the latter, but concentrated on offshore wind around the Sea Area of KSA where we will identify suitable locations
for offshore wind farms (OWF) and evaluate their potential. To our knowledge, only one article was found that
considers the offshore wind resources in KSA but the study was focused on the east coast of the country (Rehman,
2005).
In summary, the aims of this work is to identify the suitable areas in KSA for offshore wind focusing on the the
Red Sea regions, estimate the electrical power potential form the identified sites and provide suitability maps for
these locations.

Fig.1: Study area map, KSA is shaded with light green, the Red Sea east shoreline is the red line, adopted from (esri, 2012).

2. Methodology
In this work the required outcome is a spatial siting of the wind farms. Such a problem comprises a large number
of suitable alternatives and multiple constraints to choose the alternative with zero constraint. Both the constraints
and alternatives can be determined or evaluated and weighted by stockholders, or scholars based on their
knowledge and experience (Estoque, 2011).
The map of the study region is divided to grid as an equal size, the smallest part of such grid is called a cell, which
corresponds to one of the feasible alternative. For instant, to decide the suitable cell for offshore wind energy in the
Red sea, wind speed, water depth, distance to shore, distance to the electricity grid, shipping routes, military areas,
cables paths, and reserved natural parks, are the constraints to be considered in the analysis and before taking a
final decision. Fig.2 provides a flow chart summarising the whole assessment process, under the Boolean Mask
technique utilised in this study to solve the problem.
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Boolean Mask (overlay), is used to locate sites with no restrictions (constrains). Boolean relations [and, or, and not]
are used, from which the name has been derived.The created map layer has two colours (boundaries), one
represents areas that has a value of 1 (the unrestricted areas) and the other represents areas of value 0 value
(restricted areas). Boolean mask is a powerful tool for simple and quick spatial decisions (Jiang & Eastman, 2000).

In this work, we need to create a primary map for suitable offshore
wind farms in the Red Sea, around the KSA coast, and evaluate the
potential electrcila power from these farms. The Constraints can be
explained as a tool to eliminate alternatives (cells). The limitations or
restrictions of the constraints are defined as a (true/false) relationship.
For example, if the commercial wind power development becomes
feasible around wind speed greater than 3 m/s, so all areas with wind
speed less than this threshold (3 m/s) will be given 0 value, while
other areas will take the value of 1.
The equation used to calculate the Boolean Map is adopted from
(Eastman, Jiang, & Toledano, 1998), and is given by:

 ݇ݏܽܯ݈݊ܽ݁ܤൌ  ൫ςୀଵ ܥ ൯ሺǤ ͳሻ
Where:
Cj is the constraint j (Boolean Mask j),
Π is the product of constraints, and
ℓ is the number of constraints.

3. Analysis
To satisfy the conditions of the sites around the Red Seas in KSA
coasts, nine constraints were considered, and are summarised in Table
1. In addition, the table also provides the two limits for each
constraint, where only two values are identified; zero value, which is
the undesirable areas (cells) according to the constraint definitions,
while the value of one is assigned the other areas (cell).

Fig.2: Flow chart summarising the
whole assessment process, under the
Boolean Mask technique utilised in
this work.

3.1 Relevant Data
A map layer in ArcGIS was created for each constraint, using the available and relevant spatial data. The
bathymetry data for the Red Sea around the shores of KSA was adopted from (The British Oceanographic Data
Centre, 2014), the source file of water depth data was in raster form, with a sell size of 800 x 800 m, and the file
“GCS_WGS_1984” is the Geographic Coordinate System used. Due to the source file cell size and the
coordinating system type, all constraints layers were confined to same cell size and GCS_WGS_1984 coordinate
system. Fig.3, shows the water depth map for the Red Sea, which has a range from 0 to -3000 m. The areas with
the required depth for offshore wind farm are concentrated in the South West part of the KSA. Wind speed data
was adopted from the “Wind Atlas for Egypt” (Mortensen et al., 2006) and from the Global Atlas for Renewable
Energy (Kieffer & Couture, 2015). The map layer in Fig.4 shows the average wind speed in [m/s] at a height of 10
m over a flat and uniform sea, which has a range between 3 and 7 m/s. Locations with desirable wind speed are
centred in the North West part of the KSA.
Fig.5 shows all constraints in the study area, KSA has only two maritime reserved parks in the Red Sea named
“Umm al-Qamari Islands” and “Farasan Islands”. Locations and shape dimensions of these parks were taken from
the official web site of the Saudi Wildlife Authority (SWA, 2017). Shipping Routes in the Red Sea adjacent to the
KSA coast line were identified using the data available from ship density maps of Marine Traffic website (The
MarineTraffic, 2015). Submerged undersea cable locations and paths were extracted from the submarine cable
map of (TeleGeography Company, 2015). Marine military restricted areas was assessed from Royal Saudi Navy
Forces official website (RSNF, 2017). According to Saudi Aramco (Aramco, 2017), all petrol oil extraction areas
are located on the Arabian Gulf, so the oil extraction constraint was excluded.
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Table 1: Constraints 0, and 1 definitions and data source data.

Constraint

Symbol

Wind Speed
(m/s)

WB

Water Depth
(m)
Distance to the
shore (km)
Distance to the
Grid (km)
Military
Practice
& Exercise
Areas
Shipping
Routes
Maritime
Boundaries
Nature
Reserves
Under Sea
Cables

GB

0 description and data source
Areas with wind speed less than 3.0 m/s or more than 25.0 m/s at a height of
10 m over a flat and uniform sea (Archer & Jacobson, 2005), wind speed data
were adopted from (Mortensen, Said, & Badger, 2006) and (Kieffer &
Couture, 2015).
Depths less than 5.0 m or more than 60.0 m, the bathymetry data was adopted
from British Oceanographic Data Centre (BODC) (The British
Oceanographic Data Centre, 2014).
Distance less than 1.5 km or more than 200.0 km, the distances data was
adopted and processed using ArcGIS Program (esri, 2012).
Distance more than 250.0 km, the distances data was adopted and processed
using ArcGIS Program (esri, 2012).

MB

Locations were adopted from (RSNF, 2017)..

Else

RB

Shipping areas adopted from (The MarineTraffic, 2015)

Else

BB

Boundaries were adopted and processed using ArcGIS Program (esri, 2012)..

Else

NB

Places in the sea area protected by the power of law to reserve the endangered
marine ecosystem species, marine parks were adopted from (SWA, 2017).

Else

UB

Locations of the submerged sea cables (TeleGeography Company, 2015).

Else

DB
SB

1
Else

Else
Else

Fig.6 shows the map layer of the National Electricity Transmission Grid of KSA (the grid is drawn as a line
network in a black colour), which was adopted from the Global Energy Network Institute (GENI, 2017). The
Euclidean Distance Tool was deployed to calculate the distance between nearest electricity line to each cell,
(Fig.6). Fig.7 shows the coastline of the Red Sea of KSA in km and was drawn using data from (esri, 2012).
Euclidean Distance Tool within the ArcGIS programme was applied to create a map shown in Fig.7, which
illustrates the distance from each cell to the coastline of KSA.

3.2 Boolean Mask
A Boolean mask was created to eliminate restricted cells, constraint cell value = 0, and unrestricted cell value = 1,
see Fig.5. The Raster Calculator tool was used to produce the final Boolean Mask, and is shown in Fig.8. The
below equation was used:
Boolean Mask = W B x DB x SB x GB x MB x RB x BB x NB x UB

(eq. 2)

Where: WB, DB, SB, GB, MB, RB, BB, NB, and UB are defined in Table 1 above.
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Fig.3: Bathometry map of the Red Sea.

Fig. 4: Wind Speed [m/s] map around the Red Sea coastline of KSA.
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Fig. 5: Raster layer for the all restricted areas around the Red Sea region of KSA.

Fig. 6: KSA electricity grid lines for and the distance between cells and the grid near the Red Sea region of KSA.
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Fig. 7: Layer map of the distance between cells and shoreline around the Red Sea region of KSA.

4. Results, Discussion and Conclusions
The results shown here were based on analysis undertaken for the wind energy potential for the offshore Red Sea
region of KSA. The analysis is based on a the development of a Geographical Information System (GIS)
encompassing Boolean Mask technique through which a model was developed to create a map for offshore wind
farm locations in the Red Sea, KSA. The developed model to solve the spatial sitting for offshore wind farms is
efficient and was successful to deal with the conflicting constraints.
Using the UK’s London Array wind farm which has an area of 122 km2 (The Crown Estate, 2012) as a minimum
required area (threshold) for offshore wind farms, the analysis was set to identify different locations as possible
areas for offshore wind farms in KSA. Ten different locations which conform to the London array threshold were
identified using the Boolean Mask map as shown in Fig.8.As can be seen from the figure, the largest locations can
be found in the middle part of the coastline stretch, which is due to the main two constraints (wind speed and water
depth), which are centred in two different directions of the map, see Fig.3, 4, and also the results in Fig.9.

To estimate the offshore wind power potential for the identified sites, we use the analysis to estimate the array
spacing between offshore wind turbines developed by (Sheridan, Baker, Pearre, Firestone, & Kempton, 2012)
given by Equation 3 below.
2

S = Rd x Ld x Lc

(eq. 3)

Where:
S is the array spacing between offshore wind turbines
Rd is rotor diameter
Ld is the downwind spacing factor
Lc is the crosswind spacing factor
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Furthermore, and according to E.ON data (E.ON, 2012), to reduce turbulence interaction between turbines, the
ideal turbine spacing is 5 to 8 times rotor diameter. In our analysis we confine the turbine capacities to a 5 MW and
3.6MW turbines to estimate offshore wind power for the identified sites. The 5 MW turbine has a 126m rotor
diameter and the characteristics of the turbine were adapted from (Jonkman, Butterfield, Musial, & Scott, 2009).
The 3.6 MW turbine has a 107m rotor diameter and the characteristics of the turbine were adapted from (Ajayi,
Fagbenle, & Katende, 2011).
Table 2 shows the area for each possible location for offshore wind farm. The two dimensions a, and b are length
and width of the rectangular of the locations measured in ArcGIS. The power in GW represent the full power
captured by the turbines and was calculated for both 5MW, and 3.6MW using Equation 3. While the last two
columns of the table show the estimated actual power assuming a capacity factor, Cf, of equal 0.4 and 0.5. The
Capacity Factor which also known as the Load Factor ranges from 0.32 to 0.43 for 80m – 107m rotor diameter, and
from 0.40 to 0.50 for turbines with rotor diameter more than 120m (Estate, 2017).

Table 2: Estimate offshore wind power for the chosen sites, where a, and b are the length and width of the rectangles of the
location shown in Fig.9.

Power (GW)
Location, see
Fig. 10

a
[km]

b
[km]

Area
[km2]

Location 1
Location 2
Location 3
Location 4
Location 5
Location 6
Location 7
Location 8
Location 9
Location 10
Total

11.8
7.2
7.2
9.2
5.3
14.3
11.8
18.6
7.3
7.7

27.8
33.0
24.6
18.5
26.9
24.1
33.2
47.6
38.0
21.8

328.0
237.6
177.1
170.2
142.6
334.6
391.8
885.4
277.4
167.9
3122.5

3.6MW
turbine
1.7
1.2
0.9
0.9
0.7
1.8
2.0
4.6
1.4
0.9
16.1

5.0MW
turbine
2.6
1.9
1.4
1.3
1.1
2.7
3.1
7.0
2.2
1.3
24.6

Estimated Power for
Cf = 0.40

Cf = 0.50

3.6MW
turbine
0.7
0.5
0.4
0.4
0.3
0.7
0.8
1.8
0.6
0.3
6.4

5.0MW
turbine
1.3
0.9
0.7
0.7
0.6
1.4
1.5
3.5
1.1
0.7
12.3

As can be seen form Table 2, the total estimated wind power for the identified sites is around 6.4 GW and 12.3 GW
for the 3.6MW and 5MW turbines, respectively. These results confirm that offshore wind energy conversion can
play a major role in the short and long term plan for the renewable energy expansion in KSA. For instant, utilising
the 5MW turbine route would more than satisfy the 9.5 GW target stipulated in the KSA Vision 2030. Hence this
work can be used to plan for offshore wind expansion in KSA and provide a knowledge platform for stakeholders
interested in wind energy deployment.
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Fig. 8: Final Boolean Mask for offshore wind areas around the Red Sea, KSA.
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Fig. 9: Locations of the proposed offshore wind farms around the Red Sea region of KSA.
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